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ABSTRACT
Poly (ADP-ribose) polymerase 1 (PARP-1) is a crucial contributor to exacerbate
ischemia and reperfusion (IR) injury and cancer process. However, there is little
research into whether PARP-1 affects the hepatocellular carcinoma (HCC) recurrence
after liver transplantation. In this study, we investigated the influence of PARP1 on hepatic neutrophil mobilizing and phenotype shifting which may lead to HCC
recurrence after liver transplantation. We found that rats received the grafts with
warm ischemic injury had higher risk of HCC recurrence, which was markedly
prevented by pharmacological inhibition of PARP-1 after liver transplantation. In
mouse models, the up-regulation of PARP-1 was closely related to the greater tumor
burden and increased hepatic susceptibility to recurrence after IR injury. The reason
was that high hepatic PARP-1 led to increased liver CXCL1 levels, which in turn
promoted recruitment of neutrophils. Both blocking CXCL1/CXCR2 signaling pathway
and depleting neutrophils decreased tumor burden. Moreover, these infiltrating
neutrophils were programmed to a proangiogenic phenotype under the influence of
PARP-1 in vivo after hepatic IR injury. In conclusion, IR-induced PARP-1 up-regulation
increased the hepatic recruitment of neutrophils through regulation of CXCL1/CXCR2
signaling and polarized hepatic neutrophils to proangiogenic phenotype, which further
promoted HCC recurrence after transplantation.

be an effective therapeutic strategy for HCC patients and
provides higher long term survival prospects [4]. The main
limitation is the shortage of donor liver. Simple living
donor liver transplantation is difficult to meet the growing
demands for availability of organs. Therefore, the lack of
organs has led to an increase in the use of extended criteria
grafts, such as donation after cardiac death (DCD) donors.
The use of DCD grafts in the United States has increased
up to 5% and is now around 50% in United Kingdom in
2011 [5]. In addition, the 5-year survival rates of DCD
liver transplantation is similar to that of conventional

INTRODUCTION
Primary liver cancer is the sixth most frequent cancer
and the second leading cause of cancer-related death
worldwide. An estimated 782,500 new diagnosed cases
and 745,500 deaths occurred in 2012 [1]. Hepatocellular
carcinoma (HCC) is the most common histologic type that
it accounts for approximately 90% of all primary hepatic
malignancies [2]. It is reported that China has about 55%
liver cancer deaths worldwide due to the high incidence
of chronic hepatitis B [3]. Liver transplantation seems to
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donor liver transplantation (65-80%)[5, 6]. However, it is
reported that DCD allograft tended to increase the rates of
recurrence for HCC candidates [7] and Oldani G, et al has
proved it in rodent DCD models for HCC recurrence after
liver transplantation [8].
DCD livers are prolonged exposure to warm
ischemia and reperfusion (IR) injury inevitably due to the
natural characteristics of DCD donors with hypotension
and cardiac arrest. This kind of warm IR injury could
increase the risk of tumor recurrence after liver
transplantation induced by accumulation of endothelial
progenitor cells [9], T cells [10], and other immune cells.
Neutrophils, which were the first-line responders to IR
injury [11], had potential in promoting liver metastases
after surgical stress [12]. Although the recruitment of
neutrophils towards targeted organs was associated with
formation of pre-metastatic niches [13], its exact role in
ischemic grafts for transplantation remains under debate.
Additionally, the existence of neutrophil heterogeneity,
which was first reported by Fridlender et al in 2009
[14], has been investigated in many diseases including
inflammation [15] and malignancies [16]. Neutrophils
can be classified into different phenotype according to
the surface receptors and functional characteristics, which
could be altered by cytokine exposure [17]. On the other
hand, it is revealed that neutrophils were significantly
increased in the pre-transferred lungs before tumor
cell arrival [18], which means neutrophils recruited by
specific pathological condition could created a suitable
premetastatic environment for tumor metastasis or
recurrence. So we wonder whether warm IR injury
could induce alteration of neutrophils polarization which
probably forms a pre-metastatic microenvironment that
promote HCC recurrence after liver transplantation.
Poly (ADP-ribose) polymerase (PARP), which is
involved in physiological cellular processes, has been
shown to aggravate liver damage during hepatic IR
injury. PARP-1 inhibition, however, could attenuate
microvascular injury and reduce the numbers of adherent
leukocytes induced by hepatic IR injury [19]. To date, the
influence of PARP-1 inhibition on neutrophils activities
and HCC recurrence after liver transplantation has not
been reported. This study aimed to explore whether PARP1 inhibition could reduce the risk of HCC recurrence
after liver transplantation and to elucidate the potential
mechanisms with neutrophils.

cells, was injected via the portal vein after transplantation.
As shown in Figure 1A, donor warm ischemia led to an
increased risk of post-transplant HCC recurrence and
growth 10 days after liver transplantation in Ischemia
30min (I 30min) group treated by vehicle (VEH). At the
same time, HE staining of the liver grafts demonstrated
the same trend on recurrence (Figure 1B). We also noticed
that these process were accompanied by PARP-1 upregulation in hepatic tissues due to IR injury (Figure 1C).
Considering that PARP-1 promoted apoptosis/necrosis
during IR injury [20] and high PARP-1 expression was
associated with tumor malignant potential [21], we
adopted the PARP-1 inhibitor PJ34 to explore its role in
HCC recurrence after liver transplantation. PARP-1 was
stably inhibited in liver grafts by pre- and post-operation
daily injection of PJ34 (Figure 1C). Strikingly, we found
that PJ34 markedly inhibited HCC recurrence in donor
livers after liver transplantation in I 30min group (Figure
1A, 1B). Besides, only 4 of 10 rats survived in I 30min
group while there were 9 rats in the No IR group survived.
By contrast, PJ34 improved survival rates, to some extent,
in I 30min group (Figure 1D, P=0.072). This suggested
that PARP-1 might promote HCC recurrence after liver
transplantation, highlighting the possibility to inhibit
PARP-1 for preventing HCC recurrence.

PARP-1 inhibition decreased the susceptibility of
the liver to recurrence after IR injury
We tried to mimic the transplantation setting in which,
at the time of recipient liver removal in HCC patients, there
are disseminated tumor cells in the circulation that might
become the “seed” for recurrence. Therefore, intrasplenic
injection of GFP-tagged hepatoma cells and circulation
for 10min before warm hepatic IR was conducted in mice
[22]. According to the hepatic lesion alterations embodied
in serum hepatic enzymes at different reperfusion time
(Supplementary Figure 1B, 1C), we chose the hepatic repair
phase (reperfusion time point: 12h) for further studies to
elucidate the role of PARP-1 up-regulation during warm
IR in tumor recurrence. Mice hepatic PARP-1 expression
was increased after warm IR as well (Supplementary Figure
1A). We examined the engraftment rates of metastatic tumor
cell arrival in liver of mice through flow cytometry after
12h reperfusion. As a result, increasing number of CBRH7919-GFP was detected in ischemic hepatic lobe and the
longer the warm ischemic time, the higher the proportion
of invading tumor cells was (Figure 2C, 2D). However,
PJ34 treatment inhibited PARP-1(Figure 2A), improved the
hepatic enzymes (Figure 2B), and decreased the engraftment
rates of tumor cells (Figure 2C, 2D) compared to mice
which suffered from the same ischemic time without PARP1 inhibition. We also detected the tumor burden in the same
way with syngeneic mouse HCC cell line (Hepa1-6-GFP)
and got the similar results (Supplementary Figure 1D, 1E).
It's worth noting that GFP+ events were free cells in the

RESULTS
PARP-1 increased the risk of IR-induced HCC
recurrence after liver transplantation
To study the effect of warm IR injury on HCC
recurrence after liver transplantation, we prepared
ischemic donor livers and further conducted rat orthotopic
liver transplantation. CBRH-7919, a kind of rat HCC
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Figure 1: PARP-1 increased the risk of IR-induced HCC recurrence after rat liver transplantation. (A) The recipient
rats with 30min warm ischemic grafts were characterized by enhanced HCC recurrence at day 10 after liver transplantation. PARP-1
inhibition resulted in a significant decrease in the volume of tumors between I 30min groups. (B) The HE staining of liver and hepatic tumor
(bar=100μm). (C) Liver protein expression of PARP-1 was up-regulated by hepatic warm IR injury and inhibited by PJ34. (D) KaplanMeier survival curve of rats in different groups (n=10 per group). mean ± SEM are shown.*p<0.05, **p<0.01, ***p<0.001. $p<0.05,
$$
p<0.01, $$$p<0.001 compared to the No IR+VEH group. #p<0.05, ##p<0.01, ###p<0.001 compared to the I 30min+VEH group; Data were
analyzed by either Student’s t-test or by ANOVA as appropriate followed by Bonferroni post-tests.
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liver instead of being phagocyted by macrophages cells
(Supplementary Figure 1F). It seems that PARP-1 inhibition
was a feasible way to decrease tumor cells homing to liver
after IR injury. Furthermore, we investigated whether
the CBRH-7919 intrinsic capability to metastasize was
inhibited by PJ34. Pre-incubation with PJ34 did not inhibit
the invasion of CBRH-7919 in vitro and the homing ability
to form HCC recurrence in vivo (Supplementary Figure 2A,
2B). These results above revealed that PARP-1 inhibition

did not directly work on tumor cells to decrease their
malignant potential. On the other hand, we explored the
susceptibility of the liver by analyzing the hepatic markers
which were reported to be associated with the formation of
proliferative environment [23]. Downregulation of matrix
metalloproteinase 9(MMP9) and vascular endothelial
growth factor (VEGF) A, which were up-regulated by IR
injury and had potential in facilitating tumor cells invasion
and angiogenesis, were confirmed in mice liver pretreated

Figure 2: PARP-1 inhibition decresed the susceptibility of the liver to recurrence after IR injury in mice. (A) Up-

regulation of PARP-1 expression induced by hepatic warm IR injury was reduced after PJ34 administration. (B) PJ34 reduced serum ALT
and AST, indicators for liver damage, after hepatic warm IR injury. (C) At 12h after reperfusion, flow cytometry was used to detect the
CBRH-7919-GFP tumor cells implantation rates in single-cell suspension from ischemic liver lobes treated by VEH and PJ34. (D) PJ34
significantly reduced the engraftment rates of tumor cells in I 30min and I 60min group (n=6-8 per group). (E, F) Hepatic relative gene
expression of pre-metastatic factors and cytokines was evaluated. mean ± SEM are shown. *p<0.05, **p<0.01, ***p<0.001. $p<0.05,
$$
p<0.01, $$$p<0.001 compared to the No IR+VEH group. #p<0.05, ##p<0.01, ###p<0.001 compared to the I 30min+VEH group; Data were
analyzed by either Student’s t-test or by ANOVA as appropriate followed by Bonferroni post-tests.
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with PJ34(Supplementary Figure 2C, 2D). Additionally,
hepatic expression of the pre-metastatic milieu related
factors and cytokines was significantly attenuated by PJ34
as compared to mice without PARP-1 inhibition except
Il10 (Figure 2E, 2F). Thus, we supposed that PARP-1
inhibition decreased the risk of HCC recurrence after liver
transplantation through reduction of hepatic susceptibility
to recurrence.

and growth factors [24]. It is possible that PARP-1 upregulation after liver IR injury promotes recurrence by
recruiting circulation tumor cells through disordered
chemokines. Therefore, we compared chemokines levels
secreted in different groups of mice using Chemokine
Antibody Array. Among the 25 chemokines tested in
this study, CXCL1 was the one which was significantly
increased after hepatic IR injury and decreased when
PARP-1 was inhibited at the same time (Supplementary
Figure 3A, 3B). This alteration was further confirmed
at both the transcript and protein levels (Supplementary
Figure 3C, Figure 3A). CXCL1 levels in the plasma,
however, remained unchanged upon inhibition of PARP-1
after liver IR (Supplementary Figure 3D). Since CXCL1
bind to CXCR2, we next used SB225002, a selective

CXCL1/CXCR2 axis was crucial for PARP-1induced hepatic susceptibility to recurrence after
IR injury
Liver IR injury is a dynamic process involving
immune insult with disturbances of multiple chemokines

Figure 3: CXCL1/CXCR2 axis was crucial for PARP-1-induced hepatic susceptibility to recurrence after IR injury
in mice. (A) CXCL1 changes induced by VEH or PJ34 after liver IR injury were confirmed through western blot. (B) Mice in I 30min
group were administrated with CXCR2-inhibitor SB225002 or PBS prior to hepatic IR injury treated by PJ34 or VEH. Flow cytometry was
used to quantify recurrence burden. (n=6-8 per group) (C) CBRH-7919-GFP cells were incubated with SB225002 or PBS prior to splenic
injection in I 30min group. Flow cytometry was used to quantify recurrence burden. (n=6-8 per group) (D) In vitro transwell invasion of
CBRH-7919 towards CXCL1. mean ± SEM are shown. *p<0.05, **p<0.01, ***p<0.001. n.s., not significant; Data were analyzed by either
Student’s t-test or by ANOVA as appropriate followed by Bonferroni post-tests.
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Warm hepatic IR injury converted neutrophils
into a proangiogenic type in liver

CXCR2 antagonist, in order to elucidate the functional
relevance of CXCL1 in the susceptible microenvironment
induced by PARP-1 after liver IR. We found that
administration of SB225002 in mice could significantly
reduce PARP-1-promoted invading of tumor cells to liver
after IR injury (Figure 3B). However, pre-incubation
of CBRH-7919-GFP with SB225002 did not reduce its
homing ability to liver after IR injury (Figure 3C). And
also, CXCL1 stimulation for CBRH-7919-GFP failed to
significantly enhance the migration and invasion in vitro
(Figure 3D). It seems that CXCL1/CXCR2 signaling
activated hepatic microenvironment and increased
the susceptibility to recurrence rather than directly
chemotactical attraction of tumor cells towards the liver.

As indicated above, warm hepatic IR led to the
accumulation of neutrophils in liver which is consistent
with previous data [26]. However, the phenotypic
characterization of these neutrophils present in liver after
IR has not been reported yet. To that aim, we quantified
the number of proangiogenic neutrophils in the liver after
liver IR injury. Christoffersson G, et al demonstrated that
CD11b+Ly6G+ neutrophils which expressed high levels
of the CXCR4 in surface could deliver large amounts
of MMP9 and further facilitate rapid angiogenesis and
restoration of perfusion in the hypoxic microenvironments
after islet transplantation [27]. Therefore, we defined
proangiogenic neutrophils as CD11b+Ly6G+CXCR4+.
Next we evaluated neutrophil phenotype using flow
cytometry in mice liver which suffered from different
reperfusion time after 30min hepatic ischemia. The
liver neutrophil numbers peaked at reperfusion time 6h
and decreased after that (Figure 5A, 5B). However, the
percentage of proangiogenic neutrophils significantly
increased post-IR and peaked at reperfusion time 12h
(Figure 5A, 5C). High proportion of proangiogenic
neutrophils could promote phagocytosis of apoptotic
cells, resolution of inflammation, and repair of ischemic
foci [28], but it seems to facilitate the circulating tumor
cell implanting cascade at the same time. Limiting
excessive immune restoration activity may be a promising
idea to reduce tumor recurrence or metastasis after
pathophysiologic stress such as IR.

CXCL1-mediated neutrophils recruitment
was required for PARP-1-induced hepatic
susceptibility of the liver to recurrence after IR
injury
Since CXCR2 is a most important target for
CXCL1, we further explored its expression during this
pathophysiological process. Intriguingly, CBRH-7919GFP expressed very low levels of CXCR2 (Figure 4A,
4B), which could explain its bluntness towards CXCL1
chemotactic effect. Then how does recurrence-favorable
microenvironment form before tumor cells infiltration?
Previous studies suggested that bone marrow-derived
cells extensively involved in this process [25]. So we
detected the cells in the blood of liver IR mice (ischemic
time=30min, reperfusion time=12h) and found that nearly
all the CXCR2-positive cells were neutrophils, and also
the vast majority of neutrophils could expressed CXCR2
(Figure 4B, 4C). Next, the alteration of hepatic neutrophil
number in hepatic IR mice (ischemic time=30min) was
analyzed. Immunofluorescent assay of liver tissue showed
that increased neutrophils infiltration caused by IR injury
could be down-regulated by PARP-1 inhibition (Figure
4D). In addition, administration of SB225002 prevented
PARP-1-induced recruitment of neutrophils to the liver
after IR (Figure 4E). To characterize the indispensability
of neutrophils recruitment for PARP-1-induced tumor
cells invading, we next systemically depleted neutrophils
and found that the engraftment rates of CBRH-7919-GFP
to the liver were decreased in spite of hepatic IR injury
(Figure 4F). We also performed an experiment in the same
way with a syngeneic mouse HCC cell line after ischemia.
The injection of Ly6G antibody could reduce the hepatic
Hepa1-6-GPF tumor burden as well (Supplementary
Figure 4A). In vitro, CBRH-7919 co-cultured with fresh
isolated neutrophils showed enhanced migration which
was associated with epithelial-mesenchymal transition
(EMT) (Supplementary Figure 4B, 4C). All these above
revealed that neutrophils recruited by CXCL1 increased
the hepatic susceptibility to recurrence after IR injury.
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PAPR-1 inhibition decreased the hepatic
proangiogenic neutrophil proportion upregulated by liver IR injury
In order to deeply illustrate the association between
hepatic IR injury and liver proangiogenic neutrophil
proportion, we quantified the number of proangiogenic
neutrophils as CD11b+Ly6G+CXCR4+ cells in mice
liver with different ischemic time after 12h reperfusion.
To explore the role of PARP-1 during this process, PJ34
was administrated for PARP-1-inhibition groups and
VEH was for others. Firstly, we observed the alteration in
groups without PARP-1 inhibition. In the group without
warm IR, 30.4±4.1% of infiltrated neutrophils were
proangiogenic. Hepatic proangiogenic neutrophil proportion
were significantly increased with the prolongation of liver
ischemic time and up to 58.4±6.1% in group with ischemia
time 60min. In this process, total hepatic neutrophils number
was elevated by IR injury as well (Figure 6A-6C). These
trends were also confirmed by immunofluorescence semiquantitative analysis of Ly6G+CXCR4+ cells. (Figure 6D6F). Secondly, mice injected with PJ34 were analyzed. The
rising trend of total neutrophils and proangiogenic neutrophil
numbers in liver induced by IR was observed in PARP-1
88923
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Figure 4: CXCL1-mediated neutrophils recruitment was required for PARP-1-induced hepatic susceptibility to
recurrence after IR injury in mice. (A) CXCR2 surface levels of CBRH-7919 were detected by flow cytometry. (B) Quantitative
data for percentage of CXCR2-positive cells in total CBRH-7919 and circulating neutrophils. (C) Peripheral blood cells from mice in I
30min group were analyzed by flow cytometry. (D) Representative micrographs of neutrophil infiltration with or without PJ34 treatment in
mice liver after warm IR injury (n=6-8 per group, bar=100μm). (E) Representative images of neutrophilic cells infiltration into the 30min
ischemic liver lobes in PBS- and SB225002-treated mice with or without PARP-1 inhibition (n=6-8 per group, bar=100μm). (F) Hepatic
recurrence burden with CBRH-7919-GFP after anti-Ly6G antibody injection was analyzed by flow cytometry in I 30min groups with or
without PARP-1 inhibition. (n=6-8 per group) mean ± SEM are shown. *p<0.05, **p<0.01, ***p<0.001. n.s., not significant; Data were
analyzed by either Student’s t-test or by ANOVA as appropriate followed by Bonferroni post-tests.
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inhibition groups. However, the hepatic proangiogenic
neutrophil proportion was remarkably lower in I 30min
group and 60min group when PARP-1 was inhibited (Figure
6A-6C). What’s more, neutrophil recruitment to liver was
also reduced in all groups with hepatic IR injury by PJ34.
The immunofluorescence presented the similar phenomena
as well (Figure 6D-6F). These results indicated that PARP1 inhibition decreased the percentage of proangiogenic
neutrophil in the liver after IR injury.

There may be two possible mechanisms for this. First is
that PARP-1 inhibition specifically suppressed circulation
proangiogenic recruiting into liver after IR. In order to
prove it, we determined the total number of neutrophils
and proangiogenic neutrophils in peripheral blood by
flow cytometry 12h after reperfusion (Figure 7A-7C). We
found that the hepatic IR didn’t significantly influence
the circulation proangiogenic proportion. Although PJ34
reduced the percentage of circulation neutrophils in
ischemia 30min group and 60min group, there were almost
no changes in the proangiogenic neutrophil proportion as
well. PARP-1 inhibition seemed to prevent neutrophils
shifting to a proangiogenic phenotype in liver after hepatic
IR injury though PJ34 didn’t change the fresh isolated
neutrophil phenotype in vitro. (Figure 7D-7E) Therefore,

PARP-1 had no influence on the polarization of
neutrophils outside of liver milieus
The reason why PARP-1 inhibition lowered the
hepatic proangiogenic neutrophil proportion was indistinct.

Figure 5: Warm hepatic IR injury altered the proangiogenic neutrophil proportion in mice liver. Representative flow

cytometry plots (A) for one time point (Reperfusion time=48h) elucidated gating strategy to identify neutrophil proangiogenic phenotype.
The percentages of neutrophils in hepatic single-cell suspension (B) and the proangiogenic neutrophil proportion (C) at different reperfusion
time were displayed in histogram (n=6-8 per group). mean ± SEM are shown. *p<0.05, **p<0.01, ***p<0.001; Data were analyzed by
either Student’s t-test or by ANOVA as appropriate followed by Bonferroni post-tests.
www.impactjournals.com/oncotarget
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Figure 6: PAPR-1 inhibition decreased the hepatic proangiogenic neutrophil proportion up-regulated by liver IR
injury in mice. Hepatic neutrophils in mice with different warm ischemic time from VEH- or PJ34-treated (A) groups were analyzed by
flow cytometry at 12 hours after reperfusion. Quantification of hepatic neutrophils (B) and CXCR4+ neutrophils (C) in hepatic IR mice after
VEH or PJ34 treatment was presented. Representative double immunofluorescence of Ly6G (Green) and CXCR4(Red) for proangiogenic
neutrophils located in the VEH- or PJ34-treated ischemic liver lobe after 12h reperfusion (D) was shown (bar=100μm, n=6-8 per group).
The immunofluorescence numbers of neutrophils that colocalized with CXCR4 12h after reperfusion in VEH- (E) or PJ34-treated (F) mice
were counted manually in three random high-powered fields (HPF). mean ± SEM are shown. *p<0.05, **p<0.01. $p<0.05, compared to the
No IR group; Data were analyzed by either Student’s t-test or by ANOVA as appropriate followed by Bonferroni post-tests.
www.impactjournals.com/oncotarget
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the possible mechanism of hepatic neutrophil phenotype
shifting was probably not about differential recruitment
on proangiogenic neutrophils but about programming
towards proangiogenic neutrophils only in hepatic immune
microenvironment.

Intriguingly, PARP-1 activity is involved in IR
injury and tumor progress, both of which promote HCC
recurrence after liver transplantation. Under conditions of
IR, activated PARP consumes NAD+ in order to repair
damaged DNA, but its hyperactivation promotes cell
death by causing ATP depletion, amplifying oxidant stress
and further decline in mitochondrial function, which
aggravate IR injury [30]. This vicious circle can be broken
by inhibiting PARP because the PARP inhibitor offers
protection against IR injury for brain [31], lung [32], and
kidney [33]. It seems that amelioration of hepatic IR injury
via PARP inhibition could be a promising method to reduce
the risk of HCC recurrence after liver transplantation.
As to tumor progress, PARP-1 was revealed to be
overexpressed in numerous malignant tumors and
associated with invasiveness and poor prognosis. PARP
inhibitors are currently treated as potential anticarcinogen
in clinical trials for ovarian cancer [34], breast cancer
[35], and so on although its direct effect on HCC is still
elusive. In this study, PJ34-mediated protection against
IR-induced hepatic injury could reduce the plasma ALT
and AST, arrest the induction of inflammation genes,

DISCUSSION
Post-liver transplantation HCC recurrence has
always been a critical issue for transplant surgery. Liver
grafts subjected to inevitable IR injury are related to an
increased risk of HCC recurrence and growth after liver
transplantation [8], of which the precise mechanisms
haven’t been clearly illustrated. Factors such as hypoxia,
ischemia and inflammation could remodel the grafts’
microenvironment and promote the mobilization of
bone marrow progenitors to form premetastastic niches
[29]. Here, we show for the first time that PARP-1
up-regulated by hepatic IR injury could increase the
hepatic susceptibility to post-liver transplantation HCC
recurrence through regulation of neutrophil recruitment
and phenotype shifting (Figure 8).

Figure 7: PARP-1 had no influence on the polarization of neutrophils outside of mice liver milieus. Blood cells were

stained for 3-color flow cytometry with monoclonal antibodies against CD11b, Ly6G, and CXCR4 12 hours after liver reperfusion with
VEH or PJ34 treatment (A). Quantification of circulation neutrophils (B) and CXCR4+ neutrophils (C) in hepatic IR mice after VEH or
PJ34 treatment was presented (n=6-8 per group). In addition, PJ34 (1μg/ml for 12h) failed to polarize isolated neutrophils phenotype in vitro
(D, E). mean ± SEM are shown. *p<0.05. n.s., not significant; Data were analyzed by either Student’s t-test or by ANOVA as appropriate
followed by Bonferroni post-tests.
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and decrease the infiltration of neutrophils. However, the
migration and engraftment of tumor cells with PARP-1
inhibitor pretreatment didn’t significantly altered in vivo or
in vitro, suggesting that PARP-1 inhibition is an important
protector of HCC recurrence after IR by preventing the
formation of susceptible hepatic milieus rather than
decreasing the degree of malignant in HCC.
Since PJ34 failed to directly reduce CBRH-7919
migration in our study, it is supposed that hepatic PARP1 up-regulation after IR enhanced HCC recurrence
through regulation of other pathways such as chemokines.
Chemokines are identified as regulators of cell mobility
which are important for metastasis by modulating the
motility and survival of spreading cancer seeds or by
activating immune and stromal cells to promote metastasis
[36]. Here, we sought out CXCL1 as the one which was
decreased when PARP-1 was inhibited after hepatic IR
injury in the Chemokine Antibody Array. Consistently,
blockade of CXCR2 systemically in mice instead of
tumor cells only could reduce engraftment rates of tumor
cells homing to liver after IR injury, indicating that
CXCL1/CXCR2 signaling is critical in PARP-1-induced
susceptibility of the liver to recurrence. Neutrophils, which
have potentials in promoting tumor growth and metastasis
[37], were recruited by CXCL1/CXCR2 axis after liver
IR injury and took part in facilitating tumor recurrence

as proven by neutrophil-depletion-mediated protection
against tumor cells invading. These pro-tumorigenic
effects of PARP-1 required neutrophils. Immune cells
infiltrating into a specific organ before tumor cells arrival
could initiate a metastasis cascade in a tumor-bearing host.
Nevertheless, these pioneer immune cells are mobilized
by inflammation or immune-disorder in that specific organ
caused by the distant primary tumor [18]. With regard to
liver transplantation for HCC candidates, inflammation
and immune-disorder in donor grafts caused by IR-based
stress could mimic the pre-metastatic milieu resulted
from primary HCC even though recipient HCC liver
has been removed. As an important pathogenic factor in
this process, neutrophils participated in the inflammation
outbreak and then immune repair through phenotype
alteration probably. After hepatic ischemia, the early phase
of reperfusion (within 6h) caused hepatocellular apoptosis,
necrosis and sinusoids narrowing which led to entrapment
of platelets and neutrophils [38]. These neutrophils
extravasated into the parenchyma and played a cytotoxic
role in a pro-inflammatory method [39]. And over time,
the percentage of anti-inflammatory neutrophils increased
in order to resolve inflammation and repair wound which,
however, may contribute to tumor cells planting, growth
and further angiogenesis if all of these happened to a
tumor-bearing host.

Figure 8: Schematic diagram for the mechanisms of PARP-1 in the promotion of HCC recurrence after liver
transplantation through IR-mediated neutrophils recruitment and polarization.
www.impactjournals.com/oncotarget
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MATERIALS AND METHODS

In this study, enrichment of proangiogenic
neutrophils in liver after IR injury was probably induced
by PARP-1-mediated local phenotype shifting because
the percentage of circulating proangiogenic neutrophils
was not changed. And we failed to change neutrophil
phenotype with PJ34 in vitro, indicating that there must
be intermediaries between PARP-1 and neutrophil
phenotype shifting. Since PARP-1 suppresses regulatory
T cells generation, controls TGF-β receptors on T cells,
and facilitates T helper (Th) cells differentiation [40], we
hypothesize that PARP-1 inhibition could influence the Th
cells cytokines balance which further promotes neutrophil
phenotype shifting. For example, PARP-14 promoted Th2
differentiation by regulating IL-4-dependent transcription
[41]. Additionally, olaparib, a kind of PARP inhibitor,
protected mice against asthma by suppression of Th2
cytokines such as IL-4 [42]. IL-4 is a strong stimulus for
proangiogenic neutrophil shifting and we believe that the
mechanism for proangiogenic neutrophil polarization after
liver IR injury is closely related to PARP-1-mediated Th2
differentiation and Th2 cytokines preferential expression.
These hypotheses need to be proven in further studies.
Actually, HCC recurrence after liver transplantation
is a complex pathophysiological process which could be
affected by many factors. Recipient conditions, such as
tumor characteristics, hepatitis virus status, obesity, and
advanced age, are usually out of control. For example,
Li et al reported that recipient high HBV DNA levels
before transplantation are related to HCC recurrence after
transplant [43]. So quality control for donor grafts seems
to be more feasible. In recent years, the expanding of
donor types is making IR injury increasingly emerging.
Living donor grafts [44], DCD donors [7], and split
grafts [45] are reported to be associated with tumor
recurrence after liver transplantation due to IR injury.
In this research, we pointed out PARP-1 as a promising
target to protect against IR injury and HCC recurrence
after liver transplantation at the same time. Since PARP
inhibitor is a recently FDA-approved therapy for cancer,
our research has clinical significance and could offer new
approaches to prevent or even treat HCC recurrence after
liver transplantation.
In conclusion, this study is the first time to identified
PARP-1, which is up-regulated by hepatic IR injury, as
a promoter of HCC recurrence after liver transplantation
through creating a recurrence-susceptible milieu. PARP1 enhanced CXCL1/CXCR2 axis after hepatic IR injury
facilitates the recruitment of neutrophils which promote
HCC recurrence after transplantation. In addition to
increasing its quantity, PARP-1 also stimulated hepatic
neutrophils proangiogenic polarization in vivo. Therefore,
specifically inhibiting PARP-1 may represent novel
therapeutic strategies for HCC candidates with liver
transplantation by ameliorating liver IR injury induced
neutrophils recruitment and proangiogenic polarization,
and then prevent HCC recurrence.
www.impactjournals.com/oncotarget

Animals
Experiments were conducted on male Wistar rats
(200-250g) and male C57BL/6J mice (6 to 8 weeks
old) which were purchased from the Laboratory Animal
Center of the Affiliated Drum Tower Hospital of Nanjing
University Medical School, and housed under specific
pathogen-free conditions. The animal experiments were
approved by the Institutional Animal Care and Use
Committee of Nanjing University, China under the NIH
Guide for the Care and Use of Laboratory Animals. All
efforts were made to minimize suffering.

Rat orthotopic liver transplantation
Isoflurane combined with chloral hydrate anesthesia
followed by orthotopic rat liver transplantation was
performed as previously described [8]. Donor livers were
subjected to different ischemic time by clamping the
liver pedicle and the infra-hepatic vena cava in order to
mimic the cardiac arrest situation of DCD donors. They
were described as No IR and I 30min with warm ischemia
time for 0 and 30min respectively. Animal survival was
determined after liver transplantation. The animals were
monitored for 10 days, and survival was calculated using
the Kaplan-Meier method. Then, recipient rats were
sacrificed with the liver samples excised and preserved in
4% formalin or snap frozen in liquid nitrogen.

Mouse hepatic IR injury
We induced 70% hepatic warm ischemia by
clamping the hepatic artery, portal vein and bile duct
branches to the left and median liver lobes, which in
accordance with the previous studies [46]. Similar to the
description above, the hepatic ischemic time determined
the groups’ description as No IR, I 15min, I 30min,
and I 60min. Blood and liver samples were collected at
indicated time after reperfusion.

Inhibitor administration
For liver transplantation models, the recipient
rats were one day pre- and daily post-operation
intraperitoneally (i.p.) administrated with either vehicle
(VEH) or N-(6-Oxo-5.6-dihydrophenanthridin-2-yl)(N,N-dimethylamino) acetamide hydrochloride (PJ34),
the PARP-1 inhibitor obtained from Sigma-Aldrich,
St. Louis MO(10 mg/kg). The donors received VEH
or PJ34 intraperitoneally one day and one hour before
transplantation. For hepatic IR injury models, mice in
PARP-1 inhibition groups were treated with PJ34 at
10 mg/kg i.p. one day and one hour before the onset of
ischemia. Where indicated, mice were administrated with
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Systemic neutrophil depletion

10 mg/kg SB225002 (Selleck) by i.p. injection, starting
one day and one hour to prior to liver ischemia injury.

To deplete neutrophils, animals were i.p injected
with 20 mg/kg of a specific antibody for neutrophil marker
Ly6G (Biolegend) or control rabbit isotype as described
previously [49].

Cell lines
A rat HCC cell line CBRH-7919 and mouse HCC
cell line Hepa1-6 were originally obtained from from
American Type Culture Collection (Manassas, VA, USA).
CBRH-7919 was maintained in RPMI-1640 supplemented
with 10% fetal bovine serum (Gibco, USA) at 37 °C in an
atmosphere of 5% CO2 in air while Hepa1-6 was cultured
in Dulbecco’s modified Eagle’s medium.

Peripheral blood neutrophil isolation
Peripheral blood neutrophils from liver IR mice
were isolated as described previously [50]. We pooled
three to five mice per sample to acquire a sufficient
number of neutrophils for further experiments. These
fresh isolated neutrophils were used for co-culturing
with CBRH-7919 or being stimulated with PJ34(1μg/
ml) for 12h to evaluate neutrophil phenotype by flow
cytometry.

HCC cell injection
For purpose of recreating the clinical condition of
circulating tumor cells invading to the graft after liver
transplantation, CBRH-7919(1×106) suspended in 500μl
PBS were injected via the portal vein after reperfusion in
the rat model of liver transplantation. The hepatic tumor
volume was calculated as previously described [47].
As to exploration on the relationship between IR injury
and recurrence, 1×105 GFP-targeted HCC cells in 100μl
PBS were injected into the pulp of the anterior pole of
the spleen [22]. Where indicated, CBRH-7919 was preincubated with PJ34(1μg/ml, 2h) or SB225002(1μg/ml,
2h) prior to splenic injection.

Histological and immunohistochemical analysis
Paraffin liver sections (5 μm) were stained with
hematoxylin and eosin (HE) for histological evaluation
of HCC recurrence according to standard methods in
routine pathology. As to neutrophils, tissue specimens
cryosections (8 μm) were stained with Ly6G (R&D
Systems) and CXCR4 (Abcam) primary antibodies as
described previously [51]. Macrophages were labeled with
F4-80(Abcam).

Blood biochemistry

Chemotactic cell invasion/migration

Blood samples were measured immediately using
an automatic analyzer (Fuji, Tokyo, Japan) for alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), as previously described [48].

Costar Transwell Permeable Supports with 3μm
pore size in the presence of MartrigelTM-coating (Corning
Inc.) were used for CBRH-7919 cells invasion assays
[52]. Medium containing 100 ng/ml recombinant CXCL1
protein (Peprotech) was given in the lower chamber of
the assay. For PJ34 pre-treatment assays, CBRH-7919
cells were incubated with PJ34 (1μg/ml, 2h) before being
seeded into the upper chamber or injected into spleen.
As to wound healing assays, CBRH-7919 were seeded
in 6-well plates at a density of 2×105 cells/well in RPMI
Medium 1640 containing 10% fetal bovine serum (FBS)
and then scraped at 80~90% confluence. To assess wound
closure, images were captured at 0, 24h time points in
group co-cultured with neutrophils or control group [53].

Cell suspension preparation and flow cytometry
Hepatic single-cell suspensions were made from
mouse livers with gentleMACS Dissociator and mouse
Liver Dissociation Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer's
instructions. Then the cell suspension was filtered
through a 70-mm cell strainter. Peripheral blood from
hepatic IR mice were incubated with FACS Lysing
Solution (BD Pharmingen). For flow cytometry
analysis, cell samples were stained with fluorescenceconjugated antibodies. Mouse FITC-anti-CD11b, PEanti-Ly6G, and APC-anti-CXCR4 were purchased from
BD Pharmingen. APC-anti-CXCR2 for mouse and rat
were from R&D Systems (Minneapolis, MN, USA).
Isotype-matched, fluorescently conjugated-antibodies
of irrelevant specificity were used as controls. FlowJo
Software (Tree Star Inc., Ashland, OR) was used for
data analysis.

www.impactjournals.com/oncotarget

Quantitative real-time polymerase chain reaction
(qRT-PCR)
Hepatic RNA was extracted from snap-frozen liver
with the RNeay Midi Kit (Qiagen). Reverse transcription
and qRT-PCR were performed as described previously
[54]. Primers used for amplification were reported in
Supplementary Table 1. Experiments were performed in
triplicate and the values were normalized to GAPDH.
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Western blot analysis

of results; X.S. and Y.D. designed the study and analysis
of data and revised the manuscript.

Western blot was performed as described previously
[48]. The blots were incubated overnight with primary
anti-PARP-1 antibody (Abcam), anti-CXCL1 antibody
(Abcam), anti-MMP9 antibody (Abcam), anti-VEGFA
antibody (Abcam), anti-E-cardherin antibody (Abcam),
anti-Vimentin antibody (Abcam), anti-Snail1 antibody
(Abcam), anti-Slug antibody (Abcam), anti-Twist antibody
(Abcam), and anti-GAPDH antibody (Abcam).
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Chemokine antibody array
A Mouse Chemokine Antibody Array (RayBiotech,
Inc, Norcross, GA, USA) was used according to the
manufacturer's instructions. The images were quantified
using the ImageJ software. The intensities were
normalized to internal positive controls for comparison.
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