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Cellular senescence is not only associated with ageing but also impacts
physiological and pathological processes, such as embryonic development
and wound healing. Factors secreted by senescent cells affect their
microenvironment and can induce spreading of senescence locally.

Acute severe liver disease is associated with hepatocyte senescence and

frequently progresses to multi-organ failure. Why the latter occurs is poorly
understood. Here we demonstrate senescence development in extrahepatic
organs and associated organ dysfunctioninresponse to liver senescence
using liver injury models and genetic models of hepatocyte-specific
senescence. In patients with severe acute liver failure, we show that the extent
of hepatocellular senescence predicts disease outcome, the need for liver
transplantation and the occurrence of extrahepatic organ failure. We identify
the TGF[3 pathway as a critical mediator of systemic spread of senescence and
demonstrate that TGFp inhibition in vivo blocks senescence transmission to

other organs, preventing liver senescence induced renal dysfunction. Our
results highlight the systemic consequences of organ-specific senescence,
which, independent of ageing, contributes to multi-organ dysfunction.

Cellular senescenceis a state of permanent cell cycle arrest accompa-
nied by ahyper-secretory phenotype (senescence-associated secretory
phenotype, SASP) andis associated with both injury and ageing-related
pathologies within affected organs’. Removal of senescent cells is
beneficial to both organ functionand organismsurvival® . Severe acute
injury of any large organ is associated with systemic effects including
multi-organ failure, of which acute liver failure (ALF) is a paradigm.
ALF isitself associated with senescence induction and subsequent

regenerative failure’. Studies, bothinvitro and invivo, have shown that
senescence can be transmitted in a paracrine manner within affected
organs®™'; however, whether senescence can spread systemically to
distant organs remains unknown. Here, we use acute liver senescence
asanexemplar model,independent of systemic ageing, to test whether
senescence can be transmitted between organs in an endocrine man-
ner. We demonstrate that systemic transmission of senescence affects
multiple organs associated with target organ dysfunction and identify
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Fig.1|Hepatocellular senescence results in senescence and dysfunction
in other organs. a, A schematic of the experimental approach; 8-12-week-
old Mdm2/e6fl; R2g!S\-tdTomato/LsldTomato mjjee were intravenously injected with

2 x10" GC of AAV-Cre or AAV-Null and culled 4 days later. The downstream
targets of MDM2 are highlighted. b, Representative images of p21IHCin

liver cells of AMdm2"? and control mice; n =16/19 control/AMdm2"¢P mice,
respectively. ¢, Automated quantification of p21* liver cells; n = 4/5 control/
AMdm2"¢? mice, respectively; unpaired two-tailed t-test. d, Representative
images of p21 IHC on mouse kidney sections. e, Manual quantification of p21*
renal tubular cells; the data are presented per field of view (FOV), n =16/19
control/AMdm2"¢? mice (additional controls shown in Extended Data Fig. 1g);
Welch’s two-tailed ¢-test. f, Representative images of p21 IHC on brain sections.
g, Manual quantification of p21* brain cells; n = 4/6 control/AMdm2"? mice,
respectively; two-tailed Welch’s t-test. h, Representative images of p21IHC in
i, Automated quantification of p21°* lung cells; n = 6/9 control/
AMdm2" mice, respectively; unpaired two-tailed t-test. j, Representative
images of p21 IHC in liver sections of Kras“?®/Kras*" mice. k, Automated

lungsections. i

quantification of p21* liver cells; n = 8/11Kras""/Kras®?" mice, respectively;
two-tailed Mann-Whitney test. I, Representative images of p21 IHC on kidney
sections of Kras®?"/Kras"" mice. m, Manual quantification of p21* renal tubular
cells; n=14/16 Kras“" and Kras“*?® mice, respectively; two-tailed Mann-Whitney
test. n, The plasma levels of cystatin Cin AMdm2"? or control mice 4 days post
AAV-Cre or AAV-Nullinjection; n = 9/10 control/AMdm2"¢ mice, respectively;
two-tailed Welch'’s t-test. 0, The urine levels of alanine and threonine in AMdm2"e?
mice pre and post AAV-Cre injection; the dots represent the average peak area
ofn=3/4/5miceatdays-2and 0,4 and -1and 3, respectively; two-way ANOVA
comparing each timepoint to induction day (day 0). p, The proportion of time
spent by the AMdm2""/control mice in the new arm of the Y maze at day 4;
n=7/9 control/AMdm2"®* mice, respectively; unpaired two-tailed t-test. q, The
share of stable versus unstable oscillations of hippocampal brain slices; n =13/14
brainslices from four control/AMdm2"®* mice each, respectively. All the bars are
mean + s.e.m., each dot represents one sample per mouse and the numbers are
Pvalues. The scale bars are 50 pum and 5 pumin the inset magnifications. The
source numerical data are availablein Source data.
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Fig.2|Hepatocellular senescence in human severe acute indeterminate
hepatitis correlates with development of subsequent renal dysfunction.

a, A schematic of patient stratification and outcomes. b, Multiplex
immunofluorescence staining for hepatocytes (HNF4q, red), senescent cells
(p21, green), DNA damage (yH2AX, yellow) and nuclei (DAPI, grey) in human
patient liver tissue. ¢, Quantification of p21* and yH2AX" hepatocytes in survivors
versus non-survivors. n =17 patients in both groups; two-tailed Welch’s t-test.

d, The serum creatinine levels in survivors versus non-survivors over the course
of 28 days post hospital admission. n =16/14,13/13,13/14,12/12,10/6 and 9/5
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patients ondays 0, 2, 3, 7,14 and 28 for the survivors/non-survivors groups,
respectively; two-tailed paired ¢-test. The bars are the mean + s.e.m. e, Change in
serum creatinine from first (DO) to last recorded (DLast) day of admission; two-
tailed paired ¢-test. n =16 in both groups. f, Quantification of p21* hepatocytes
in patients who developed hepatic encephalopathy (HE) versus those ones who
didnot. N=10and n =24 inthe ‘HE and ‘no HE’ groups, respectively; two-tailed
Mann-Whitney test. On all violin graphs, each dot represents one biological
sample fromindividual patients, and the numbers are P values. Scale bars, 50 pm.
The source numerical data are available in Source data.

the transforming growth factor  (TGFp) signalling pathway as a critical
mediator of this process.

Liver senescence spreads to other organs
To model tissue-restricted senescence we used a genetic mouse
model of conditional, hepatocyte-specific excision of the p53-binding
domain of MDM2 (Mdm255/£67; R2g\St-tdTomato/LSLtdTomato yjce) (Fig, 1a).
Intravenous administration of the hepatocyte-specific AAV8-TBG-Cre
vector resulted in widespread genetic recombination in the hepato-
cytes (AMdm2"®), unlike the empty vector AAVS8-TBG-Null (control)
(Extended DataFig.1a,b). The genetic recombination was hepatocellular
specific, withno detectable Cre-mediated recombination occurringin
extrahepatic tissues, as previously reported” (Extended Data Fig. 1b-f).
MDM2inactivationresulted inp53 accumulationin the hepatocytes and
subsequent upregulation of its target gene, the cell cycleinhibitor p21,
whichisitselfakey marker of senescence (Fig. 1b,c and Extended Data
Fig.1a,b). Thisestablished a senescent phenotype in the liver manifested
byincreased senescence-associated 3-galactosidase (SA 3-Gal) activity
and asenescence-associated transcriptome (Extended DataFig. 2a-c).
We next examined other organs for senescence induction in this
model. In the kidney, we observed an increase in p21 expression and
in SA B-Gal activity, along with a senescent transcriptional signature
(Fig. 1d,e and Extended Data Figs. 1g and 2d,e). Additionally, kidneys
of AMdm2"? mice contained increased concentration of several SASP
markers (Extended DataFig. 2f). Inaddition to the kidney, we observed
increased expression of p2lin the brainand the lungs of AMdm2"** mice

(Fig. 1f-i). Therefore, in this model, we observe renal, brain and lung
senescenceinresponse to acute genetically induced and hepatocellular
restricted senescence.

In AMdm2"®* mice, p53 accumulationin hepatocytes also induces
moderate liver injury and dysfunction as evidenced by an increase in
plasmalevels of alanine aminotransferase (ALT), alkaline phosphatase
(ALP) and bilirubin, as well as anincrease in hepatic cleaved caspase 3
(CC3),amarker of apoptosis (Extended Data Fig. 2g-j). We also exam-
ined a further liver injury and senescence model induced by carbon
tetrachloride (CCl,)’, observing here that renal p21 expressionand dys-
function also occurred (Extended Data Fig. 2k-n). To address whether
systemic transmission of senescence is driven by liver senescence or
by liver injury, we induced liver senescence in the absence of injury
through oncogene activation. Using hepatocyte-specific expression
of oncogenic Kras®*®, we observed liver senescence without histologi-
calorbiochemical evidence of liver injury or dysfunction (Fig. 1j,k and
Extended DataFig. 20-r). Importantly, similar to the AMdm2"®* model,
renal p21expression wasincreased in mice that expressed KRAS“*in
their hepatocytes (Kras®?® mice) compared with the control (Kras"")
mice (Fig. 1, m and Extended Data Fig. 2s,t).

When near-global hepatocellular recombination (-80%) of
hepatic Mdm2 occurs®, the animals become systemically unwell and
require to bekilled humanely 4 days following induction. To observe
the effects of hepatic senescencein alonger-term model, we titrated
the hepatic induction through reduction of the AAV8-TBG-Cre vec-
tor. When approximately 67% of hepatocytes are induced (so-called
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recovery-Mdm2 model), areductionin p21*hepatocytes was observed
atday4 compared withthe AMdm2"®* model (Extended DataFig.3a-c).
In the recovery-Mdm2 model, we tracked renal p21 expression over
time, observing adelayed p21induction, againassociated with hepatic
injury and senescence. This resolved as the hepatic senescence signa-
ture was lost over time (Extended Data Fig. 3b-e). When p53-driven
hepatic senescence was further titrated down, the renal signature
was lost (Extended Data Fig. 3d), as it was in the Kras®'* model also.
Therefore, we conclude that a critical mass of liver senescence is able
todrive the systemicspread of senescence to multiple distant organs.

Transmitted senescenceis associated with organ
dysfunction

We then proceeded to explore whether extrahepatic senescence was
associated with organ dysfunction. To do this, we first measured plasma
cystatin C,amarker of renal filtration efficiency, and the levels of urine
amino acids as areadout for renal tubular function. Plasma cystatin C
and several urinary amino acids were perturbed in the AMdm2"P mice,
consistent with renal dysfunction (Fig. 1n,0 and Extended Data Fig. 4a).
Urinary aminoacid loss was also observed in the recovery-Mdm2 model,
temporally consistent with the resolution of the renal senescent phe-
notype (Extended Data Fig. 3f). To assess brain functionality, we per-
formed cognitive function studies. First, we utilized the Y-maze test,
which assesses the natural exploratory instinct of mice. Normal murine
behaviour consists of preferential exploration of the novel armofaY
maze after an acclimatization period before opening the novel arm.
AMdm2"¢? mice spent less time in the novel arm compared with control
mice, consistent withimpaired cognitive function (Fig.1p and Extended
DataFig.4b).Tofurther corroborate this finding, we performed electro-
physiology on hippocampalslices from these mice and measured the
gamma (30-80 Hz) oscillation area power and frequency in response
to a cholinergic agonist, carbachol. Following carbachol administra-
tion, brain sections from healthy mice (control) produced network
gamma oscillations of increasing power and stable frequency before
stabilizing after 120-150 min, as expected (Extended Data Fig. 4c,d).
In comparison, brain sections from AMdm2"¢’ mice exhibited weaker
and less stable oscillations consistent with abnormal hippocampal
function (Fig.1q and Extended Data Fig. 4c,d). Hence, the senescence
observed in multiple organs in response to liver senescence is associ-
ated with organ-specific dysfunction.

To explore whether these findings are of functional relevance
in human disease, we interrogated a cohort of patients with acute
liver-specific disease (acute indeterminant hepatitis), each undergoing
diagnosticliver biopsyinthe early stages of this severe disease (Fig. 2a).
Consistent with previous reports, routine biochemistry and clinical
parameters at clinical presentation did not define either outcome
or subsequent multi-organ dysfunction (including both renal and
cerebral failure—hepatic encephalopathy) in this cohort (Supplemen-
tary Table 1). We find, however, that elevated levels of hepatocellular
senescence markers p21 and yH2A, on the diagnostic biopsy predict
subsequent survival (Fig. 2b,c). Serum creatinine levels, indicative of

renal dysfunction, increased over time in patients who did not survive
(Fig. 2d), and liver biopsy p21 levels in hepatocytes correlate with
both subsequent renal (Fig. 2e) and cerebral dysfunction (Fig. 2f). In
contrast to prior clinical scoring systems, which use markers during
progressive diseaseinits later stage to define patient outcome and the
need for transplantation, hepatic p21levels in this cohort predict this
on admission with features of severe acute hepatitis.

SASP factorsinduce the systemic transmission of
senescence

To uncover the changes occurring to the kidney in response to liver
senescence, we performed single-cell RNA sequencing (scRNA-seq)
on kidneys of AMdm2"* and control mice (Fig. 3a). From a total of
30,236 single-cell transcriptomes and after stringent quality control
(Extended Data Fig. 5a), 24,215 cells were used for downstream analysis.
Initial clustering of the control and AMdm2"* cells together resultedin
eight clusters (Extended Data Fig. Sb—e), with each cluster containing
cellsboth from AMdm2"¢? and from control mice. Again, there was no
evidence of activity of the AAV8-TBG-Cre vector on the geneticreporter
in the kidney (Extended Data Fig. 5f).

By colouring the cells on the uniform manifold approximation and
projection (UMAP) plot depending on experimental cohort (control
or AMdm2"¢?), we observed that, particularly in the broad cluster of
proximal tubular cells (PTC), the AMdm2" cells deviated from the
control cells indicating a shift in their transcriptome (Fig. 3b). To fur-
ther investigate this, we performed unsupervised pathway analysis in
the PTC cluster, comparing AMdm2"®? and control cells. This revealed
several pathways associated with senescence (wound healing response
and down-regulation of apoptosis) were enriched in the AMdm?2"e?
PTCs (Extended Data Fig. 6a). Next, to identify the cell identity of the
p21-expressing cells we observed inkidney tissue by immunohistochem-
istry (IHC), we created a p21gene signature comprised of genes associ-
ated with p21expression. Most cells with a high score for this signature
(p21"e" cells) belong to the PTC compartment, in agreement with the p21
IHCin kidney sections that showed preferential localization of the p21*
cellsintherenaltubules (Fig. 3c and Extended Data Fig. 6b). Inaddition,
there was a significant increase of p21"¢" cells in the AMdm2"? PTCs
identified in the scRNA-seq data (Fig. 3d), consistent with theincrease
in p21" kidney cells observed in tissue. Additionally, using a second
transcriptional senescence signature specifically of renal tubular senes-
cence, developed from a murine renal injury induced senescence and
validatedinboth murinerenalinjury and ageing and senescent human
renal epithelium™, we also observed anincrease in senescent epithelial
cellsin the kidney following hepatic senescence (Fig. 3e and Extended
Data Fig. 6¢) but identify these as a generally separate population to
those PTC with the p21 gene signature (Extended Data Fig. 6d).

Animportant function of PTCs is the uptake of filtered substances,
includingamino acids. As we observed suppression of pathways related
to polarity and amino acid transport in the AMdm2"¢” PTCs (Extended
DataFig. 6a), we examined the expression of several transporters of the
solute carrier (Slc) family across the different parts of the renal tubule.

Fig.3|scRNA-seqreveals transcriptional changes, including amino acid
transporter expression within the proximal tubular compartmentin
response to liver senescence. a, A schematic of the scRNA-seq experiment.
Three kidneys from control mice and three kidneys from AMdm2"¢” mice were
dissociated, and droplet-based scRNA-seq was performed on them on a10x
Chromium chip. b, UMAP plots of all 24,215 cells (control and AMdm2"*?). The
cellsare coloured on the basis of the broad clusters (left) or experimental group
(right) (green, control; blue, AMdm2"*). ¢, UMAP plots showing the distribution
ofthe cells that have a positive score for the p21 gene signature in the control
(top) and the AMdm2"**? (bottom) cells. The insetimage is a representative
kidney section from a AMdm2"¢? mouse stained for p21 by IHC with highlighted
tubules (dashed lines). d, Pie charts showing the share of p21"e", TGFB"e" PTCs
and JAK-STAT"€" PTCs and mesenchymal cells in the control and AMdm2"<?

samples. Contingency was tested with the chi-square test (one-tailed). e, Abar
chart showing the total number of cells with a positive score for the senescence
transcriptional signature in the control and AMdm2"” samples (chi-square test
(one-tailed)). f, A heat map showing the significantly differentially expressed
Slctransporter genesin the PTC, DTC and LOH compartments. The gene IDs
inthered frames are genes encoding transporters associated with amino acid
transport. g, A schematic of the p21*° experiment. Six Mdm2/5¢%; p21"T and six
Mdm25Eefl: p21%0 mice were injected with AAV-Cre and culled 4 days later. h, The
plasma levels of cystatin C in Mdm255; p21WT and Mdm255; p21° mice 4 days
post AAVinjection. n= 6 for both groups; unpaired two-tailed ¢-test. The bars
arethe mean ts.e.m., and the numbers on the graphs are Pvalues. The source
numerical data are available in Source data.
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We observed marked differential expression of several genes encoding
SLC transporters specifically in the PTCs but not in the distal tubular
cells (DTCs) orinthe loop of Henle (LOH) (Fig. 3f). Some of these trans-
porters (namely, SLC6A6, SLC7A7, SLC25A39, SLC7A8 and SLC7A13)

a b
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areinvolvedinaminoacid transportinthe PTCs” ", consistent with the
increase inaminoacids observedin the urine of AMdm2"P mice. We also
observedthatinthe p21"€"PTCs, the expression of several Sictransporter
genes was altered compared with PTCs without the p21 signature and
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Fig.4 |Hepatic SASP in plasmainduces senescence. a, A schematic of thein
vitro plasma treatment. WT MEFs and neuronal cells were treated with plasma
from control/AMdm2"¢* mice and stained for SA B-Gal. b, Manual quantification
of SAB-Gal" WT MEFs. Each dot represents one technical replicate. Each of

the two biological replicates (one mouse’s plasma sample, with 1/3 technical
replicates shown as red/black points, respectively) from both control/AMdm2"¢;
n=3technical replicates for no plasma control. One-way ANOVA compares all
the technical replicates. ¢, Manual quantification of SA B-Gal* NS cell-derived
neuronal cells. Each dot represents the average of the technical triplicates of
onebiological replicate for each group (n = 6 biological replicates). For the ‘no
plasma’ groups, each bar is the mean of four technical replicates (n = 1 biological
replicate), one-way ANOVA. d, The plasma levels of TGFf1, TGFB2, TGF(33,

CCL2 and LIF. For the TGFB ligands: n = 9/7, CCL2: n=9/10, LIF: n = 7/10 control/
AMdm2"¢? plasma samples, respectively; unpaired two-tailed ¢-test, Welch’s
t-testand Mann-Whitney Utest for TGFf31, TGFBc3 and TGFf32 and CCL2 and LIF,
respectively. Each dot represents one biological replicate (one mouse’s plasma
sample). e, Quantification of western blot band signal intensity (Extended

Data Fig. 8c) normalized to B-actin; n = 5each, two-tailed Welch’s t-test/Mann-
Whitney for pPSMAD2/SMAD2/pSMAD3/SMAD3. f, A schematic of TGF inhibitor
treatment. g, Plasma-treated neuronal cells were treated with either TGFBR1i
(AZ12601011, AstraZeneca) or vehicle (DMSO), stained for SA 3-Gal and manually
quantified. Each dot represents the average of a technical triplicate from one
biological replicate (one mouse’s plasmasample); n = 5each, one-way ANOVA.

h, A schematic of the transfer of conditioned media (CM) in murine slice culture
experiments. The livers of Mdm25/5f/ R26\SttdTomato/LSLtdTomato i e were collected
2 days after AAV-Null/AAV-Cre (n = 6 each). CM was collected 48 h later and
added, with TGFBR1i or vehicle, to ex vivo-cultured WT murine kidney slices.

i, Manual quantification of kidney slice p21°* cells, n = 6 each; unpaired two-tailed
t-tests. j, Aschematic of ahuman kidney slice experiment. k, Human kidney slices
were treated with TGFB1with or without TGFfR1i ex vivo, and p21* renal cells
were manually quantified; n = 6 each group, one-way ANOVA. All the bars are

the mean + s.e.m., and the numbers on the graphs are the Pvalues. The source
numerical dataare available in Source data.

specifically in the AMdm2" mice (Extended Data Fig. 6e). Therefore,
the effects of liver senescence upon the kidney are particularly focused
upon the PTCs, resulting inimpaired PTC polarity and function.

Next, to explore the p21 dependence of renal senescence and
dysfunction, we performed the AMdm2"®» model on a p21-knockout

(p21%°) background (Mdm25/"; Cdkn1a*°). Here, we observed a lack
of reversal in the renal dysfunction observed in AMdm2"¢P animals
(Fig.3g,h) implying that secondary organ dysfunctionis not depend-
ent upon p2lin either the primary senescent (hepatocyte) or the
secondary organs.
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Fig. 5|Inhibition of TGF signalling preventsinduction of senescencein

the extrahepatic organs. a, A schematic of the in vivo treatment with TGF§
receptor inhibitor (TGFBR1i). AMdm2"¢* mice were treated with TGF@R1i or
vehicle by oral gavage twice daily, starting 24 h post AAV-Cre. b, A quantification
of western blot band signal intensity (Extended Data Fig. 8a); n = Seach group,
unpaired two-tailed t-tests. ¢, Representative images of p21 IHC in kidney, brain
and lung sections of AMdm2"¢* mice treated with vehicle or TGFBR1i (n =3-13
mice for each group as stated below). d, Amanual quantification of p21* renal
cortical cells; the data are presented as mean p21° cells per field of view (FOV)
for each mouse; n =13 (biological replicates) mice for each group, two-tailed
Mann-Whitney test. e, aManual quantification of p21* brain cells; the data are
presented as p21° cells per square millimetre, n = 3/5 vehicle/TGFBRl1i treated,
respectively; two-tailed Welch'’s t-test. f, Automated quantification of p21* lung
cells; n=7/8 vehicle/TGFBR1i treated, respectively; two-tailed Mann-Whitney
test. g, Plasma cystatin C of vehicle or TGFBR1itreated at cull. Each dot represents
the data from one mouse; n =7 mice for each group, unpaired two-tailed ¢-test.

h,i, The levels (peak arearatio to creatinine) of alanine (h) and threonine (i) in

the urine of AMdm2"¢P mice before and after AAV-Cre injection; n = 4/5 vehicle/
TGFpRli treated, respectively, per timepoint, two-tailed Welch'’s ¢-test comparing
vehicle- or TGFfR1i-treated mice at day 4., A schematic of the genetic ablation of
TGFB signalling in the kidney. TGFBRI(AIKS)™" + AhCre*~ mice were administered
either 2 x 10" GC mI”'AAV-Cre (AAIK5¥*") or 3 x 80 mg kg™'B-NF (AAIk5Kdm),
respectively, or controlinduction (2 x 10" GC mI'AAV-TBG-Null/vehicle,
respectively) and were collected 4 days later. k,I, Automated quantification

of p21' liver cells (k) and manual quantification of p21* renal cortical cells (I) in
AAIK5 ¥ and AAIK5K" mice; the data are presented as percentage of total liver
cells or as p21° cells per FOV. n = 6/8 for AAIK5"**"/AAIKS¥9"Y mice, respectively;
Brown-Forsythe and Welch ANOVA test (liver) or one-way ANOVA (kidney). The
bars are the mean + s.e.m., and the numbers on the graphs are Pvalues. The scale
barsare 50 pm and 5 pmin the inset magnifications. The source numerical data
areavailablein Source data.
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Toinvestigate the mechanism of senescence transmission from the
liver to the kidney, we hypothesized that SASP factors secreted by the
liver reach thekidney viathe circulation. This hypothesis was supported
by anenrichment of the AMdm2"P liver transcriptome for aSASP gene
signature (Extended Data Fig. 7a). To test this hypothesis, we treated
cellsinvitrowith plasma from AMdm2" or control mice (Fig. 4a). We
performed this using both wild-type (WT) murine embryonic fibro-
blasts (MEFs) and neuronal cells differentiated from human neural stem
cells (NS cells). Inboth cases, we observed anotableincrease in SA 3-Gal
activity after treatment with AMdm2" plasma compared with plasma
from healthy controls (Fig. 4b,c). Next, we performed cytokine arrays
on plasmafrom AMdm2"? and control mice. While plasma concentra-
tion of many of the screened factors remained unchanged, we observed
asignificantincreaseinthelevels of anumber of classical SASP markers:
TGFp1, TGFB2, TGFB3, C-C motif chemokine ligand 2 (CCL2), hepato-
cytegrowth factor, angiopoietin and leukaemiainhibitory factor (LIF)
in the plasma of AMdm2"® mice (Supplementary Table 2). We referred
to our renal transcriptomics analysis to assess cross-correlation to
the downstream pathways (that is, the TGF3 and the JAK-STAT (Janus
kinase-signal transducer and activator of transcription) signalling
pathways) stimulated by these factors in the kidneys of AMdm2"e?
mice, observingelevationsinbothbut, particularly, the TGF[3 pathway
in the relevant senescent PTC population (Extended Data Fig. 7b-e).
The TGFp pathway was also elevated at the whole kidney level in the
transcriptomes of the AMdm2"*? (Extended Data Fig. 7f) and Kras“*®
(Extended Data Fig. 2u) models and has previously been associated
both with intra-organ paracrine senescence’ and renal dysfunction',

We, therefore, further studied the mechanistic role of the TGF3
pathway in the induction of PTC senescence and dysfunction. We
confirmed, by western blotting, that phosphorylated (p)Smad2 and
pSmad3 levels (messengers of the canonical TGF3 pathway) were
elevated on whole kidney lysates in the AMdm2"®* model (Fig. 4e and
Extended Data Fig. 7g). At the single-cell level, we observed that the
AMdm2"* PTCs had a higher score for a transcriptional TGF[3 gene
signature compared with control PTCs (Fig. 3d) and this was validated
intissue withinsitu hybridizationfor Smad”, atranscriptional target of
TGFpsignalling being overexpressedin senescent PTCs (Extended Data
Fig.7b,c). Theincrease in plasma TGFf ligandsis associated with their
increased hepatic production, as evidenced by their transcriptional
upregulation in this organ (Extended Data Figs. 2c and 7h), including
by a subset of senescent hepatocytes (Extended Data Fig. 7i) and,
particularly, the non-parenchymal cells (Extended Data Fig. 7h). This
also corresponded with increased expression of the TGFf3 receptor
(Tgfbr1-3),bothintheliver andin the whole kidney, and by renal PTCs,
specifically (Extended Data Fig. 7j-1).

We next performed functional studies using plasma and media
transfer experiments to test the role of TGFf3 for transmission of senes-
cence from plasma to neurons and the kidney. Initially, we tested this
invitroin plasma-treated neuronal cells and observed asignificant reduc-
tion in the number of SA 3-Gal" cells after TGFfR1 inhibition (Fig. 4f,g).
Next, using an ex vivo precision-cut liver and kidney slice (PCLS and
PCKS) system, we tested if the circulating plasma changes came directly
fromthe senescentliver (Fig.4h). Inthis setting, transferring media from
senescent PCLS tothe PCKSinduced renal senescence (Fig. 4i). We further
tested TGFf3 receptor inhibition, showing p21 induction was inhibited
using the TGFBR1 inhibitor AZ12601011 (ref. 19). Next, for human rel-
evance, we treated healthy human PCKS with the TGF ligand, inducing
p2lexpression, an effect also suppressed by TGFfRinhibition (Fig. 4j k).

TGFB inhibition prevents systemic transmission
of senescence

Having associated TGFf3 pathway activation with senescence trans-
mission in vitro, we went on to functionally test this pathway’s role in
senescence and dysfunctioninduction/transmissionin vivo. Using the
TGFBR1inhibitorinthe AMdm2"® model (Fig. 5a) resulted in inhibition

of the TGFf3 pathway in the kidney, as expected (Fig. 5b and Extended
DataFig. 8a) and areduction p21° cellsin the kidney, brain and lung of
these mice (Fig. 5c-f) without affecting the genetically induced liver
senescence (Extended Data Fig. 8b,c). Asimilar reductionin renal p21*
cellswas also observed in the Kras®*® model following TGFBR1inhibi-
tor (TGFBR1i) treatment (Extended Data Fig. 8d,e). The improvement
of the senescence phenotype was accompanied by an improvement
in renal function, as indicated by a significant reduction of plasma
cystatin Cand urineamino acids (Fig. 5g-iand Extended Data Fig. 8f).
We tested the effects of senomorphics and senolytics in the AMdm2"?
model. Using rapamycin as a senomorphic did not affect genetically
driven p21 overexpressionintheliver but ameliorated p21 expression
inboth the kidney and lung (Extended Data Fig. 8g-i). Using senolytics
(either oubaine or navitoclax) resulted routinely in progressive liver
damage and adverse mouse outcome. We tested the requirement for
renal Tgfbrl expression for the renal PTC p21 phenotype using the CCl,
model. Genetic TgfbrlI deletion in the renal*® and/or hepatic epithelia
showed thatrenal TGFPR1epithelial expressionisrequired for the renal
PTCp21phenotyperesulting fromliver disease (Fig. 5j-1). We, therefore,
conclude thatinhibition of the TGFf3 signalling pathway prevents the
systemic transmission of senescence to and dysfunctioninthekidney.

Discussion

The SASPis a central mediator of the non-autonomous effects of senes-
centcells. Here, we demonstrate that senescence can be transmitted to
and affect the function of distant organs in a systemic manner. In the
context of acute injury, senescence has often been described as part
of afinely tuned mechanism with overall beneficial effects for wound
healing®**. SASP factors have been shown to induce reprogramming
in neighbouring cells, facilitating tissue regeneration”>. However,
following severe injury, this mechanism may have the opposite effect,
systemically, through excessive SASP production, including senescence
itself.Inturn, this excessive stimulus for senescence can be associated
with compromised organ function.

Systemic transmission of senescence may be relevant to sev-
eral diseases. Here, we use a series of models of hepatocyte-specific
senescence to model an acute senescence phenotype, such as the
one observed during ALF. ALF is, itself, characterized by sequential
multi-organ failure, typically beginning with the kidney progressing to
alsoinvolve thebrain, lungs and other organs. This clinical progression
may, at least in part, be underpinned by the systemic transmission of
senescence. The data in patients with acute indeterminate hepatitis,
showing thatincreased hepatocellular expression of p21atinitial pres-
entation before multi-organ failure can predict ensuing multi-organ
failure, requirement for liver transplant and/or death, provide evidence
for abiomarker that both allows early risk stratification and selection
of patients for specific therapies. Similarly, the observation that TGF3
signalling is a central driver of systemic transmission of senescence
may pave the way for therapeutic approaches in diseases where this
phenomenon occurs. Whilst this effect may either be independent of
solely p21-dependent senescence or a phenomenon related to TGF3
activity outside of senescence, itisin line with the beneficial effects of
senolytics and senomorphics that have been elegantly demonstrated
onnumerous pathologies®**®, Further researchis required to dissect
out the direct causal link between senescence in the primary tissue
and the systemic effects and how they are affected by factors such as
disease site or specific senescence phenotype, chronicity of senes-
cence and theinteraction with concurrent or pre-existing senescence
in other organs. Our results demonstrate that systemic transmission
of senescence can induce systemic organ dysfunction, which may be
central to multi-systemic sequelae in many diseases.
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Methods

Ethics

This study was conducted in accordance with all relevant ethical regu-
lations. The clinical study was approved by the London-Hampstead
Research Ethics Committee (07/Q0501/50) and was in accordance with
the declaration of Helsinki as reported before”. This study reported
multi-lobular necrosis as a predominant histopathological feature being
significantly more frequentin non-survivors”. Allmouse experiments
were carried out in accordance with the UK Home Office regulations
(licence 70/8891; protocol 2 or licence PP0604995; protocols 3and 4 or
licence P3F79C606, protocol 2) following ethical approval by the local
Animal Welfare and Ethical Review Body at the University of Glasgow.

Patient selection and data collection

Thestudy included 34 consecutive patients with severe acute indeter-
minate hepatitis who were admitted to a single hospital and underwent
transjugular liver biopsy or liver transplantation. The participants
were not compensated for participation. Retrospective anonymized
data and samples were obtained, following ethical approval and con-
sistent with the UK Human Tissue Act, without informed consent. Of
the 34 patients, 14 underwent liver transplantation, and 3 died within
3 months. They were defined as non-survivors. Seventeen patients who
recovered spontaneously were defined as survivors. All 34 liver tissue
biopsies analysedin this study were obtained at the time of enrolment
(baseline biopsies). The following clinical data were collected from
the patients: sex, age, date of histopathological examination, history
of chronic disease and results of biochemical tests at baseline and at
follow-up up to 28 days or the last value before death. These include
serum levels of ALT, aspartate transaminase, bilirubin, ALP, interna-
tional normalized ratio, creatinine, prothrombin time, albumin and
hepatic encephalopathy.

Animal studies

Mice werebred and housedinalicensed, pathogen-free facility, under
al2 hlight-dark cycle, at stable temperature (19-23 °C) and humidity
(55 +10%). The mice were bred on a mixed C57Bl6 background, were
housed in conventional cages and had ad libitum access to food and
water (standard CRM(E) chow; Special Diets Services no. 801730). All
experiments were performed on 8-12-week-old male and female mice,
according to the guidelines of the Animal Welfare and Ethical Review
Body, and are reported in agreement with the ARRIVE guidelines™.

Treatment with AAV was performed as described previ-
ously™. Briefly, mice were injected with either AAV8.TBG.PI.Cre.
rBG (AAV-Cre) (Addgene, 107787-AAVS8) or AAVS8.TBG.PL.Null.bGH
(AAV-Null) (Addgene, 105536-AAV8) at a dose of 2 x 10" genomic copies
(GC) mI''unless otherwise stated, inafinal volume of 100 pl sterile PBS
viaasingle tail veininjection. Mice in this study weighed 21.9-31.9 g at
the time of induction.

For the mouse model of hepatocyte-specific inactivation of
Mdm2, male mice homozygous for the Mdm2tm2.1Glo allele (ID:
MGI2385439176 (ref.31)) and the Gt(ROSA)26Sortm14(CAG-tdTomato)
Hze allele (ID: MGI3809524177 (ref. 32)) were used (Mdm2E¥Eef;
R26' St tdTomato/iSLtdTomato imjce) This model was also crossed to create a
p21%° model (allele ID: MGI1888950 (ref. 33)). For the induction of a
RAS-induced liver senescence, 8-12-week-old male and female mice het-
erozygous for the Kras™" allele (ID: MGI:2429948178 (ref. 34)) and the
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze allele (ID: MGI3809524177
(ref.32)) were used (Kras'S\P2/WT; R gLt tdTomato/LSLtdTomato e Epithe-
lial TGFBR1 deletion experiments used 1 pl g'of CCl, diluted 1:4 CCl,
in corn oil administered day 3 in mice with alleles AhCre and TGFBR1"
(IDs: MGI3052655 (ref. 35) and MGI2388050 (ref. 36), respectively).
Mice with AhCre*" TGFBR1""were used for epithelial induction utiliz-
ing B-naphthoflavone (B-NF; Sigma) versus B-NF-treated AhCre™™ Tgf-
br1" controls, while AhCre™ TGFBRI" mice were treated with either
AAV-TBG-Cre or AAV-Cre-Null as described above at 2 x 10" GC per

mouse. Genetic controls used both AhCre™ Tgbfr1"" controls given
respective controls (B-NF vehicle or AAV-Cre-Null) and AhCre”™ TGF-
BRI" mice given no induction agent but time matched CCl, at day 3.
Theacute CCl, modelused1 pl g?of 1:4 CCl, in corn oil administration
as previously described’. For treatment with TGFBRIi, the mice received
either TGFBRi or vehicle (0.5% hydroxypropyl methylcellulose (HPMC)
and 0.1% Tween 80) by oral gavage twice daily". The dose of TGF@R1i
was 50 mg kg 'in 100 mI PBS’. Senolytic and senomorphic agents were
administered separately; navitoclax (ABT263), oubaine and rapamycin
(or vehicle controls) were administered at 100 mg kg™(gavage twice
weekly), 1 mg kg (intraperitoneal injection (i.p.) on days 1and 3 or
twice weekly) and 250 pg (i.p. daily), respectively, were given from days
1to7inthe AMdm2" model and day 7 in the Recovery-Mdm2 model.
Rapamycin mice in the AMdm2"¢” model were collected at day 4. All
micereceiving either ABT263 or oubaine either deteriorated clinically
and were humanely killed or died shortly (within 6 h) after receiving
the senolytics. 3-NF was given by 3 x 80 mgi.p. injections for epithelial
induction in mice with the AhCre allele as previously described™.

The mice werekilled by CO,inhalationina CO,chamber, cervically
dislocated and then weighed. Blood was collected immediately via
cardiac puncture for whole blood analysis (EDTA buffer-coated tubes;
Sarstedt) and plasma biochemistry (lithium-heparin coated tubes;
Sarstedt). The plasma was separated by centrifugation (2,350gfor
10 minatroomtemperature) within1-3 h after culling and stored imme-
diately at —80 °C. After weighing the liver, the caudate and left median
lobes lobe were snap frozen on dry ice for protein and RNA extraction
and for histology studies, respectively. The remaining liver was fixed in
10% neutral buffered formalin (NBF) for 22-24 h before transfer to 70%
ethanolfor further processing. The left kidney was immediately cutin
half, and both halves were snap frozen on dry ice for protein and RNA
extraction and for histology. The right kidney, heart, brain and lungs
were fixed in 10% NBF for 22-24 h and then changed to 70% ethanol.

Assessment of cognitive function

Y-maze test. The mice were individually placed into a testing area
measuring 25.66 cm x 17.53 cm onto a Samsung Galaxy Tab 2 10.1 for
5 min. Steps and distance travelled were recorded using MouseTrapp
software. The Y-maze arenahad three arms of 40 cmidentified as A1A2
A3, each with a differentiating marker at the end of the arm. The mice
were assigned different start arms in a rotating allocation and were
tested before the start of the experiment and on day 4, with differing
armallocations eachtime.Inthe T1phase, the mice were placed into the
maze with only two arms open for 5 minto explore the arena. The mice
were then removed to a clean cage for 1 min (fresh cage used per cage
of mice). Then, inthe T2 phase, the mice were returned to the maze in
thestarting position with the novel arm opened for 2 min and allowed
toexplore. Acamerawas set up above the maze to record movements
and the video files analysed via Ethovision XT13 software.

Brain slice electrophysiology. The animals were humanely killed
by anaesthetic overdose with inhaled isoflurane and intramuscular
injection of ketamine (=100 mg kg™) and xylazine (=10 mg kg™) as pre-
viously described’®. The mice were then transcardially perfused with
atleast 25 mlof sucrose-rich artificial cerebrospinal fluidl—composed
of 252 mM sucrose, 3.0 mM KCl, 1.25 mM NaH,PO,, 24 mM NaHCO,,
2.0 mM MgSO,, 2.0 mM CacCl, and 10 mM glucose. The brain was
removed and sliced at 450 um horizontal slices with aLeica VT1000S
vibratome in ice-cold sucrose-rich artificial cerebrospinal fluid. The
slices were trimmed to the hippocampal region and maintained at
32-34°Catanair-liquid interface between normal artificial cerebro-
spinal fluid (sucrose replaced with 126 mM NaCl) and humidified 95%
0,/5% CO,. Oscillations were evoked with 10 uM cholinergic agonist
carbachol, to activate transmission through acetylcholine receptors.
Extracellular recording electrodes were filled with normal artificial
cerebrospinal fluid (resistance 2-5MQ), and field recordings taken
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from the border between stratum radiatum and stratum lacunosum
moleculare in CA3. The recordings were taken with an Axoclamp-2B
amplifier (Axon Instruments) and extracellular datafiltered at 0.001-
0.4 kHz using Bessel filters. Mains noise was deducted witha Humbug
(Digitimer) and data redigitized at 10 kHz using an ITC-16 interface
(Digitimer). Axograph 4.6 software (Axon Instruments) was used for
dataacquisition and analysis.

To generate power spectra Axographs we used Fourier analysis
using 60 s per 10 min recording. This was used to calculate peak fre-
quency and area power (area under the peak). The mouse gamma
frequency oscillation was measured at frequencies between 15 and
49 Hz. The oscillations were categorized as stable when area power
measured within10% for three consecutive 10 minrecordingintervals.

Histology

Murine samples. Formalin-fixed, paraffin-embedded sections 4 um
thick were used for simple IHC and for multipleximmunofluorescence.
Thesections were subjected to heat-induced antigenretrieval, followed
by protein blocking to reduce non-specific staining. Incubation with
primary antibody overnight at 4 °C or for 1 h at room temperature
was followed by secondary antibody incubation and signal detection.
The details onthe antibodies can be found in Supplementary Table 3.

Photos were taken with a Zeiss Axiovert 200 microscope using a
Zeiss Axiocam MRc camera. The stained slides were scanned using a
Leica Aperio AT2 slide scanner (Leica Microsystems) at 20x magnifica-
tion. Automated quantification of positively stained cells or area was
performed using the HALO image analysis software (V3.1.1076.363,
Indica Labs). Manual quantification of p21" and BrdU" kidney cells
was performed on 20 random fields at 20x magnification. For p21IHC
quantification on brain sections, total brain area was calculated using
the HALO software, and the p21* cells were manually counted in the
whole brain tissue area.

For multipleximmunofluorescence, 4 um tissue sections under-
went heat-induced antigen retrieval by boiling (in a waterbath) in
citrate buffer (10 mM Na Citrate (Sigma, W302600), 0.05% Tween 20
(Sigma, P1379), pH 6) for 25 min and were subsequently cooled down
for20 minintheretrieval solution. Peroxidase quenching with3%H,0,
(Sigma, 95321) was followed by biotin (Invitrogen, 4303) and protein
blocking (Abcam, ab64226). The sections were incubated with the
primary antibodies either for 1 h at room temperature or overnight at
4°C, followed by 45 min with the secondary antibodies (conjugated
to fluorophor) together with 4,6-diamidino-2-phenylindole (DAPI,
1mg ml™). Sudan black B was then used to quench autofluorescence.
Anaqueous mounting solution (DAKO, S1964) was used for mounting.

The anti-p21 antibody required additional signal amplification,
which was achieved by using the tyramide signal amplification sys-
tem. Briefly, after incubation with the anti-p21 primary antibody, the
sections were incubated with a secondary anti-rat biotinylated anti-
body for 30 min, followed by a 30 minincubation with an avidin-HRP
(horseradish peroxidase) complex (Vectastain ABC, Vector, PK-7100).
Then, the sections were incubated with tyramide signal amplification
fluorescein isothiocyanate (FITC; PerkinElmer, NEL741BOO1KT) for
6 min (in the dark). After that, the sections that were subjected to a
5 min heat-induced antigen retrieval to remove the anti-p21 antibody
complex underwent protein blocking and then were incubated with
the other primary antibodies, as described above. The images were
taken usingaZeiss 710 upright confocal Z6008 microscope. The Opera
Phenix scanner (PerkinElmer) was used to scan the stained sections at
20x magnification. For the analysis of scanned sections, the Colum-
bus software (PerkinElmer) was used to identify hepatocytes and to
quantify immunofluorescence staining intensity by hepatocyte in 20
random fields of view.

In situ hybridization was performed in an autostainer (Leica
BondR,) using the 2.5 LSx RNAScope kit (Bio-Techne, 322700) accord-
ing to the manufacturer’s instructions. The probes against Smad7

messenger RNA (Bio-Techne, 429418), TGFB1 (Bio-Techne, 407758),
TGFB2 (Bio-Techne, 406188) and TGFPR1 (Bio-Techne, 431048) were
used for the detection of the respective mRNA, and PPIB (Bio-Techne,
313918) was used as a positive control of gene expression.

Patient samples. Multiplex immunofluorescence staining
was performed as previously described®?***°, Formalin-fixed,
paraffin-embedded liver samples were deparaffinized and rehydrated
in xylene (Roth) and ethanol (Roth). Antigen retrieval was performed
with Tris—EDTA buffer (pH 9) or universal antigen retrieval (Abcam)
in a water bath at 98 °C for 30 min, followed by a cooling period of
20-30 minutes. The tissues were blocked with 2% normal goat serum
(Thermo Fisher Scientific) to prevent non-specific antibody binding.
The slides were incubated overnight at 4 °C with primary antibodies
diluted in antibody dilution solution (Life Technology) and stained
for 30 min with fluorescently labelled secondary antibodies (Sup-
plementary Table 3) together with DAPI nuclear counterstain (Sigma
Aldrich). After scanning the entire slide with a Zeiss Axio Observer7,
the images were merged, and the background was subtracted. After
eachrun, theantibodies were stripped by using the 2-mercaptoethanol/
SDS method*, and the staining was repeated in multiple cycles over an
3 day period. Subsequently, all scans were aligned, hyperstacked and
concatenated using the plugin FIJl HyperStackReg V5.6. For binary
images, cell segmentation was performed using llastik software
(v1.3.3). Cellidentification and counting, as well as fluorescence intensity
measurement, were performed using CellProfiler v3.1.9 and plugin FIJI.

SA B-Gal staining

Staining for SA B-Gal was performed as described previously*. Briefly,
10-mm-thick cryosections or cultured cells were fixed in 2% paraform-
aldehyde or 0.25% glutaraldehyde in PBS for 15 or 5 min, respectively.
This was followed by three washes with PBS 1 mM MgCl, (pH 5.5 or
6 for mouse or human cells and tissues, respectively) and incuba-
tion with staining solution (1 mM MgCl,, 0.5 mM K;Fe(CN), 0.5 mM
C¢FeK,N¢-3H,0 and 1 mg mI™X-Gal in PBS, pH 5.5 or 6 for mouse or
human cells and tissues, respectively) overnight (liver sections and
cells) or for 2.5 h (kidney sections). After three washes with PBS, the
cryosections were counterstained with eosin and mounted, while
cells (on coverslips) were mounted immediately. For quantification,
SA B-Gal" and SA B-Gal ™ cultured cells were counted in 20 random
fields of view.

RNA extraction

Whole-tissue RNA was extracted using the Qiagen RNeasy kit (Qiagen,
74104), including the optional DNase step, as described previously'™.
Briefly, 20-30 mg of snap-frozen tissue were homogenized in 600 ml
buffer RLT and 1% 3-mercaptoethanol using the Precellys Evolution
homogenizer (Bertin Technologies), and the RNA was eluted in 30 pl
RNase-free water. The RNA concentration was estimated with the
Nanodrop 2000m and only samples witha260/280 ratio >2 were used
for further analysis.

Complementary DNA generation and qPCR

cDNA was generated using the QuantiTect Reverse Transcription Kit
(Qiagen, 205311) according to the manufacturer’s instructions from
1pg RNA. APTC-200 Gradient cycler (M) Research) was used to per-
form the genomic DNA wipeout and reverse transcription steps. A
sample-free reactionand areaction without the reverse transcriptase
served as the negative controls. A real-time quantitative polymerase
chain reaction (qPCR) was performed with the SYBR Green system
(Qiagen, 204145) using a QuantStudio 5 real-time polymerase chain
reactionsystemina384-well-plate setting (final reaction volume 10 pl
per well). All primers used were purchased from Qiagen, as shown in
Supplementary Table 4. Each biological replicate (mouse) was run
in triplicate, and the 18S ribosomal RNA (Rn18S) was used as a house
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keeping gene for normalization. Relative expression was calculated
using the AACt method.

Whole-tissue (bulk) RNA-seq

For bulk RNA sequencing (RNA-seq), the RNA was extracted as
described above. Briefly, the RNA was tested on an Agilent 2200
TapeStation (D1000 ScreenTape) using RNA ScreenTape and only
samples with a RIN >7 were further processed for library preparation.
A total of 20 ng mIof RNA were used to prepare libraries using the
TruSeq Stranded mRNA Kit. The Agilent 2200 Tapestation was used
toassess library quality and Qubit (Thermo Fisher Scientific) was used
to check concentration. The libraries were then run on the lllumina
NextSeq 500 using the High Output 75 cycles kit (paired end, 2 x 36 bp
cycle, dualindex (I5and 17 lllumina)).

For the bioinformatics analysis, raw data quality checks and trim-
ming were performed using FastQC (versions 0.11.7 and 0.11.9 for
Mdm2andKras, respectively), FastP (v0.19.3/0.20.1) and FastQ Screen
(v0.12.0/0.14.0). The reads were aligned to the mouse genome and
annotation (GRCm38.92 version) using HiSat2 version 2.1.0183. Deter-
mination and statistical analysis of expression levels was done by acom-
bination of HTSeq version 0.9.1184, the R environment (v3.4.4/4.1.2),
utilizing packages from Bioconductor (v3.6/3.15) and differential gene
expression analysis based on the negative binomial distribution using
the DESeq2 package (v1.18.1186). Pathway analysis was performed
using MetaCore (v2018/2022) from Clarivate Analytics (https://portal.
genego.com/).

scRNA-seq onkidneys
Three AMdm2"¢? and three control mice were culled by CO, inhalation;
theblood sampleswere collected by cardiac puncture,and 30-40 ml cold
PBS were used to perfuse the circulatory system viathe left heart. The six
micewere culled and their kidneys processed on two different days. Two
mice (one AMdm2"®? and one control) were culled together on one day,
and the others (two AMdm2"* and two control) were culled 2 months
later. Oneach occasion, the left kidney was used for dissociationand gen-
eration of single-cell suspension, while the right kidney was fixedin10%
NBF. Therenal capsule of theleft kidney was removed, and the kidney was
cutinto equally sized pieces and was dissociated using amulti-tissue dis-
sociation kit1(Miltenyi, 130-110-201) as per the manufacturer’s instruc-
tions. Atotal of 0.25 g of kidney tissue were placed ina GentleMACS C tube
withdissociationbuffer (2.35 ml serum-free RPMI (Roswell Park Memorial
Institute) culture medium (Gibco), 100 plenzymeD, 50 plenzymeRand
12.5 plenzyme A). Kidney dissociation was performed in a GentleMACS
dissociator using the ‘heart_01_01' programme (15 s). The samples were
placedinawaterbath (37 °C) for 30 minutes and then placed back inthe
dissociator (‘heart_01_02’' programme, 30 s).

After the second round of dissociation, 8 ml of sterile PBS and
10% FBS were added in the C tubes to stop the reaction. The samples
were passed through a40 pm cell strainer into a 50 mlfalcon tube. All
subsequent steps were performed on wet ice or at 4 °C. The samples
were spunat300gfor 5 minandresuspendedin 5 mlof cold PBS. They
were spun again at 300g for 5 min, resuspended in 1 ml red blood cell
lysis buffer (8.29 g NH,Cl, 1g KHCO; and 37.2 g Na,EDTA in PBS) and
incubated for30 sonwetice. The samples were topped with9 mlofcold
PBS and washed twice, as described previously (spinat 300gfor 5 min
and resuspended in PBS). The samples were resuspended in cold PBS
and were subjected to debris removal using the debris removal solution
(Miltenyi) according to the manufacturer’s instructions. Finally, the
samples were resuspended in10 mlcold PBS,10% FBS and 2.5 mM EDTA.

Cellviability and concentration were determined using the Trypan
Blue assay and flow cytometry (viability >90%). A total of 20,000~
40,000 cells were loaded on a 10x Chromium chip (one sample per
lane). Cleanup, reverse transcription, cDNA amplification and library
preparation were performed using the Chromium Single Cell 3’ Reagent
Kits (v3), as per the manufacturer’s instructions.

The samples were sequenced in the llluminaNextSeq 500 using the
2 x150 bp kit with the following read length parameters: 26 bp Readl,
cell barcode and Unique Molecular Identifier (UMI); 8 bp 17 index,
sampleindex; and 98 bp Read2, transcript read. CellRanger v.4.0 (with
default parameters) was used to demultiplex Illumina BCL output files
andalign reads to the ensemble GRCm38.99 reference genome with the
addition of the AAV8-TBG-Cre and AAV8-TBG-Null sequences.

All other steps were performed using R v.4.0 and packages from
Bioconductorv.3.12. The raw matrices generated by CellRanger (v.4.0)
were transformed to SingleCellExperiment objects and they were
filtered to exclude empty droplets using the DropletUtils v.1.10 pack-
age. SingleCellExperiment objects were merged together to perform
further downstream analysis. Following similar parameters used in a
previous scRNA-seq analysis murine kidney*?, cells with <75 or >3,000
expressed genes or >50% mitochondrial gene expression were filtered
out, and only genes expressed in more than ten cells with at least one
UMl were kept for further analysis.

The normalization by deconvolution method designed by Lun
etal.* was used to normalize and log transform the counts with func-
tions from Scater package v.1.18. Highly variable genes were com-
puted with default parameters, and the top 10% were used to perform
aprincipal component analysis and UMAP using the top 20 PCs. After
examining UMAP plots coloured by batch run, it was determined that
batch correction was not required.

Initial clustering was performed with functions from the Seurat
package v.4.0 with default parameters and with eps value of 0.5 and
resolutionsequence of 0.1to1by 0.1. Markers of each cluster wereidenti-
fied by performing a pairwise differential analysis between each pair of
clusters with aminimum difference of20% of cells expressing the gene
and log, fold change threshold of >0.25 and only keeping the differen-
tially expressed markersinall the comparisons. Reclustering of control
cellswithanew principal componentanalysisand UMAP was performed,
and the main markers were used to manually classify clusters into dif-
ferent cell types. AMdm2"® cells were projected onto the reference
UMAP and assigned to the identified clusters. The same methodology
was followed for the identified control PTCs, DTCs and the initial cluster
‘mesenchymal cells’ for the projection and assignment of the AMdm2"?
cells. Scores for senescence, p21, proliferation, TGF, JAK-STAT and
regeneration signatures were computed using the AddModuleScore
Seurat function. The genes included in each list used to create the sig-
natures can be found in Supplementary Table 5. All transcriptomic
data will be made publicly available on the Gene Expression Omnibus
(GSE189726) repository at the time of publication. Alternatively, cells
expressing senescent features were identified by using an unbiased cell
type classifier ‘singleR’, trained on a reference transcriptomic dataset
of previously validated murine renal scRNA-seq data™. The hyperpa-
rameters used were threshold of 0.4, 150 differentially expressed (DE)
genes, quantile of 0.6 and fine-tune parameter set to true.

Differential gene expression (DGE) analysis was performed as
described by Giustacchini et al.**. Briefly, the log, fold change was
calculated between groups, and a non-parametric Wilcoxon test was
used to compare the expression values. Fisher’s exact test was used to
compare expressing cell frequency (percentage of cells per group with
at least one UMI count). The Pvalues from both tests were combined
using Fisher’s method and adjusted using Benjamini-Hochberg. The
genes were considered to be differentially expressed if the Padjusted
values were <0.05. The heat maps comparing relative gene expression
by cell groups were computed using the ‘DoHeatmap’ function from
Seurat R package or ‘plotGroupedHeatmap’ function from the scater
R package. In both cases, the scaled value from each group was calcu-
lated by substracting the average logcount gene expression from the
total mean gene expression and divided by the standard deviation. A
two-colour range scale was used to convert scale values into colour
intensity. Gene Set Enrichment Analysis was performed in an unsu-
pervised manner using the ‘gseGO’ function from the ClusterProfiler
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Rpackage; enrichment scores and Pvalues were calculated by the func-
tion using an empirical phenotype-based permutation test.

Protein extraction and westernblotting

Snap-frozen tissue was homogenized in 300 pl of protein extraction
buffer (50 mM HEPES, 100 mM NaF, 150 mM NacCl, 10 mM Na,P,0,,
10 mM EDTA, 1% Triton X100, 0.1% SDS and 0.5% Na deoxycholate in
ddH20),1:100 protease inhibitor (Thermo Fisher,1862209) and 1:100
phosphatase inhibitor (Thermo Fisher, 1862495) in ddH,0 using the
Precellys Evolution homogenizer (Bertin technologies). The lysate
was passed through a 25G needle five to eight times and was then
spun twice at 20,800gfor 10 min at 4 °C. The Bradford assay was used
to measure protein concentration using the Coomasie Plus reagent
(ThermoFisher, 23236) ona 96-well-plate setting. The absorbance was
measured immediately at 596 nm and a standard curve was automati-
cally created using a Spectramax reader.

Western blotting was performed on precast gels using the XCell
SureLoc Mini-Cell and XCell I Blot Module (Invitrogen, 10572913),
and the protein samples were mixed with loading buffer (4x NuPAGE
loading buffer (Invitrogen, 11549166) and 5% [3-mercaptoethanol) at
a concentration of 20 pg pl™. The samples were heated for 5 min at
95°Candthenwere spunfor2 minat20,800g. A 20 plsampleand 5 pl
of protein ladder (Biorad, 1610373) were loaded on a 4-12%, Bis-Tris,
1.0 mm, ten-well precast gel (Invitrogen, NP0321PK2), and the gel was
run at 120V for 1 h and 50 min in a MOPS running buffer (Invitrogen,
NP-0001). Transfer onto polyvinylidene difluoride membranes was
performed by wet transfer, using the NuPAGE transfer buffer (Invit-
rogen, NP-0006) for 1h at 30 V. Transfer efficiency was assessed by
Ponceau S staining. The membranes were blocked for 1 h with 5% BSA
buffer and then incubated with the primary antibody (diluted in 5%
BSA) overnight at 4 °C. This was followed by 45 min incubation with
the HRP-conjugated secondary antibody and enhanced chemilumi-
nescence incubation for the appropriate amount of time (2 min for
pSmad2, pSmad3, Smad2 and Smad3 and 5 s for the B-actin). Visualiza-
tion of the bands was performed using the Chemidocimaging system
(Biorad) and quantification and densitometry was done with Image).

ELISA and cytokine arrays

For the detection of cystatin Cin murine plasma, the ‘mouse/Rat cys-
tatin C’ immunoassay kit (R&D Technologies, MSCTCO) was used,
according to the manufacturer’s instructions. The plate was scanned
inaplatereader at 450 nm (wavelength correction was set to 570 nm)
within 10 min after assay completion. The standard curve concentra-
tion calculations were performed on the ‘Myassays’ website (https://
www.myassays.com/).

Cytokine arrays on murine plasma and tissue samples were per-
formed by Eve Technologies, using the TGFf1, 2, 3 magnetic bead kit
for the measurement of the TGFf ligands and the Milliplex MAP mouse
cytokine magnetic bead panel (discovery assay ‘Mouse Cytokine Array/
Chemokine Array 31-Plex (MD31)").

Metabolomics on mouse urine

For the detection of urine amino acids, urine was collected from the
mice by free urination 2 and 3 days before AAV-Cre injection on injec-
tion day, as well as 3 and 4 days post AAV-Cre injection. The urine col-
lected by free urination after scruffing the mice was diluted 1:50 in cold
metabolite extractionbuffer (50% methanol, 30% acetonitrile and 20%
water) and were vortexed for 30 s. The samples were then centrifuged at
20,800gfor10 minat4 °C.Liquid chromatography-mass spectrometry
was performed as described previously*. The source dataare presented
inSupplementary Table 6.

Cell culture
MEFs. WT MEFs were isolated from one E13-E14 WT C57BI/6 embryo.
The MEFs were cultured on10 cm Petridishes (Corning) in Dulbecco’s

modified Eagle medium supplemented with 10% FBS, 1% penicillin-
streptomycin, 1% L-glutamine (cDMEM) at low O, (3%). The MEFs cul-
tures were confirmed to be free of mycoplasma contamination. For the
plasmatreatments, passage (P)3-P5MEFs were trypsinized, and the cell
density was determined by using the CASY cell counter (Cambridge
Bioscience, 5651808). A total of 30,000 cells (in 1 ml medium) were
plated on 24-well-plate wells (with a round coverslip in each well) and
were incubated with cDMEM with 1% plasma from either AMdm2"e?
or control mice for 24 h. The cDMEM with plasma was changed with
fresh cDMEM every 2 days, and 6 days after the first medium change,
the cells were stained for SA B-Gal as described above. The coverslips
were mounted onthe slides, and the SA 3-Gal* cells were quantified by
manual counting of 20 random fields of view of using a Zeiss Axiovert
200 microscope at 20x magnification.

NS cell-derived neuronal cells. Neuronal cells were derived from
human foetal neural crest progenitors as previously described*®. The
cellswere passaged using trypsin-EDTA solution and were seeded into
a geltrex coated 48-well cell culture plate at a density of 5,000 cells
per well with 250 pl of proliferation medium. They were allowed to
proliferate for 2 days before the proliferation medium was withdrawn
and replaced with differentiation medium. The growth medium was
replaced with differentiation medium for 16 days before beginning
the experimental procedure. The composition of the proliferation and
differentiation media has been described previously*.

For the plasma treatment experiments, plasma samples were
thawed onice, vortexed and heat inactivated for 30 minat 60 °C. They
were diluted in media to the desired concentration (1:100) and added
tothe plate for 24 h. For the additional treatment with TGF3R1i, either
TGFPR1i (0.2 mM) or vehicle (dimethylsulfoxide, DMSO) were mixed
with the same plasma-containing medium and stayed on the cells for
24 h. Two days later, the cells were stained for SA 3-Gal, and the posi-
tive cells were quantified as described in ‘SA 3-Gal staining’ section.

PCLS and PCKS

Ethics. Human kidney tissue will be collected from donor kidneys
declined for transplantation and accepted for research, through the
Newcastle Transplant Tissue Biobank under project I0T054.

Kidney slice culture. Eight millimetre human kidney and murine kid-
ney (WT) or liver (Mdm2fIfl or AMdm2"%) tissue cores were generated
using an 8 mm Stiefel biopsy punch, placed inametal mould and 3% low
gelling temperature agarose and allowed to set. The slices were then
generated and cultured according to methods previously described*®*.
Human kidney slices were cultured with10 ng TGFB1to induce fibrosis
and treated with +10 pM TGFPR1i SB-525334 (Sigma Aldrich, S8822,
batch number: 000014491).

Media transfer experiment. Murine PCLS were generated from liver
(Mdm2™" or AMdm2'"?), and the medium was collected and pooled
after 24 and 48 hand concentrated using Amicon Ultra-15 Centrifugal
Filter Units (Merck, UFC9003). WT murine kidney slices were cul-
tured in PCKS medium containing 0.5% v/v of concentrated cultured
PCLS-conditioned medium (equivalent to 25% PCLS condition medium
atfinal concentration) from the livers of control Mdm2" or AMdm2"
mice, with or without 200 nM AZ12601011.

Statistical analyses and graphs

The Prism 9 Software (GraphPad Software) was used for statistical
analyses. The Shapiro-Wilk test was used to assess data normality. For
normally distributed data, the one-way analysis of variance (ANOVA),
two-way ANOVA, the Brown-Forsythe and Welch ANOVA test, paired
and unpaired ¢-tests or the Welch'’s ¢-test, were used to test for statis-
tical significance between data groups. The Kruskal-Wallis test or
the Mann-Whitney test were performed for non-parametric data.
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All statistical tests comparing two groups were two-tailed. All figures
were created using the Scribus Software (v1.4.7, G.N.U. general public
licence). Unless otherwise stated, all data points on the line or bar
graphs represent the mean + standard error of the mean (s.e.m.), and
each dotrepresents asingle mouse.

Statistics and reproducibility

Nostatistical methods were used to pre-determine sample sizes, but our
samplesizes aresimilar to those reported in previous publications>”%,
For animal experiments, the biological replicate sizes were chosen tak-
ingintoaccount the variability observed in pilot and prior studies using
AAV-TBG-Creinthe Mdm2 model. For all experiments, the animal/sam-
pleassignment was matched for sex and age-matched controlsand were
assigned based uponrandomly assigned mouse identification markings.
Batched staining and analyses alongside controls were used through-
out. Theinvestigators were not blinded for the in vivo experiments. No
animals or data points were excluded fromanalyses. The technical staff
administering the therapy were blinded to the mouse genotypes. All
subsequenttissue handling and analysis were blinded and/or performed
using standardized automated analyses where possible. Western blot
studies were performed without blinding, given that samples were
run by condition for visualization. In the figure legends, n represents
the number of mice, unless explicitly stated. The data distribution for
normality and testing of equal variances were assessed using Prism 9
Software. No animals or data points were excluded from analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source metabolomics data can be found in Supplementary Table 6.
Thefastqfiles and processed data for the scRNA-seq analysis of mouse
kidney cells and bulk tissue transcriptomicsinliver and kidney can be
found onthe Gene Expression Omnibus repository (accession numbers
GSE189726, GSE267196 and GSE262705). Source data are provided
with this paper. All other data generated and/or analysed during the
current study are available from the corresponding author on reason-
ablerequest.

Code availability
No custom code or mathematical algorithms were used in this
manuscript.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1| The AAVS-TBG-Cre vector is hepatocyte-specificand
does notresultin notable genetic recombination of extra-hepatic tissues.

(a) Representative IHC images of liver (left), kidney (middle) and brain (right)
sections of control and AMdm2"®? mice stained for RFP and p53; mice were culled
4 days post AAV injection. n=4 and 5 control and AMdm2" mice, respectively.
(b), (¢), (d) Automated quantification of p53* cells and RFP* area on liver, renal
cortex and brain tissue respectively, n=4 and 5 control and AMdm2"" mice,
respectively, inall graphs. For panel (b), unpaired two-tailed t-test (RFP) and
Mann-Whitney test (p53) were used. For panels (¢) and (d), two-tailed Welch'’s
t-test (RFP) and two-tailed Mann-Whitney test (p53) were used. (e) Representative
images from ISH-stained kidney sections with a probe that specifically detects
the junction of murine Mdm2 exons 5 and 6. (f) Normalised RFP transcript counts

(FPKMs) from bulk liver and bulk kidney RNA sequencing data. n=4 except n=3
inliver control; unpaired two-tailed t-test. (g) Manual quantification of P21*
renal tubular cells from either 8-12 weeks old male WT or male Mdm2"/%";
R26'S:tdTomato/LsLtdTomato (N dm 20Xy mice, untreated (-) or intravenously injected
with either 2x10" GC/mouse AAV8-TBG-Cre (Cre) or with AAVS-TBG-Null (Null)
and culled 4 days later: additional control data from Fig. 1e are presented as p21°
tubular cells per field of view (FOV), n=4 and 8 for untreated vs Cre in WT mice
and n=16 and 19 Null and Cre treated AMdm2"? mice; one way Anova, adjusted p
value denotes Mdm2 Cre vs Null; all other comparisons p>0.99. Throughout all
bars are mean + S.E.M and the numbers on the graphs are p values. Scale bars are
50pm. Source numerical data are available in source data.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Liver senescence is associated with renal senescence.
(a) Representative images of control and AMdm2"** liver sections stained for SA
B-Gal; n=8 mice per group. (b) Targeted Gene Set Enrichment Analysis (GSEA)
for asenescence signature on the whole liver RNA-seq dataset performed on
wholeliver RNAisolated from day 4 kidneys in the AMdm2"P model and its
control. (c) RT-qPCR analysis of Cdknla, Cdkn2a, Cdkn2b, Bcl2, Tgfbl, Tgfb2,
Tgfb3and Lifexpression in whole liver lysates in the AMdm2"¢* model. n=4 mice
for Tgfbl, Tgfb2 and Tgfb3 and n=5in all others; n=4 in Tgfbs due to misloading
of one sample. Unpaired two-tailed t test for Cdknla, Cdkn2a, Tgfb1, Tgfb3 and
Bcl2; two-tailed Welch's t test for Tgfb2, Lifand Cdkn2b (unselected samples
from larger cohorts; see Fig. 1 for details). (d) Representative images of control
and AMdm2"®» model kidney sections stained for SA -Gal. n=8 mice per group
(unselected samples from larger cohorts). (e) Targeted GSEA for a senescence
signature on the whole kidney RNA-seq dataset performed on whole liver RNA
isolated from day 4 kidneys in the AMdm2"¢ model and its control. (f) Cytokine
arrays on whole kidney lysates for a range of SASP factors in the AMdm2+e?
model. n=4 control mice and n=5 AMdm2"** mice (unselected samples from
larger cohorts). Unpaired two-tailed t-test (IL-17, LIF, GM-CSF, CXCL-1and CCL3)
or two-tailed Mann-Whitney test (CCL-2, CXCL-5). (g) Alanine aminotransferase
(ALT) and alkaline phosphatase (ALP) in the plasma of AMdm2"*? and control
mice, n=7 and 14 control and AMdm2"¢* mice (unselected samples from larger
cohorts; samples failing quality control were excluded), respectively, for both
graphs; two-tailed Mann-Whitney test (ALT) or two-tailed Welch’s t-test (ALP).
(h) Plasma bilirubin in AMdm2"? and control mice, n=9 and 11 control and
AMdm2"eP mice respectively (unselected samples from larger cohorts,

samples failing quality control were excluded); two-tailed Mann-Whitney test.

(i) Representative images of cleaved caspase 3 (CC3) IHC on liver sections of
AMdm2"¢? and control mice. Arrowheads highlight CC3" cells. (j) Automated
quantification of CC3 IHC on liver sections: data are presented as CC3* area

as apercentage of total liver area, n=6 and 7 control and AMdm2"¢* mice
respectively (unselected samples from larger cohorts); two-tailed Welch’s t-test.
(k) Schematic of the CCL, treatment of WT mice. C57BI/6 mice were injected
with CCL, and were sacrificed 2, 3,7 or 14 days post injection. (I) Representative
images of p21-stained liver and kidney sections of CCL,-injected mice.

(m) Automated quantification of p21* liver cells on liver sections or (n) manual
quantification of p21* renal tubular cells on kidney sections of the CCL,-injected
mice. n=5mice for each timepoint except day O where n=4; One-way ANOVA.

(0) Schematic of AAV-mediated induction of the Kras®*” mice. 8-12 weeks old
mice were injected with either AAV-Null or AAV-Cre and were sacrificed 7 days
postinduction. (p) ALT and ALP levels in the plasma of Kras"" and Kras®?° mice.
n=7 Kras"" and n=6 Kras“*" mice for both ALT and ALP. Two-tailed Mann-Whitney
test (ALT) or unpaired two-tailed t-test (ALP). (q) Plasma bilirubinin Kras"" and
Kras®? mice, n=7 Kras"" and n=6 Kras®?® mice; two-tailed Mann-Whitney test.
Normalised liver (r) and kidney (s) Cdknlareads in Kras"" versus Kras®?® mice
from bulk RNAseq; n=5mice in both groups (unselected samples from the
larger cohort); unpaired two-tailed t-tests. (t) Targeted GSEA for a senescence
signature on the whole RNA-seq dataset of Kras"" versus Kras®?® kidneys.

(u) Top-16 upregulated pathways in an unsupervised GSEA performed

on Kras"" versus Kras®?" kidneys. For all graphs, mice were culled 4 days post
AAVinjection. Throughout all bars are mean +S.E.M. and the numbers on the
graphsare p values. Scale bars are 50pm. Source numerical data are availablein
source data.
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Extended Data Fig. 3| The intensity of the renal senescence-like phenotype
in AMdm2"*’ mice is proportionate to the level of liver senescence.

(a) Schematic of AAV dose titration in AMdm2"” mice in the recovery-Mdm2"*v,
8-12 weeks old male Mdm2t5/E6; Rog!st-dTomato/LSLtdTomate e were either injected
with 5x10'° GC/mouse of AAV-Cre and then harvested 4,7, 30 or 62 days post
injection, or they were injected with 5x10° GC of AAV-Cre and harvested 7 days
postinjection. (b) Representative images of p21-stained liver and kidney sections
from the AAV dose titration experiment. (c) Automated quantification of p21°
liver cells on liver sections from the AAV dose titration experiment; data are
presented as percentage of total liver cells. n=4,5,4,7,8,4 and 9 from left to right;;
subgroup members of the 2x10" AAV-Cre and controls were analysed, and all
member of the recovery model are included. (d) Manual quantification of p21*

renal tubular cells: data are presented as mean p21* tubular cells per 20 fields of
view (FOV); n=16,19, 4,4,3,3 and 9 from left to right; whole cohorts of 2x10" AAV-
Creand controls areincluded (data for day 4 is shown also in Fig. 1e), the recovery
model was performed in smaller cohorts with n=3-9 with all biological replicates
assessed included in analyses. (e) Serum levels of ALT, ALP and Bilirubin in

the mice of the AAV dose titration experiment. Biological replicates (separate
animals) n=7,14,3,4,3and 4 for ALT and ALP and 9,11, 3, 4, 3 and 4 for Bilirubin
from conditions from left to right (f) Urine levels of Alanine, Phenylalanine and
Tryptophanidentified by liquid chromatography-mass spectrometry (LC-MS) in
AMdm2"¢P mice pre- and post- AAV-Cre injection: n=4 mice. Throughout all bars
aremean +S.E.M. Scale bars are 50pum. Source numerical dataare available in
source data.
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senescence. (a) Urine levels of Glutamine, Serine and Valine identified by liquid Areaunder the curve (area power) (c) and frequency (Hz) (d) of the brain slice
chromatography-mass spectrometry (LC-MS) in AMdm2"¢P mice pre- and post- oscillations after stimulation with carbachol. n=14 brainsslices (except n=12 at
AAV-Cre injection: dots represent the average peak area of n=3 mice at days -2 times 0,15,60 and 105) from 4 control mice and n=14 brain slices from
and 0, n=4 mice at day 4 and n=5 mice at days -1and 3; 2-way ANOVA comparing 4 AMdm2"*P mice for every time point. Throughout all bars are mean +S.E.M. and
eachtime point toinduction day (day 0). (b) Proportion of time spent by control the numbers on the graphs are p values. Source numerical dataare available in

and AMdm2"? mice in the novel arm of the Y-maze 4 days before and 4 days after source data.
AAV injection: dots represent the average percentage of time spentin the novel

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-024-01543-3

a
b
10° "
L3
810%° E -8
g s g
S 3 o 5.01
2 2 g cells to filter out
éw” 5 H "~ © FALSE
& ] © TRUE
2 10 K] 8 ®0
s 5 2 25 1
O 4025 2
=1 5 - R NI 2
10% [ ]
1 2 1 2 g i
Sequencing batch =) 0.0 o5
® 6
7
-2.51
5 [} 5
c 0wy c22 0l
CeogzRE52228822 UMAP_1
RyZesgREEFIEIRA
N = - a
d
Mixedd [ [ [ r:':
Collecting Ducts L [ [ [ |- ;“ — :"" 5- ® APCIB cells
prea [ LI L [LLE Interstitial cells
FFH—FF - » Macrophages
DTc1{ [ [ [ - k- - Mesenchymal (other)
LoopofHenle {_ [ [~ [T [T [~ CTCCCLE o Neurophils
rrrrerr s r Miscellaneous
CER ol o S
PTC2 b { CCLELE
»b—t—}- — .
PTC1{_ o CTLCCLELLE
FERETERECCT LT
4 4 & 4 B 4 4 & 4 4 4 & 3 4 4
Expression Level [ control
M AMdm2ter
-8 -4 0 4
e
9§22 fasiH¢ AP
T X E E & § 3 2 8 g R f
Interstitial cells | I amns o 8
— — S o
n o
Q
APC/B cells | — l ol o ”
- [ — <
- E g
Macrophages | }}: L L [ 8 3 S Genotype
8 - e . W aMdm2rer
Masenchymal (other) - [ R I R e 'g N g M control
€ o =
Neutrophlls — }— -‘ - = F —— - -
— f— — = e — o S I S S——
Miscellaneous . 0 1 2 ° 0 1 2
el - | -
A R aEx"i uLe‘ I"~' BERRRE Y TdTomato_counts
pression Leve M Control
I AMdm2ter

Extended DataFig. 5| Sub-clustering and cell type assignment in the scRNA-
seq data. (a) scRNA-seq analysis of 3 kidneys from control mice and 3 kidneys
from AMdm2"®? mice taken 4 days after induction. After single cell sequencing
cells were filtered for quality based upon the number of genes expressed and
percentage of mitochondrial gene reads in each event. Bar charts are shown, by
each sequencing batch, total number of reads per cells (left), with cells filtered
outshowningrey and those included in analyses shownin purple based upon
number of reads (centre; <75 or >3000) and % mitochondrial genes/total

(right; >50%). (b) UMAP plot of 24,215 single-cell transcriptomes from 6 mouse
kidneys. (c) Table with violin plots showing the expression levels of marker

genes across the 8 clusters. (d) UMAP plot of the cells following sub-clustering
performed upon the mixed cluster shownin Fig. 3b. (e) Table with violin plots
showing the expression levels of marker genes across the 6 subclusters within the
mixed (#3) cluster. (f) Bar plot showing the number of RFP UMIs per cell in control
and AMdm2" cells. Source numerical data are available in source data.
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Liver senescence results in transcriptional changes
in the renal proximal tubular cell compartment. (a) Dot plot of pathways
resulting from unsupervised GSEA of differentially expressed genes between
AMdm2"¢ and control PTCs. Differential expression analysis was performed
between AMdm2"*? and control PTCs and the ranked gene set was used to
performunsupervised GSEA against Gene Ontology (GO) and KEGG pathways.
The size of the dots represents the number of downregulated (suppressed, left)
orupregulated (activated, right) genes in the AMdm2"? PTCs for each pathway
(count) with colour representing statistical significance; Permutation test.

(b) Representative images from a single batch of dual immunofluorescence
staining for p21and renal tubular epithelial markers (LRP2 or CALB1) on
AMdm2"* kidneys at day 4; LRP2 is expressed on the apical brush boarder of the

PTCs; n-5/6 for control/ AMdm2"* respectively. Scale bars are 50pmand 5um in
inset magnification. (c) UMAP plot showing the clusters of the cells (red versus
grey) of the scRNA-seq data from analysis of 3 kidneys from control mice and 3
kidneys from AMdm2"¢" mice taken 4 days after induction highlighting cells with
apositive score for the senescence signature (sen) from O’Sullivan etal.".

(d) UMAP plot of the same cells shown in panel c highlighting co-occurrence
(yellow) of the p21signatures (Fig. 3c) and the renal tubular senescence signature
from O’Sullivan et al.". (e) Heatmap of relative expression of Slc transporter genes
inthe PTC compartment grouped by p21signature score in each experimental
condition; PTCs without the p21signature in both conditions are merged as the
left-hand column. Source numerical data are available in source data.
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Extended Data Fig. 7 | See next page for caption.
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Extended DataFig. 7 | Liver-derived SASP factors affect the TGFB and LIF/
JAK-STAT signalling pathways in the kidney. (a) GSEA plot for a SASP gene set on
the significant differentially expressed genes from the bulk liver RNA-seq data
in the AMdm2"®» model versus control at day 4. (b) UMAP plots showing the
distribution of the cells that have a positive score for the TGF3 gene signature
inthe control (left) and the AMdm2"®* model (right) renal cells. Inset images are
representative kidney sections stained for Smad7 by ISH (RNAscope) n=3/3 for
control/ AMdm2"¢ respectively, dashed lines highlight renal tubules.

(c) Representative images of dual p21IHC/Smad7ISH in the kidney; pink arrows
highlight examples of Smad7 detectionin red, whilst p21is detected by brown

3,3’-Diaminobenzidine (DAB) staining; n=3/3 for control/ AMdm2"*" respectively.

(d) UMAP plots showing the distribution of the cells that have a positive score for
the JAK-STAT gene signature in the control (left) and the AMdm2"® model (right)
renal cells. Insetimages are representative kidney sections stained for pSTAT3
by IHC; n=3/3 for control/ AMdm2"*? respectively. Scale bars are 50pm and 5pm
ininset magnification. (e) Automated quantification of pSTAT3" in renal cortical
cells; data are presented as percentage of total cortical cells, n=6 and 7 in control
and AMdm2"*” mice respectively; two-tailed Mann-Whitney test. Bars are mean
+S.E.M. and the numbers on the graphs are p values. (f) GSEA plot for a TGFf3

signalling pathway gene set on the significant differentially expressed genes from
the bulk liver RNA-seq in the AMdm2"» model versus control at day 4. (g) Western
blots for pPSMAD2 and pSMAD3 and their respective total protein on whole
kidney lysates from AMdm2"¢* model and control mice at day 4. n=5 mice in each
group; see experimental schematicin Fig. 1a. 1gel was run for pPSMAD2/SMAD2
and another one for pPSMAD3/SMAD3. B-actin was used as aloading control on
bothgels. (h) Representative images of ISH (RNAScope) for Tgfb1 and Tgfb2 on
liver sections of AMdm2"*? and control mice detected by DAB (brown); n=3/3 for
control/ AMdm2"¢ respectively for each ISH. (i) Representative images of dual
p211HC/Tgfb11SH (RNAScope) in the liver; Tgfb1 ligand detection in red, whilst
p2lis detected by brown DAB staining; n=3/3 for control/ AMdm2"*’ respectively.
Normalised Tgfbr1, Tgfbr2 and Tgfbr3transcript counts (FPKMs) from bulk liver
(j) and kidney (k) at day 4 in the AMdm2"¢* model versus control, n=4 except n=3
inliver control; both unpaired two-tailed t-test. All bars are mean + S.E.M and the
numbers onthe graphs are p values. (I) Representative images of ISH (RNAScope)
for Tgfbr1 on kidney sections of AMdm2"¢* model and control mice at day 4
detected by brown DAB staining; n=3/3 for control/ AMdm2"¢ respectively.
Dashed lines highlight renal tubules. Scale bars are 50pm. Source numerical data
and unprocessed blots are available in source data.
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Extended Data Fig. 8 | Systemic inhibition of the TGFp signalling pathway
does not affect liver senescence; see experimental schematicin Fig. 5a.

(a) Western blots for pPSMAD2, pSMAD3 and their non-phosphorylated forms
onwholekidney lysates from vehicle- and TGFBRI1i-treated AMdm2"? mice. n=5
micein eachgroup.1gelwas runfor pPSMAD2/SMAD2 and another one

for pPSMAD3/SMAD?3. 3-actin was used as a loading control on both gels.

(b) Representative images of p21 IHC on liver sections of vehicle- and TGFBR1i-
treated AMdm2"? mice. (c) Automated quantification of p21* liver cells on liver
sections of vehicle- and TGFBR1i-treated AMdm2"” mice: data are presented

as percentage of total liver cells, n=6 mice for each group; unpaired two-tailed
t-test. (d) Representative images of p21 IHC on kidney sections of vehicle- and
TGFPRI1i-treated Kras®?® mice. () Manual quantification of p21* renal tubular
cellsin vehicle- and TGFBR1i-treated Kras®?® mice: data are presented as mean
p21* tubular cells per 20 FOVs, n=6 and 7 vehicle- and TGFBRIi-treated Kras®?
mice respectively; two-tailed Welch’s t-test. (f) Urine levels of Serine in AMdm2"¢?

model over time, before and after AAV-Cre injection (Day 0). n=4 and 5 vehicle-
and TGFPR1i-treated mice, respectively, per time point; two-tailed Welch’s

t-test comparing vehicle to TGFBR1i-treated mice at day 4. (g) Automated
quantification of p21* liver cells on liver sections of vehicle and rapamycin-
treated AMdm2"®» model mice 4 days after AAV induction (2x10" GC/mouse);
data are presented as percentage of total liver cells, n=5 and n=6 vehicle- and
rapamycin-treated mice respectively; two-tailed Mann-Whitney test. (h) Manual
quantification of p21* renal cortical cells on kidney sections of vehicle- and
rapamycin-treated AMdm2"? mice: n=5and n=6 vehicle- and rapamycin-treated
mice respectively; two-tailed Welch'’s t-test. (i) Automated quantification of p21*
lung cells on lung sections of vehicle- and rapamycin-treated AMdm2"¢P mice:
dataare presented as percentage of total lung cells, n=5 and n=6 vehicle- and
rapamycin-treated mice respectively; two-tailed Welch'’s t-test. Throughout all
barsare mean +S.E.M. and the numbers on the graphs are p values. Scale bars are
50um. Source numerical dataand unprocessed blots are available in source data.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Open source code used with R environment

Data analysis CellRanger (v.4.0), DropletUtils (v.1.10), Scater package (v.1.18) and the R environment (v.4.0) were used to analyse the scRNA-seq data.
For the bulk RNA-seq, the R environment (v.3.4) was used to analyse the data, utilizing packages from Bioconductor (vXXX) and Metacore
(https://portal.genego.com/). Raw data quality checks/trimming used FastQC (v0.11.7), FastP and FastQ Screen (v0.12.0). The reads were
aligned to the mouse genome and annotation (vGRCmM38.92) using HiSat2 (v2.1.0183).Determination and statistical analysis of expression
levels was done by a combination of HTSeq (v0.9.1184), the R environment version (v3.4), utilizing packages from Bioconductor and
differential gene expression analysis based on the negative binomial distribution using the DESeq2 package (v1.18.1186). Pathway Analysis
was preformed using MetaCore (v) from Clarivate Analytics (https://portal.genego.com/).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The fastq files and processed data for the single-cell RNAseq analysis of mouse kidney cells and bulk tissue transcriptomics in liver and kidney can be found on the
Gene Expression Omnibus (GEO) repository; accession numbers: GSE189726, GSE267196 and GSE262705. Source data have been provided in Source Data. All other
data generated and/or analysed during the current study are available from the corresponding author on reasonable request.
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Reporting on sex and gender Here we report the gender of the 34 patients enrolled in the study as defined by their self identification as recorded in
medical records.

Reporting on race, ethnicity, or  No socially constructed or socially relevant categorisations are made.
other socially relevant

groupings

Population characteristics atient covariates are described in table 1. Patients were recruited between 2010 and 2019. The diagnosis of acute
indeterminate hepatitis was made by a combination of clinical, biochemical and histopathological criteria. The genders of the
patients were balanced, with 7/10 male/females in each group.

Recruitment The study included 34 consecutive patients with severe acute indeterminate hepatitis who were admitted to a single hospital
and underwent transjugular liver biopsy or liver transplantation.

Ethics oversight The study was approved by the London-Hampstead Research Ethics Committee (07/Q0501/50) and was in accordance with

the declaration of Helsinki.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For animal experiments power calculations were not routinely performed; however, throughout animal biological replicate numbers were
chosen based upon a predicted magnitude of response (50% effect size typically) taking into account the variability observed in pilot and prior
experiments using control mice. This included analysis of mice induced outside the 8-12 week age induction window (additional data from
these mice is available upon request). For all experiments the number of biological replicates > 3 mice per cohort, specific n numbers for
biological replicates are reported in figure legends for each experiment.

Data exclusions  Aside from the quality control steps using the pre-established exclusion criteria described no data was excluded from the analyses.

Replication In animal experiments the N number reflects biological replicates, mice came from different litters and thus were not always sampled/induced
on the same day. Staining and analysis was performed for all IHC analyses. Consistency was observed between between separate experiments
when staining and analyses were batched. Combined data is reported throughout. Data from mice induced outside the 8-12 week age
induction window was also analysed but not included here. This was typically consistent with those reported here also (additional data for
these available upon request). All repeated attempts at induction over time were successful and no animals were excluded from analyses.

For gRT-PCR data, N reflects biological replicates (mice) but within each plate, three technical replicates were performed for each biological
replicate. For the serum treatment of wt MEFs (Fig. 4b), each data point in the "control" and "AMdm2Hep" groups represent technical
replicates which derive from 2 different biological replicates i.e. plasma samples (in each group, there are 2 technical replicates for each one
of the 2 biological replicates; this is highlighted specifically in the legend). In the "no plasma" group in Fig. 3b each dot represents a technical
replicate (all technical replicates for this group were performed on the same plate). For the plasma treatment of the neural stem cell derived
neuronal cells (Fig. 4c), each dot represents the mean of 3 technical replicates from one biological replicate i.e. plasma samples. In the "no
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plasma" and "H202" groups in Fig. 4c, each dot represents a technical replicate (all technical replicates for these groups were performed on
the same plate).

Randomization  Mice were manually split between experimental groups within litters and group sizes balanced overall. Biases were controlled as mice were
assigned experimental group based on mouse ID which was assigned randomly by independent animal unit staff. Single colonies of inbred
animals were used throughout, thus minimising bias between litters. Batches of AAV were created from common quantified stock solutions.
All cohorts used in this study were age 8-12 weeks old unless otherwise stated in methods and male, except for the mice of the KrasG12D
mouse model which were both male and female.

Blinding Throughout animal welfare checks experimenters we not blinded to experimental groups. Group allocation is described above. Technical staff
administering therapy were blinded to experimental conditions of mice. The experimenters were not blinded as induced mice with the LSL-
RFP reporter develop red skin at the time of sampling. All subsequent tissue handling and analysis was blinded and/or performed using
standardised automated analyses where possible.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChlIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
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Clinical data
R Dual use research of concern
X Plants

Antibodies

Antibodies used Antibody details are also provided in Table S3.
Antibody (primary)/ Supplier /Catalogue No /Dilution /Application /Clone number (monoclonals)
BrdU BD Biosciences 347580 1:250 IHC/IF B44
Caspase 3 Cell Signaling 9661 1:500 IHC NA
p21 Abcam ab107099 1:150 IHC/IF HUGO291
p53 Leica NCL-L-p53CM5p 1:750 IHC NA
pSMAD?2 Cell Signalling 3108S 1:1000 WB 138D4
pSMAD3 Abcam ab52903 1:1000 WB EP823Y
pSTAT3 Cell Signaling 9131 1:100 IHC NA
RFP Tebu-Bio 600-401-379 1:1000 IHC/IF NA
SMAD?2 Cell Signalling 5339 1:1000 WB D43B4
SMAD3 Cell Signalling 9513S 1:1000 WB NA
B-actin Sigma-Aldrich A2228 1:2000 WB AC-74
Lrp2 Abcam ab76969 1:1000 IF NA
Calbl Abcam ab229915 1:1000 IF EPR22698-236

Antibody (secondary) Supplier Catalogue No Dilution Application
Donkey anti-mouse 488 Life Technologies A-21202 1:200 IHC
Donkey anti-mouse 555 Life Technologies A-31570 1:200 IHC
Donkey anti-rabbit 647 Life Technologies A-31573 1:200 IHC
Goat anti mouse HRP Cell Signalling 7076 1:3000 WB

Goat anti rabbit HRP Cell Signalling 7074 1:3000 WB

Horse anti-rabbit biotinylated Vector Labs BP-1100 R.T.U IHC

Validation RFP; 600-401-379 — Manufacturer website: Application suitable for: IF and IHC. Reacts with: Mouse. Validated In house on RFP
negative mouse liver tissue
BrdU; 347580 - relevant publication using antibody for IHC in mouse tissue from FFPE sections, validated in house in mice that did
not receive BrdU cell labelling agent (negative control)
Cleaved caspase 3; 9661 - Manufacturer website: Applications: WB, IP, IHC-P, IF-IC, F. Reacts with: human, Mouse, Rat, Monkey.
Mouse monoclonal antibody.
Lipocalin-2; AF1857 SP - Manufacturer website: Detects mouse Lipocalin-2/NGAL in direct ELISAs and Western blots. Goat polyclonal
antibody, reacts with mouse.
p21; ab107099 - Manufacturer website: Suitable for: WB, IHC-P. Rat monoclonal, reacts with mouse and human. Validated in house
on kidney tissue (IHC) from a p21 KO mouse and on whole liver lysate (WB) of another p21 KO mouse.
p53; NCL-L-p53CM5p - Manufacturer website: Suitable for IHC-P (HIER), rabbit polyclonal, reacts with mouse and rat.
pSMAD?2; 3108S - Manufacturer website: Suitable for WB. Reacts with human, mouse, rat and mink. Rabbit monoclonal.




pSMAD3; ab52903 - Manufacturers website: Suitable for: WB, ICC/IF, IHC-P, Dot blot. Reacts with: Mouse, Human. Rabbit
monoclonal.

pSTAT3; 9131 - Manufacturer website: Suitable for: WB, IP, ChIP. Reacts with human, mouse, rat and mink. Rabbit monoclonal.
SMAD2; 5339 - Manufacturer website: Suitable for: WB, IP, IF, ChIP, Flow cytometry. Reacts with human, mouse, rat and mink. Rabbit
monoclonal.

SMAD3; 9513S - Manufacturer website: Suitable for: WB, IP, IF. Reacts with human, mouse and rat. Rabbit monoclonal.

B-actin; A2228 - Manufacturer website: Application suitable for: as loading control for western blots. It is a mouse monoclonal
antibody.

Lrp2; Ab76969 - Manufactuer website: Suitable for: IHC-P. Reacts with: Mouse, Rat, Human, Monkey. Rabbit polyclonal.

Calbl; Ab 229915 - Manufactuer website: Suitable for: IHC-Fr, IHC-P, WB, IP. Reacts with: Mouse, Rat. Rabbit monoclonal

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

The WT murine embryonic fibroblasts (MEFs) were derived from E13.5-14.5 wt C57BI/6J mouse embryos (gender not
specified) and the neuronal stem cell - derived neuronal cells were derived from male human fetal neural crest progenitor
cells as referenced.

None of the cell lines were authenticated

Mycoplasma contamination The wt MEFs were confirmed to be free of mycoplasma contamination at passage 4 by a PCR-based assay. The iPSCs-derived

neuronal cells were isolated and differentiated as described in (Madgwick A. at al., 2015) and were not tested for
mycoplasma contamination.

Commonly misidentified lines No commonly misidentifed cell lines were used in this study

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

The animals used in this study were on a mixed (129P2/0OlaHsdWtsi;C57Bl/6J) background. Only male animals were used except for
the experiments with the KrasG12D mouse model were both males and females were used. All mice used in this study were induced
between 8-12 weeks of age. The mice used in this study carried the following transgenes: Mdm2tm?2.1Glo, Gt(ROSA)26Sortm14(CAG-
tdTomato)Hze and Krastm4Ty. All transgenic mice used were born in house.

This study did not involve wild animals.

Sex of animals is reported throughout. As outlined above only male animals were used except for the experiments with the KrasG12D
mouse model were both males and females were used.

This study did not involve samples collected from the field.

All animal studies were performed in accordance with a UK Home Office project licence (70/8891 (protocol number 2) or PP0604995
(protocol number 3)) and were subject to review by the animal welfare and ethical review board of the University of Glasgow.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol

Data collection

Outcomes

Details of a clinical study (non CTIMP) are reported. Clinical Trial Registration: the ethics pre-dates requirement for clinical trials
registration (2007).

Entitled "Biomarkers of hepatic inflammation, senescence, and regeneration in severe acute hepatitis" is available upon request from
Professor Jalan., Royal Free Hospital London

Data collection was performed from patient notes both prospectively and retrospectively. Data collection form is available upon
request from Professor Jalan, Royal Free Hospital London.

The study is observational upto 90 days post admission to hospital and patients continue to be followed up without prespecified
endpoints to 90 days or until mortality.
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Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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