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Various stress stimuli rewire the profile of
liver secretome in a p53-dependent
manner
Meital Charni-Natan1, Hilla Solomon1, Alina Molchadsky1, Adi Jacob-Berger1, Naomi Goldfinger1 and Varda Rotter1

Abstract
Liver is an important secretory organ that consistently manages various insults in order to retain whole-body
homeostasis. Importantly, it was suggested that the tumor-suppressor p53 plays a role in a variety of liver physiological
processes and thus it is being regarded as a systemic homeostasis regulator. Using high-throughput mass
spectrometric analysis, we identified various p53-dependent liver secretome profiles. This allowed a global view on the
role of p53 in maintaining the harmony of liver and whole-body homeostasis. We found that p53 altered the liver
secretome differently under various conditions. Under physiological conditions, p53 controls factors that are related
mainly to lipid metabolism and injury response. Upon exposure to various types of cancer therapy agents, the hepatic
p53 is activated and induces the secretion of proteins related to additional pathways, such as hemostasis, immune
response, and cell adhesion. Interestingly, we identified a possible relationship between p53-dependent liver functions
and lung tumors. The latter modify differently liver secretome profile toward the secretion of proteins mainly related to
cell migration and immune response. The notion that p53 may rewire the liver secretome profile suggests a new non-
cell autonomous role of p53 that affect different liver functions and whole organism homeostasis.

Introduction
It is well accepted that the tumor-suppressor p53 is

activated upon various stress stimuli1. Depending on the
stress source and amplitude, p53 activates various mole-
cular pathways1,2. p53 canonical processes include cell
cycle arrest, apoptosis, and senescence. However, recent
accumulating data demonstrate that p53 exerts additional
important non-canonical functions mainly associated
with the cell surrounding such as regulating the tumor
microenvironment, metastasis, and metabolism1,3. Fur-
thermore, it was suggested that expression of p53 in the
liver controls the entire organism homeostasis4–6. Nota-
bly, the liver is a central metabolic organ, which performs
a plethora of metabolic functions, such as glycogen sto-
rage, decay of red blood cells, and synthesis and secretion

of many factors including vitamins and hormones. The
physiological role of the liver entails the regulation of
plasma component homeostasis and the elimination of
toxic metabolites such as drugs that can be destructive to
the tissue and eventually to the entire body7–9. Thus the
fact that p53 was found to regulate many processes in the
liver including drugs, glucose and lipids metabolism may
suggest p53 as a regulator of systemic homeostasis4,10–12.
Furthermore, the liver serves as a major secretory gland7.
Approximately 4% of all human protein coding genes are
specifically expressed in the liver, where 33% of them are
secreted to the plasma, and are related to hemostasis and
fibrinolysis, carrier proteins, and enzymes13,14. Among the
secreted factors are protein related to senescence-
associated secretory phenotype (SASP) found to be
induced by hepatic p53 and to affect the surrounding liver
tissue. This non-cell autonomous activity of p53 may
attenuate liver fibrosis and liver tumor progression15–18.
Recently, it was demonstrated that in response to distal
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Fig. 1 (See legend on next page.)
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lung tumor, the liver exhibited changes in its secretome,
which affect the whole-body homeostasis19. Interestingly,
in our previous work we reported a reciprocal
liver–tumor connection. We observed that activated
hepatic p53 induced the secretion of sex hormone-
binding globulin (SHBG), which can attenuate breast
cancer cells' survival5. In all, these observations suggest an
important role for p53 as a regulator of the entire
organism homeostasis by mediating the secretion of key
factors of the liver. Despite the extensive effort to deci-
pher the numerous outcomes of the activated hepatic p53,
its involvement in liver secretome has not yet been clar-
ified. In the present study, we utilized high-throughput
mass spectrometric (MS) analysis on hepatic cell line
media, which led us to uncover various liver secretome
profiles governed by p53. While physiological activity of
the hepatic p53 resulted in the secretion of factors that
participate in normal liver functions, exposure to drugs
and chemotherapies activate the hepatic p53, which in
turn altered the secretion profile of the liver. p53 activa-
tion induced the secretion of proteins related to insulin,
glucocorticoids, and extracellular matrix (ECM) mod-
ulators with a focus on cell adhesion and regulation of
immune response. In addition, our in vivo study
demonstrated that the presence of lung tumors correlated
with hepatic p53 activation and liver malfunctioning.
Our corresponding in vitro model for liver–tumor inter-
action identified an additional p53-dependent secretion
profile. These secreted factors are mainly related to
immune response and cell migration, implying an inter-
esting relation between a distal tumor and the liver.
Data derived from this study unravel an important angle
of p53 both under physiological and pathological condi-
tions, as a systemic regulator of the global organism

homeostasis and on its non-cell autonomous affects in
the liver.

Results
Hepatic p53 regulates the level of secreted proteins
related to liver physiology
Our previous study showed that p53 participates in

homeostasis maintenance by regulating proteins secretion
to mice sera5. In an attempt to better understand this role
of p53, we compared various blood biochemical para-
meters obtained from wild-type p53 (WTp53) and p53
knockout (p53 KO) mice sera20. We showed significant
variations in the levels of glucose, urea, amylase, Alkaline
phosphatase (ALP), alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) (Fig. 1a), suggesting
that p53 can affect global homeostasis. Interestingly,
alterations in the serum concentrations and in the ratio of
ALP, ALT, and AST commonly indicate liver malfunc-
tion21. These findings imply an important role of p53 in
regulating liver normal homeostasis. Hence, to obtain a
more global view on the mechanism underlying hepatic
p53 function, we focused on studying p53-dependent liver
secretion profiles. To that end, we adopted a proteomic
high-throughput approach, based on MS. To identify the
hepatic p53-dependent secreted proteins, we used an
in vitro model of human liver cells, HepG2, in which p53
was knocked down by short hairpin RNA (shRNA) (sh-
p53) or left intact (sh-con) (Figure S1). Conditioned media
(CM) of the various cell lines were collected and subjected
to MS analysis. Out of the total 1451 secreted proteins
identified, 75 were significantly p53 dependent. Out of
these, 12 showed a higher than 1.3 sh-con/sh-p53 fold
change (i.e., upregulated) while 63 showed a lower than
0.75 sh-con/sh-p53 fold change (i.e., downregulated)

(see figure on previous page)
Fig. 1 p53 activation alters the profile of the p53-dependent liver secreted proteins. a Analysis glucose, urea, amylase ALP, and AST/ALT
concentrations in sera obtained from WTp53 and p53 KO mice are represented in box plot. Average (horizontal line), standard deviation (box), and
highest and lowest reads (error bars) are shown. (t-test, *P < 0.05, **P < 0.01, WTp53 mice n= 12, p53 KO mice n= 11). b MS analysis was performed
on CM from HepG2 sh-con/sh-p53 cells. The secreted proteins that were significantly dependent on p53 [(sh-con/sh-p53) <0.75 or >1.3, t-test P <
0.05, n= 3 independent experiments] were furthered analyzed for their GO biological annotations by gene-card analysis tool (GeneAnalytics).
Different GO annotations were grouped to major categories as presented in the graph (fold change are listed in Table S1, annotations are listed in
Table S2). Each dot represents different secreted protein, distributed by its relevant fold change (sh-con/sh-p53) (downregulated proteins <1,
upregulated proteins >1). c–e MS analysis was performed on CM from HepG2 sh-con/sh-p53 cells that were treated with 10 µM Nutlin-3a. The
secreted proteins that were further analyzed are the ones whose levels were significantly altered in p53-dependent manner upon Nutlin-3a
treatment. First, we filtered for the proteins whose expression was altered upon Nutlin-3a treatment in sh-con cells [(sh-con treated/sh-con non-
treated) <0.75 or >1.3, t-test P < 0.05] and then we included only the proteins that were significantly induced in p53-expressing cells ((sh-con treated/
sh-p53 treated) or (fold change sh-con/fold change sh-p53) t-test P < 0.05. n= 3 independent experiments). c Heatmap showing hierarchical
clustering of these secreted proteins. Each row represents different protein and columns represent different treatment or cells’ type. Proteins'
intensities (protein abundances) were clustered using a Pearson method. Colors reflect z-value standard deviations (−1 to +1). The secreted proteins
and their relevant fold change are listed Table S4. d The secreted proteins that significantly changed by p53 physiological conditions (Table S1) and
by Nutlin-3a treatment (Table S4) are represented in Venn-diagram. e The secreted proteins that were significantly dependent on p53 were affiliated
by gene-card analysis tool (GeneAnalytics) to their GO biological annotations. Different GO annotations were grouped to major categories as
presented in the graph (annotations are listed in Table S5). Each dot represents different secreted protein, distributed by its relevant fold change (sh-
con/sh-p53) (downregulated proteins <1, upregulated proteins >1)
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(Table S1). To affiliate the secreted proteins by their
biological annotation, we used the gene-card analysis tool,
GeneAnalytics22. This analysis revealed that most of the
biological pathways are related to normal liver applica-
tions of homeostasis maintenance such as lipids meta-
bolism and response to injury (Fig. 1b, Table S2). Indeed,
liver disease can affect the blood flow and cause sig-
nificant bleeding problems23. Interestingly, we found that
most of the secreted proteins are downregulated by p53
(Fig. 1b). Taking together, both the in vivo and in vitro
experiments suggest that under physiological conditions
p53 regulates the expression of liver-secreted factors that
are necessary for normal liver functions and homeostasis
maintenance.

p53 activation alters the profile of the p53-dependent
liver-secreted proteins
Next, we examine whether stress-activated p53 would

affect liver secretion profile. To this end, we treated the
HepG2 cells with 10 µM Nutlin-3a, a compound that
stabilizes p53 protein24. As expected, a marked accumu-
lation of p53 protein was detected in HepG2 sh-con
compared to sh-p53 (Fig. 2a). To further assess the
repertoire of secreted factors, we preformed MS analysis
on CM-obtained HepG2 upon Nutlin-3a treatment. This
analysis revealed 78 p53-dependent secreted proteins.
Notably, p53 activation led to an increased number of
upregulated proteins than that observed under p53 phy-
siological conditions (34 vs. 12, respectively; Fig. 1c,
Table S4). Moreover, while approximately 82% out of the
secreted proteins were specific for Nutlin-3a treatment,
only 18% of them were shared with those induced by p53
physiological conditions (Fig. 1d). Indeed, biological
annotation analysis indicated that they are involved in
additional physiological processes beyond those identified
under non-activated p53 conditions. For example, we
detected augmented representation of liver metabolic
functions and pathways related to immune response
(Fig. 1e, Table S5). This suggests that p53 regulates dif-
ferent secreted protein profiles when it is activated,
compared with its mediated secretion under physiological
conditions.

Different chemotherapy treatments affect the hepatic p53
activation and its secretion profile
The liver regulates metabolism of drugs and chemicals

subjected to the body8. Consequently, the hepatic p53
may be activated, as we previously reported5, and induce
the expression of enzymes responsible for systemic
clearance10. To examine this, we treated the HepG2 cells
with either Oxaliplatin (5 µM), Fluorouracil (5-FU; 50
µM), or with Nutlin-3a as a positive control for p53
activation. As expected, we detected p53 protein stabili-
zation (Fig. 2a). Moreover, to assess p53 activation, we

analyzed its posttranslational modifications, Serine 15 and
Lysine 382, that indicates its activity25–28. Indeed, phos-
phorylated/acetylated p53 was elevated upon treatments.
To validate p53 activity, we measured both protein and
mRNA levels of the p53 bona fide target gene p21 (Fig. 2a,
b)29. Moreover, we quantified the expression of two pro-
teins that are known as hepatic p53-secreted targets:
insulin-growth factor-binding protein 1 (IGFBP1)30 and
Serpin Family-E Member (SERPINE1)31,32. Indeed, we
detected increased expression levels of these proteins
(Fig. 2a), suggesting that p53 is accumulated and activated
upon various chemotherapies. As a transcription factor,
we examined whether p53 induces transcription of its
hepatic-secreted targets. Therefore, we measured the
mRNA levels of IGFBP1, SERPINE1, and additional p53
known secreted target SHBG5. Higher induction of the
mRNA levels of these genes following Nutlin-3a and
chemotherapy treatments were observed. This indicates
that p53 induces these genes' expression, which further
led to their higher mRNA and secreted proteins levels
(Fig. 2b). To decipher the mechanism by which p53 reg-
ulates these genes, we used the p53MH algorithm33 to
screen for p53 responsive elements (REs) entailed in
the chromatin of SEREPINE1 and IGFBP1. Indeed,
p53 REs were detected, suggesting their potential as
p53-direct targets (Fig. 2c). Moreover, to determine
whether p53 is able to bind these REs, we performed
chromatin immunoprecipitation (ChIP) following the
above-mentioned treatments. Indeed, we found an
enrichment for these p53 REs in all the examined secreted
targets and in p21 (Fig. 2d). Altogether, these data sug-
gest that p53 induces the expression of the secreted
proteins by directly binding to their chromatin via
specific REs.
Next, we examined whether the Nutlin-3a-dependent

protein secretion profile of HepG2 cells is also expressed
following chemotherapy treatments. We analyzed the
mRNA levels of the upregulated secreted proteins detec-
ted by the MS analysis upon Nutlin-3a treatment (Fig. 1c).
Strikingly, 28 out of the 34 genes showed a similar
expression pattern as observed following Nutlin-3a
(Fig. 2e). This implies that specific chemotherapy agents
lead to similar induction effect. Overall, these data suggest
that treatment with both Nutlin-3a and chemotherapies
led to accumulation and activation of the hepatic p53
protein, which in turn affects the liver secretome by
inducing several secreted proteins encoded by genes'
expression.

p53 is activated in the livers of mice bearing lung tumors
To examine whether hepatic p53 can be activated and

induce the expression of secreted proteins in physiological
in vivo model, we compared WTp53 and p53 knockout
(KO) transgenic mice. To this end, we subjected these
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mice to acute damage. To gain specific liver damage, mice
were subjected to carbon tetrachloride (CCl4)

34, whereas
in order to gain general damage, mice were subjected to
irradiation (IR). Forty eight or 24 h after CCl4 or IR
treatments (respectively), mRNA levels of SERPINE1 and
p21 in the mice livers were analyzed. Augmented levels of
the genes were observed in WTp53 mice as compared
with p53 KO mice (Fig. 3a, b). These suggest that, upon

liver-specific damage or whole-body IR, hepatic p53 is
activated and induces the expression of its targets.
A possible crosstalk between the liver and lung tumors

was suggested19,35. Thus, to examine whether p53 might
be involved, we studied whether lung tumors would
activate the hepatic p53, which may affect the liver
secretome. To this end, we induced lung tumors in
WTp53 and p53 KO mice by intravenous injection of

Fig. 2 Different chemotherapy treatments affect the hepatic p53 activation and its secretion profile. HepG2 sh-con/sh-p53 cells were either
treated with 10 µM Nutlin-3a, 5 µM Oxaliplatin, and 50 µM Fluorouracil (5-FU) for 24 h or supplemented with DMSO and non-treated (NT) as a control.
a Protein levels of Accetyl-p53 (Lys382), phosphor-p53 (Ser15), p53, SERPINE1, IGFBP1, and p21 were measured by western blot. GAPDH was used as a
loading control. The blot is representative of at least three experiments. b mRNA levels of p21, IGFBP1, SERPINE1, and SHBG were measured by qRT-
PCR analysis. Results presented as mean ± SE (t-test, *P < 0.05, **P < 0.01, ***P < 0.001, n= 3 independent experiments). c SERPINE1 and IGFBP1
genomic sequences were analyzed by p53MH algorithm. Representative scheme of the potential p53 RE locations relative to TSS are indicated. The
previously suggested RE in SHBG promoter5 served as a positive control. d ChIP analysis of HepG2 cells. p53 protein was immunoprecipitated using
p53-specific H47 polyclonal antibody (p53 antibody) or with beads only as a control. qRT-PCR was performed using specific primers against the p53
REs indicated in c. Values were normalized to 1% input of the corresponding sample. Results presented as mean ± SE (t-test, *P < 0.05, **P < 0.01, n=
3 independent experiments). e Heatmap showing hierarchical clustering of the mRNA levels (measured by qRT-PCR analysis) of the genes that their
proteins levels were significantly induced in a p53-dependent manner upon Nutlin-3a treatment. Each row represents different genes and columns
represent different treatments or cells’ type. Genes mRNA levels were clustered using a Pearson method. Colors reflect z-value standard deviations
(−2 to +2). Results were calculated as mean of three independent experiments
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Fig. 3 (See legend on next page.)
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D122 cells, which have the capacity to form lung metas-
tasis36. Seven days later, mice developed lung tumors
(Fig. 3c) with no detectable neoplastic cells in their livers
(Figure S2). Then mice were sacrificed and their livers
were analyzed for p53 target gene expression, testifying
for p53 activation. Indeed, significantly elevated levels of
p21 and SERPINE1 mRNA were observed in the livers of
WTp53 compared with p53 KO mice (Fig. 3d and Fig-
ure S3). Notably, WTp53 mice livers exhibited a more
intensive immuno-staining of SERPINE1 protein both in
liver cells and in the ECM, compared with p53 KO (Fig. 3e
and Figure S4). These results suggest that hepatic p53 is
activated in response to distal lung tumors and further
promotes the expression of its cellular and secreted tar-
gets. To understand how p53 activity affects liver function
in response to lung tumors' presence, we analyzed mice
sera for liver-secreted enzymes. An augmented level of the
ratio of AST/ALT was observed in both WTp53 and p53
KO mice bearing lung tumors compared to non-treated
mice, testifying liver damage. Interestingly, the group of
p53 KO presented a significant higher level of AST/ALT
ratio as compared to WTp53 mice (Fig. 3f). This suggests
that p53 may attenuate the liver dysfunction following the
presence of distal tumors in the lungs.

Human lung tumor cells induces hepatic p53 activation
and alterations in the p53-dependent protein secretion
profile
To further confirm the hypothesis that lung tumors are

able to activate the hepatic p53, we utilized an in vitro
model, where the effect of healthy and tumor-derived lung
cells on hepatic p53 was compared. We used WI-38 pri-
mary embryonic lung fibroblast (WI-38 primary) that

were genetically manipulated to generate transformed cell
lines (WI-38 tumor line)37. To examine their effect on
hepatic cells, sh-con/sh-p53 HepG2 cells were exposed to
CM collected from this model. HepG2 sh-con cells trea-
ted with CM of WI-38 tumor line displayed higher
expression levels of total and phosphorylated p53 protein
when compared with their controls, indicating p53
accumulation and activation (Fig. 4a). Accordingly, the
mRNA expression levels of p21, IGFBP1, SERPINE1, and
SHBG were induced in a p53-dependent manner follow-
ing treatment with CM from WI-38 tumor cells (Fig. 4b).
To corroborate this effect, we used CM from additional
cancer cell lines: HCC-827 and HCC-4006. Consistent
with WI-38 system, the CM treatment yielded elevation in
total and phosphorylated/acetylated HepG2 p53 (Fig. 4c),
followed by upregulation of the p53 target genes (Fig. 4d).
Next, we examined whether p53 binds to these genes'
chromatin also upon treatment with various tumor cell-
derived CM. ChIP analysis revealed an enrichment of p53
REs upon treatment with tumor-derived CM (Fig. 4e). In
accordance with our in vivo observations, these results
further suggest that lung tumors activate hepatic p53,
which in turn leads to expression and secretion of its
targets. In addition to lung tumors, we observed p53
activation in HepG2 treated with tumor-derived CM of
other organs, suggesting that this effect is not lung-
specific (Figure S6). To obtain a global view on this effect,
we preformed MS analysis of CM from HepG2 sh-con/sh-
p53 cells that were treated with CM from lung cancer cell
line HCC-4006. Sixteen p53-dependent secreted proteins
were detected (Table S6). While 23% out of them
(3 secreted proteins) were shared with those that elevated
with Nutlin-3a treatment, 77% (13 secreted proteins) were

(see figure on previous page)
Fig. 3 Mice bearing lung tumors exhibit elevated expression levels of p53 target genes in their livers. a WTp53 and p53 KO mice were
intraperitoneally injected with CCl4 or with sterile corn oil as a control (NT). After 48 h, mice livers were extracted, total RNA was isolated from the
livers, and mRNA levels of p21 and SERPINE1 were measured by qRT-PCR. The analyzed mRNA levels are represented in box plot. Average (horizontal
line), standard deviation (box), and highest and lowest reads (error bars) are shown. Unpaired t-test, *P < 0.05, ***P < 0.001. WTp53 NT n= 8 mice, p53
KO NT n= 5 mice, WTp53 treated n= 8 mice, p53 KO treated n= 4 mice). bWTp53 and p53 KO mice were irradiated (IR, 10 Gy) or left non-treated as
a control (NT). After 24 h, mice livers were extracted, total RNA was isolated from mice livers, and mRNA levels of p21 and SERPINE1 were measured
by qRT-PCR. The analyzed mRNA levels are represented in box plot. Average (horizontal line), standard deviation (box), and highest and lowest reads
(error bars) are shown. (Unpaired t-test, *P < 0.05, **P < 0.01. WTp53 NT n= 8 mice, p53 KO NT n= 5 mice, WTp53 treated n= 4 mice, p53 KO treated
n= 6 mice). c–f WTp53 and p53 KO mice were intravenously injected with D122 cancer cells (106 cells) or with PBS alone as a control (NT). After
7 days, lung tumors were generated and mice were sacrificed. n= 4 mice. c Representative lung histological sections stained by H&E of D122 cell-
derived tumors. Arrows indicate a cluster of neoplastic cells in the mice lungs. d Mice livers were extracted and total RNA was isolated. mRNA levels
of p21 and SERPINE1 were measured by qRT-PCR and are represented in box plot. Average (horizontal line), standard deviation (box), and highest and
lowest reads (error bars) are shown. Unpaired t-test, *P < 0.05, **P < 0.01. WTp53 NT n= 4 mice, p53 KO NT n= 4 mice, WTp53 treated n= 4 mice,
p53 KO treated n= 4 mice. e Liver sections were immunohistochemically stained with an anti-SERPINE1 antibody combined with a biotinylated
secondary antibody (brown; DAB). Left panel shows representative stained liver sections (additional photos presented in Figure S4). Right panel
presents quantification of SERPINE1 staining area in box plot. Average (horizontal line), standard deviation (box), and highest and lowest reads (error
bars) are shown. Unpaired t-test, *P < 0.05. WTp53 NT n= 4 mice, p53 KO NT n= 4 mice, WTp53 treated n= 4 mice, p53 KO treated n= 4 mice). f
Mice sera were collected and the concentrations of AST and ALT enzymes were analyzed. AST/ALT ratio of WTp53 and p53 KO mice are represented
in box plot. Average (horizontal line), standard deviation (box), and highest and lowest reads (error bars) are shown. Unpaired t-test, *P < 0.05, ***P <
0.01. WTp53 NT n= 12 mice, p53 KO NT n= 11 mice, WTp53 treated n= 4 mice, p53KO treated n= 5 mice

Charni-Natan et al. Cell Death and Disease  (2018) 9:647 Page 7 of 13

Official journal of the Cell Death Differentiation Association



Fig. 4 (See legend on next page.)
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altered following CM treatment. Interestingly, by analyz-
ing their functional annotations, we found that pathways
related to metabolism were absent, while new pathways
related to cells migration and adhesion were found
(Fig. 4f, Table S7). To validate the effect on cell migration,
we performed a wound healing assay, where migration of
HCC-4006 cells were examined upon treatment with CM
obtained from HepG2 sh-con/sh-p53 cells that were
pretreated with CM from HCC-4006. We observed that
cells treated with CM from HepG2 sh-con presented
increased capability to close wound area (Figure S7A).
This was accompanied with an elevation of well-accepted
migratory markers (Figure S7B). Finally, to gain a global
view on hepatic p53 role, we analyzed the biological
pathways of the proteins secreted from HepG2 upon the
different examined stimuli identified by MS analysis. We
noticed that only 6% of the annotations were shared
between all conditions, all of them related to injury
response, suggesting that p53 regulates general injury
response both under physiological and pathological con-
ditions. However, only 16% of the annotations are unique
for physiological conditions and all remaining appear
upon p53 activation, suggesting that p53 activation allows
additional p53-mediated functions. Moreover, the indu-
cers by which p53 is activated contribute to its function
diversity. Each treatment uniquely presents different
annotations. While Nutlin-3a stimulus leads to metabolic
processes, the HCC-4006 CM treatment leads to cells'
adhesion, migration, and immune-response pathways.
Notably, 20% of the annotations shared between Nutlin-
3a and HCC-4006 CM treatments. These are mainly
related to immune response and hemostasis, which are
absent under p53 physiological conditions (Fig. 4g,

Table S8). These findings imply that distinct insults
including specific drugs or CM of cancer cell lines can
activate hepatic p53, which in turn differently affects the
expression of various liver-secreted proteins that are
implicated in diverse biological functions.

Discussion
In addition to the well-accepted notion that the tumor-

suppressor p53 plays a central role in regulating cell-cycle
arrest and apoptosis in response to various stress signals,
recent data suggest that p53 also induce a variety of non-
canonical pathways that affect the cell surroundings1,2.
Data presented here shows that, upon exposure to several
types of stress stimuli, the hepatic p53 acts in non-cell
autonomous fashion by affecting the liver secretome.
Examination of sera from WTp53 mice and p53 KO mice
indicated significant differences in the levels of several
hepatic enzymes essential for normal liver activity
(Fig. 1a). Additionally, MS analysis of HepG2 cells
secretome identified p53-dependent secreted factors
which are involved in different pathways that are part of
physiological liver functions such as injury response and
lipid metabolism. Indeed, in addition to its role in
damaged cells, p53 has basal activities related to homeo-
static regulation of metabolic processes38. Notably, many
of the secreted factors were found to be downregulated by
p53 (Fig. 1b, c). This observation is in accordance with
recent evidence suggesting that, under physiological
conditions, p53 represses genes expression either by
binding to their chromatin39 or indirectly by regulating
the DREAM complex40. Interestingly, overexpression of
several of the downregulated factors (e.g., APOA4,
APOA5, APOE) were shown to be involved in various

(see figure on previous page)
Fig. 4 Conditioned media derived from human lung cancer cells induce hepatic p53 activation that leads to alterations in the protein
secretion profile. HepG2 sh-con/sh-p53 cells were collected 24 h after treatments with either CM of primary WI-38 cells and WI-38 tumor-derived
cell lines (a) or CM collected from lung cancer-derived cell lines, HCC 827 and HCC 4006, or left non-treated (NT) (b). a, c Protein levels of Accetyl-p53
(Lys382), phosphor-p53 (Ser15), and p53 were measured by western blot. GAPDH were used as a loading control. The blot is representative of at least
three independent experiments. b, d mRNA levels of p21, IGFBP1, SERPINE1, and SHBG were measured by qRT-PCR analysis. Results presented as
mean ± SE. t-test, *P < 0.05, **P < 0.01. n= 3 independent experiments. e ChIP analysis of HepG2 cells treated with CM WI-38 Primary, WI-38 Tumor,
HCC-827, and HCC-4006 or left NT as a control. p53 protein was immunoprecipitated using p53-specific H47 polyclonal antibody (p53 antibody) or
with beads only as a control. qRT-PCR was performed using specific primers against the p53 REs indicated in Fig. 2c. Values were normalized to 1%
input of the corresponding sample. Results presented as mean ± SE (t-test, *P < 0.05, **P < 0.01, n= 3 independent experiments). f, g MS analysis was
performed on CM from HepG2 sh-con/sh-p53 cells that were treated with CM collected from HCC-4006 cells. We further analyzed the secreted
proteins that were significantly changed in p53-dependent manner treatment [(sh-con treated/sh-con non-treated) <0.75 or >1.3, t-test P < 0.05 and
(sh-con treated/sh-p53 treated) or (fold change sh-con/fold change sh-p53) t-test P < 0.05, n= 3 independent experiments]. f The secreted proteins
that were significantly dependent on p53 were affiliated by gene-card analysis tool (GeneAnalytics) to their GO biological annotations. Different GO
annotations were grouped to major categories as presented in the graph (fold change are listed in Table S6, annotations are listed in Table S7). Each
dot represents different secreted proteins, distributed by its relevant fold change (sh-con/sh-p53) (downregulated proteins <1, upregulated proteins
>1). g Venn diagram presenting the biological GO annotations of proteins identified by MS analysis following all examined conditions (e.g.,
physiological conditions, Nutlin-3a and CM from HCC-4006 cells treatments). Full annotations are listed in Table S8. Blue represents unique
annotations for p53 physiological conditions. Yellow represents unique annotations for Nutlin-3a treatment. Red represents unique annotations HCC-
4006 CM treatment. Green represents shared annotations between p53 physiological conditions and Nutlin-3a treatment. Orange represents shared
annotations between Nutlin-3a and HCC-4006 CM treatments. Purple represents shared annotations between all conditions
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liver syndromes41. Therefore, it is important to keep the
expression of these genes controlled for maintaining
normal liver homeostasis. In addition to p53 basal func-
tions, our data demonstrated that activation of p53 fol-
lowing stress leads to alterations in liver secretome profile
by regulating the factors’ expression (Figs. 2a, b, e and
4a–d). As a transcription factor, p53 regulates its targets
by directly binding to their chromatin via specific REs2.
Indeed, we found that p53 binds to the secreted targets
chromatin (Figs. 2c, d and 4e). Notably, the secretory
machinery was not regulated by p53 (Table S3). Alto-
gether, our data suggest that p53 induces the expression
of the secreted proteins by binding to their chromatin,
rather than regulating the entire secretory machinery.
Interestingly, while under physiological conditions p53

regulates processes related to normal liver functions,
activated p53 governs diverse and unique pathways rela-
ted to various liver metabolic processes. Moreover, p53
activation also led to the secretion of immune response,
cell–cell adhesion, and ECM remodeling factors, which
are related to SASP42. This adds level of complexity to the
known p53 metabolic regulation3. As various che-
motherapy agents and IR alter the p53-dependent secre-
ted profile, our results imply intriguing cancer treatments
and possible liver side effect relationship. Indeed, it was
suggested that various drugs might induce liver failure9,43.
The liver is a prevalent site for metastasis of many

tumor types, including the lung44. Additionally, lung
tumors were shown to affect the liver metabolome19.
These data suggest a possible liver–tumor crosstalk.
Indeed, we showed here that the existence of lung
tumors could activate hepatic p53, leading to higher
levels of the secreted target, SERPINE1. Furthermore, we
found that p53 KO mice harboring lung tumors are more
susceptible to liver dysfunction compared to WTp53
mice. These findings agrees with our in vitro model in
which lung tumors CM can activate p53 in HepG2 cells,
which mediate secretion of factors associated with
immune response, cell adhesion, and migration.
Accordingly, we showed that CM obtained from WTp53
HepG2 cells, pretreated with CM from lung tumor cells,
is able to induce tumor cell migration, implying that
these secreted factors might support metastasis forma-
tion. The observed phenomenon that the hepatic WTp53
may support tumor cells' migration can be explained by
the notion that, while some of p53 activities support liver
homeostasis in the short term, these activities may lead
to malignant transformation in the long term45. Appar-
ently, these elevated factors are part of the SASP, which
in this aspect may act as cancer-promoting proteins.
Therefore, depending on the stimulus, members of the
SASP that are secreted from the damaged liver in a p53-
dependent manner can act either as mediators of
homeostasis or as cancer promoting, as was also

suggested before42. While WTp53-driven senescent cells
can inhibit tumor progression and keep healthy tis-
sue16,17,46,47, senescent phenotype can also contribute to
tumor development and metastasis48,49. Accordingly,
some of the p53-dependent secreted factors show this
dichotomy as well. One example is the SERPINE2, which
can lead to metastasis or apoptosis of cancer cells under
different conditions50–53. Additional p53 target, CTSB,
regulates fibrosis and inflammation and attenuates
tumor development following liver injury54,55. Yet, CTSB
was also found to support tumor progression in many
cancer types, such as breast, lung, and more56. In this
study, we suggest a p53-dependent inter-organ crosstalk,
in which distal tumors in the lung signal the liver, which
in response activates p53 to secrete various proteins that
might affect the whole-body homeostasis. It has been
proposed that cancer behaves as a systemic dictator that
interacts with different tissues to control their metabo-
lism57 and influence the body macroenvironment by
releasing soluble factors into the blood or lymph ves-
sels58. Altogether, our data broaden our knowledge
regarding the non-canonical functions of WTp53, which
leads to the elevation of various hepatic-secreted factors
that are important for normal liver functions. Moreover,
in cancer patients, where homeostasis is disrupted owing
to the tumor growth and treatments, the hepatic p53 is
activated and leads to alteration in the liver secretome.
This might be important for maintaining liver func-
tionality but in addition may give rise to side effects and
cancer aggressiveness. Thus our data suggest additional
role for p53 as a central regulator of whole-organism
homeostasis both under physiological and pathological
conditions.

Materials and methods
Cell culture
All cell lines were cultured in a humidified incubator at

37 °C and 5% CO2. HepG2 cells were kindly provided by
Professor Yehiel Zick. HCC827, HCC4006, BT474, HT29,
LS411N, and PC9 cells were kindly provided by Dr. Ravid
Straussman. HepG2, HCC827, HCC4006, BT474, HT29,
LS411N, and PC9 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS), 2 mM L-Glutamine, 1 mM
sodium pyruvate, and 100 mg/ml penicillin/streptomycin
(Biological Industries, Beit-Haemek, Israel). D122 cells
were kindly provided by Professor Lea Eisenbach and
maintained as described36. Primary WI-38 cells were
purchased from ATTC and transformed WI-38 cells were
generated and maintained as described37.

Retroviral infections
WTp53 was stably knocked down by retroviral infec-

tions as previously described5.
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RNA isolation and quantitative real-time PCR
RNA isolation from cell lines and quantitative real-time

PCR (qRT-PCR) was conducted and analyzed as pre-
viously described5. The specific primers used for qRT-
PCR are listed in Table S8. Total RNA from mice liver
tissues was isolated using the Direct-zol RNA MiniPrep
Kit (Zymo Research, CA, USA). A 2 µg aliquot of the total
RNA was reverse transcribed into cDNA and qRT-PCR
was performed as described5. The specific primers used
for qRT-PCR are listed in Table S9.

Western blot
Cells were lysed in Tris Triton Lysis Buffer (50 mM

Tris-HCl, 100mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) sup-
plemented with Protease Inhibitor Cocktail (Sigma-
Aldrich, Rehovot, Israel) for 15 min on ice and centrifuged
for 15min. Supernatants were analyzed for protein con-
centration by BCA reagent (Thermo-Scientific, NY, USA).
Protein extracts (50 µg) were boiled in sample buffer [140
mM Tris (pH 6.8), 22.4% glycerol, 6% SDS, 10% β-mer-
captoethanol, and 0.02% bromphenol blue] and loaded on
10–12% SDS-polyacrylamide gel. Proteins were trans-
ferred to a nitrocellulose membrane at semi-dry
conditions.
The following primary antibodies were used: α-p21 (sc-

397 Santa Cruz Biotechnology, TX, USA), α-Phospho-p53
(Ser15) and α-Acetyl-p53 (Lys382) (Cell Signaling, MA,
USA), α-SERPINE1 (MA5-Cell 17171, Thermo scientific,
NY, USA), α-IGFBP1 (ab181141, abcam, Cambridge, UK),
α-GAPDH (mab374, EMD Miilipore, MA, USA), α-p53
(DO-1; kindly provided by Professor David Lane), and
goat polyclonal α-p53 horseradish peroxidase-conjugated
(Minneapolis, MN, USA). The protein–antibody com-
plexes were detected by horseradish peroxidase-
conjugated secondary antibodies: anti-mouse or goat
anti-rabbit (Jackson Immunoresearch Laboratories, PA,
USA) and the ECL Kit (Thermo Scientific) and
analyzed by ChemiDoc MP imaging system (BIO-RAD,
CA, USA).

ChIP assay
ChIP was done as previously described5.
Samples were precleared by incubating with blocked

protein A beads (Santa Cruz Biotechnology, TX, USA) for
2 h at 4 °C. The precleared chromatin was mixed by
rotation for 12 h at 4 °C with blocked protein A beads and
1 µg of polyclonal h47 α-p53 (produced in our laboratory)
or with beads only as a control. DNA samples were
extracted using the QIAquick PCR Purification Kit (Qia-
gen, Hilden, Germany). qRT-PCR was performed as
described above with each sample containing 2 µl of
immunoprecipitated DNA. Values were normalized for

1% input values. The specific primers surrounding p53 RE
used for qRT-PCR are listed in Table S10.

Chemicals compounds
The following agents were used: Nutlin-3a (Alexis-

Biochemical, CA, USA), 5-fluorouracil, CCl4, corn oil
(Sigma-Aldrich, Rehovot, Israel), and Oxaliplatin (LC
Laboratories, MA, USA).

CM assay
WI-38 primary/tumor lines, HCC-827 and HCC-4006,

were grown in their medium (as mentioned above). After
24 h, their medium was collected, filtered, and transferred
to HepG2 sh-con/sh-p53 cells with ratio of 1:3 (fresh
medium to CM). The HepG2 cells were grown with the
CM for additional 24 h and then were collected and
analyzed.

Mass spectrometry
The MS-based proteomics was performed by Dr. Meital

Kupervaser at the de Botton Institute for Protein Profiling,
The Nancy and Stephen Grand Israel National Center for
Personalized Medicine, Weizmann Institute of Science.
Briefly, HepG2 sh-con/sh-p53 cells were subjected to the
following treatments: Nutlin-3a and CM from HCC-4006
cells (as mentioned above) or remain un-treated as a
control. After 18 h, their medium was washed and the cells
were grown for additional 6 h with DMEM medium-free
FCS and phenol red. The media was collected and con-
centrated using a 3 kDa MWCO filter to a final volume of
0.5ml with protein concentration of 1.5–1.8 µg/µl and
then subjected to a tryptic digest. The resulting peptides
were analyzed on the liquid chromatography-MS instru-
ment and the raw data were processed with the Genedata’s
Expressionist software. The software used two search
engines to identify the peptides in the sample, mascot and
MSGF+, against the uniprot human proteome appended
with 120 common contaminants. Data were normalized
based on the total ion current. Protein abundance was
obtained by summing the three most intense, unique
peptides per protein, and after logarithmic transformation
was used to identify significant differences across the
biological replica. For further information, see Supple-
mental Experimental Procedures (Mass-Spectrometry).
Fold changes and Student’s t-test were calculated based on
the ratio of the treatment vs. control samples. For each
treatment, we filtered for the proteins whose expression
was altered upon treatment in p53 sh-con cells [(sh-con
treated/sh-con non-treated) <0.75 or >1.3, t-test P < 0.05]
and then we included only the proteins that were sig-
nificantly induced in p53-expressing cells ((sh-con treated/
sh-p53 treated) or (fold change sh-con/fold change sh-
p53) t-test P < 0.05. n= 3 independent experiments).
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Biological GO annotation analysis was done using gene-
card analysis tool, GeneAnalytics22.

Wound-healing assay
HepG2 sh-con/sh-p53 cells were treated with CM

from HCC-4006 or left un-treated as a control. After 18
h, their medium was washed and the HepG2 sh-con/sh-
p53 cells were grown for additional 6 h with medium-
free FCS and phenol red. This media was collected for
further wound-healing analysis as follows: HCC-4006
cells were seeding on Ibidi culture inserts for 24 h.
Following insert removal, HCC-4006 cells were treated
with HepG2 CM collected as mentioned above. HCC-
4006 cells' migration was recorded at 0 h and 24 h
posttreatment by operetta High-Content Imaging Sys-
tem (PerkinElmer). Quantification of the wound area
was performed using the NIH ImageJ software (http://
rsb.info.nih.gov/ij/).

Mice
WTp53 and p53 KO C57BL/6 mice were provided by

Guillermina Lozano, MD Anderson Cancer Center,
Houston)20. Experiments were performed in accordance
with Weizmann Institute of Science regulations for
institutional animal care and use committees. All the
experiments were done on male mice aged 8 weeks.

Blood tests
The collected mice blood samples were centrifuged at

14,000 rpm for 15 min. The mice sera was collected and
analyzed for the presence of circulating enzymes by
diagnostic veterinary pathology services (PathoVet Ltd,
Kfar Bilu B, Israel and AML Ltd, Herzliya, Israel).

CCl4
Mice were injected intraperitoneally with 1 ml/kg of

10% CCl4 diluted in corn oil. Injection of corn oil alone
served as a control. Forty eight hours after the experi-
ment, mice were sacrificed and analyzed.

Irradiation
Mice received total-body IR delivered by X-RAD 320 IX

irradiator at 10 Gy. Twenty four hours after the experi-
ment, mice were sacrificed and analyzed.

Lung tumor formation and staining
D122 cells36 were collected, re-suspended in phosphate-

buffered saline (PBS), and injected intravenously into
C57BL/6J p53 WT/KO mice (106 cells/50 µl). Injection of
PBS alone served as a control. Lung tumors were allowed
to be established for 7 days after injection, and mice were
sacrificed and analyzed. Mice lungs were fixed in 4%
paraformaldehyde, decalcified, and embedded in paraffin
blocks. Sections were stained with hematoxylin and eosin

(H&E). The designation of a tumor's presence was based
on histological criteria.

Immunohistochemistry
Paraffin sections were de-paraffinized and antigen-

retrieved (in 10 nM citric acid pH 6). The sections were
incubated in PBS solution containing 20% normal horse
serum and 0.2% Triton for 1 h and then incubated over-
night with α-SERPINE1 (MA5-17171, Thermo scientific,
NY, USA). Sections were labeled with diaminobenzidine
using the ABC Kit (Vector, Burlingame, CA, USA).
Additionally, sections were stained by H&E. Stained sec-
tions were scanned, and digital images were collected and
analyzed using the QuPath software59.

Acknowledgements
We wish to thank Dr. Ori Brenner for tumor histology analysis, to Dr. Raya Eilam
for the help with Immunohistochemistry staining, to Dr. Meital Kupervaser at
the de Botton Institute for Protein Profiling, and The Nancy and Stephen Grand
Israel National Center for Personalized Medicine, Weizmann Institute of Science
for the mass spectrometric analysis. This research was supported by the Center
of Excellence from Flight Attendant Medical Research Institute (FAMRI) and
from the Israel Science Foundation (ISF). This publication reflects the authors’
views and not necessarily those of the European Community. V.R. is the
incumbent of the Norman and Helen Asher Professorial Chair Cancer Research
at the Weizmann institute.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-018-0697-4).

Received: 4 February 2018 Revised: 1 May 2018 Accepted: 7 May 2018

References
1. Bieging, K. T., Mello, S. S. & Attardi, L. D. Unravelling mechanisms of p53-

mediated tumour suppression. Nat. Rev. Cancer 14, 359–370 (2014).
2. Levine, A. J. & Oren, M. The first 30 years of p53: growing ever more complex.

Nat. Rev. Cancer 9, 749–758 (2009).
3. Vousden, K. H. & Ryan, K. M. p53 and metabolism. Nat. Rev. Cancer 9, 691–700

(2009).
4. Goldstein, I. et al. p53, a novel regulator of lipid metabolism pathways. J.

Hepatol. 56, 656–662 (2012).
5. Charni, M. et al. Novel p53 target genes secreted by the liver are involved in

non-cell-autonomous regulation. Cell Death Differ. 23, 509–520 (2016).
6. Armata, H. L. et al. Requirement of the ATM/p53 tumor suppressor pathway

for glucose homeostasis. Mol. Cell. Biol. 30, 5787–5794 (2010).
7. Tortora, G. and Derrickson, B. Principles of Anatomy and Physiology. 14th edn.

John Wiley & Sons, pp 523–571 (2014).
8. Schaffner, F. Hepatic drug metabolism and adverse hepatic drug reactions.

Vet. Pathol. 12, 145–156 (1975).
9. Reuben, A., Koch, D. G., Lee, W. M. & Acute Liver Failure Study Group. Drug-

induced acute liver failure: results of a U.S. multicenter, prospective study.
Hepatology 52, 2065–2076 (2010).

10. Goldstein, I. et al. Chemotherapeutic agents induce the expression and activity
of their clearing enzyme CYP3A4 by activating p53. Carcinogenesis 34,
190–198 (2013).

Charni-Natan et al. Cell Death and Disease  (2018) 9:647 Page 12 of 13

Official journal of the Cell Death Differentiation Association

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
https://doi.org/10.1038/s41419-018-0697-4
https://doi.org/10.1038/s41419-018-0697-4


11. Goldstein, I. & Rotter, V. Regulation of lipid metabolism by p53 - fighting two
villains with one sword. Trends Endocrinol. Metab. 23, 567–575 (2012).

12. Goldstein, I. et al. p53 promotes the expression of gluconeogenesis-
related genes and enhances hepatic glucose production. Cancer Metab.
1, 9 (2013).

13. Kampf, C. et al. The human liver-specific proteome defined by transcriptomics
and antibody-based profiling. FASEB J. 28, 2901–2914 (2014).

14. Uhlen, M. et al. Proteomics. Tissue-based map of the human proteome. Sci-
ence 347, 1260419 (2015).

15. Krizhanovsky, V. et al. Implications of cellular senescence in tissue damage
response, tumor suppression, and stem cell biology. Cold Spring Harb. Symp.
Quant. Biol. 73, 513–522 (2008).

16. Krizhanovsky, V. et al. Senescence of activated stellate cells limits liver fibrosis.
Cell 134, 657–667 (2008).

17. Lujambio, A. et al. Non-cell-autonomous tumor suppression by p53. Cell 153,
449–460 (2013).

18. Coppe, J. P. et al. Senescence-associated secretory phenotypes reveal cell-
nonautonomous functions of oncogenic RAS and the p53 tumor suppressor.
PLoS Biol. 6, 2853–2868 (2008).

19. Masri, S. et al. Lung adenocarcinoma distally rewires hepatic circadian
homeostasis. Cell 165, 896–909 (2016).

20. Donehower, L. A. et al. Mice deficient for p53 are developmentally normal but
susceptible to spontaneous tumours. Nature 356, 215–221 (1992).

21. Sulava, E., Bergin, S., Long, B. & Koyfman, A. Elevated liver enzymes: emergency
department-focused management. J. Emerg. Med. 52, 654–667 (2017).

22. Ben-Ari Fuchs, S. et al. GeneAnalytics: an integrative gene set analysis tool for
next generation sequencing, RNAseq and microarray data. OMICS 20, 139–151
(2016).

23. Lisman, T. & Leebeek, F. W. Hemostatic alterations in liver disease: a review on
pathophysiology, clinical consequences, and treatment. Dig. Surg. 24, 250–258
(2007).

24. Vassilev, L. T. et al. In vivo activation of the p53 pathway by small-molecule
antagonists of MDM2. Science 303, 844–848 (2004).

25. Ito, A. et al. p300/CBP-mediated p53 acetylation is commonly induced by p53-
activating agents and inhibited by MDM2. EMBO J. 20, 1331–1340 (2001).

26. Sakaguchi, K. et al. DNA damage activates p53 through a phosphorylation-
acetylation cascade. Genes Dev. 12, 2831–2841 (1998).

27. Shieh, S. Y., Ikeda, M., Taya, Y. & Prives, C. DNA damage-induced phosphor-
ylation of p53 alleviates inhibition by MDM2. Cell 91, 325–334 (1997).

28. Tibbetts, R. S. et al. A role for ATR in the DNA damage-induced phosphor-
ylation of p53. Genes Dev. 13, 152–p157 (1999).

29. Rodriguez, R. & Meuth, M. Chk1 and p21 cooperate to prevent apoptosis
during DNA replication fork stress. Mol. Biol. Cell 17, 402–412 (2006).

30. Leu, J. I. & George, D. L. Hepatic IGFBP1 is a prosurvival factor that binds to
BAK, protects the liver from apoptosis, and antagonizes the proapoptotic
actions of p53 at mitochondria. Genes Dev. 21, 3095–3109 (2007).

31. Iwaki, T. & Urano, T. Umemura K. PAI-1, progress in understanding the clinical
problem and its aetiology. Br. J. Haematol. 157, 291–298 (2012).

32. Kortlever, R. M., Higgins, P. J. & Bernards, R. Plasminogen activator inhibitor-1 is
a critical downstream target of p53 in the induction of replicative senescence.
Nat. Cell Biol. 8, 877–884 (2006).

33. Hoh, J. et al. The p53MH algorithm and its application in detecting p53-
responsive genes. Proc. Natl. Acad. Sci. USA 99, 8467–8472 (2002).

34. Otsuka, T. et al. CCl4-induced acute liver injury in mice is inhibited by hepa-
tocyte growth factor overexpression but stimulated by NK2 overexpression.
FEBS Lett. 532, 391–395 (2002).

35. Tamura, T. et al. Specific organ metastases and survival in metastatic non-
small-cell lung cancer. Mol. Clin. Oncol. 3, 217–221 (2015).

36. Plaksin, D., Gelber, C. & Eisenbach, L. H-2Db gene transfer into highly meta-
static D122 cells results in tumor rejection in allogeneic recipients, but does

not affect metastasis in syngeneic recipients. Implications for mechanisms of
allorejection. Int. J. Cancer 52, 771–777 (1992).

37. Milyavsky, M. et al. Transcriptional programs following genetic alterations in
p53, INK4A, and H-Ras genes along defined stages of malignant transfor-
mation. Cancer Res. 65, 4530–4543 (2005).

38. Olovnikov, I. A., Kravchenko, J. E. & Chumakov, P. M. Homeostatic functions of
the p53 tumor suppressor: regulation of energy metabolism and antioxidant
defense. Semin. Cancer Biol. 19, 32–41 (2009).

39. Allen, M. A. et al. Global analysis of p53-regulated transcription identifies its
direct targets and unexpected regulatory mechanisms. Elife 3, e02200 (2014).

40. Engeland, K. Cell cycle arrest through indirect transcriptional repression by
p53: I have a DREAM. Cell Death Differ. 25, 114–132 (2018).

41. Wu, C. L., Zhao, S. P. & Yu, B. L. Intracellular role of exchangeable apolipo-
proteins in energy homeostasis, obesity and non-alcoholic fatty liver disease.
Biol. Rev. Camb. Philos. Soc. 90, 367–376 (2015).

42. Chien, Y. et al. Control of the senescence-associated secretory phenotype by
NF-kappaB promotes senescence and enhances chemosensitivity. Genes Dev.
25, 2125–2136 (2011).

43. Santini, D. et al. S-adenosylmethionine (AdoMet) supplementation for treat-
ment of chemotherapy-induced liver injury. Anticancer Res. 23(6D), 5173–5179
(2003).

44. Sardi, A., Akbarov, A. & Conaway, G. Management of primary and metastatic
tumors to the liver. Oncology (Williston Park) 10, 911–925 (1996). discussion
926, 929–930.

45. Charni, M., Rivlin, N., Molchadsky, A., Aloni-Grinstein, R. & Rotter, V. p53 in liver
pathologies-taking the good with the bad. J. Mol. Med. (Berl.) 92, 1229–1234
(2014).

46. Hoenicke, L. & Zender, L. Immune surveillance of senescent cells--biological
significance in cancer- and non-cancer pathologies. Carcinogenesis 33,
1123–1126 (2012).

47. Xue, W. et al. Senescence and tumour clearance is triggered by p53
restoration in murine liver carcinomas. Nature 445, 656–660 (2007).

48. Ruhland, M. K. et al. Stromal senescence establishes an immunosuppressive
microenvironment that drives tumorigenesis. Nat. Commun. 7, 11762 (2016).

49. Krtolica, A., Parrinello, S., Lockett, S., Desprez, P. Y. & Campisi, J. Senescent
fibroblasts promote epithelial cell growth and tumorigenesis: a link between
cancer and aging. Proc. Natl. Acad. Sci. USA 98, 12072–12077 (2001).

50. Monard D. SERPINE2/Protease Nexin-1 in vivo multiple functions: Does the
puzzle make sense? Semin. Cell Dev. Biol. 62, 160–169 (2017).

51. McKee, C. M. et al. Protease nexin 1 induces apoptosis of prostate tumor cells
through inhibition of X-chromosome-linked inhibitor of apoptosis protein.
Oncotarget 6, 3784–3796 (2015).

52. Buchholz, M. et al. SERPINE2 (protease nexin I) promotes extracellular matrix
production and local invasion of pancreatic tumors in vivo. Cancer Res. 63,
4945–4951 (2003).

53. Wu, Q. W. Serpine2, a potential novel target for combating melanoma
metastasis. Am. J. Transl. Res. 8, 1985–1997 (2016).

54. Tu, H. C. et al. The p53-cathepsin axis cooperates with ROS to activate pro-
grammed necrotic death upon DNA damage. Proc. Natl. Acad. Sci. USA 106,
1093–1098 (2009).

55. Canbay, A. et al. Cathepsin B inactivation attenuates hepatic injury and fibrosis
during cholestasis. J. Clin. Invest. 112, 152–159 (2003).

56. Gondi, C. S. & Rao, J. S. Cathepsin B as a cancer target. Expert Opin. Ther. Targets
17, 281–291 (2013).

57. Lee, Y. M., Chang, W. C. & Ma, W. L. Hypothesis: solid tumours behave as
systemic metabolic dictators. J. Cell. Mol. Med. 20, 1076–1085 (2016).

58. Al-Zoughbi, W. et al. Tumor macroenvironment and metabolism. Semin.
Oncol. 41, 281–295 (2014).

59. Bankhead, P. et al. QuPath: open source software for digital pathology image
analysis. Sci. Rep. 7, 16878 (2017).

Charni-Natan et al. Cell Death and Disease  (2018) 9:647 Page 13 of 13

Official journal of the Cell Death Differentiation Association


	Various stress stimuli rewire the profile of liver secretome in a p53-dependent manner
	Introduction
	Results
	Hepatic p53 regulates the level of secreted proteins related to liver physiology
	p53 activation alters the profile of the p53-dependent liver-secreted proteins
	Different chemotherapy treatments affect the hepatic p53 activation and its secretion profile
	p53 is activated in the livers of mice bearing lung tumors
	Human lung tumor cells induces hepatic p53 activation and alterations in the p53-dependent protein secretion profile

	Discussion
	Materials and methods
	Cell culture
	Retroviral infections
	RNA isolation and quantitative real-time PCR
	Western blot
	ChIP assay
	Chemicals compounds
	CM assay
	Mass spectrometry
	Wound-healing assay
	Mice
	Blood tests
	CCl4
	Irradiation
	Lung tumor formation and staining
	Immunohistochemistry

	ACKNOWLEDGMENTS




