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KLF6 alleviates hepatic ischemia-reperfusion injury by inhibiting

autophagy
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Hepatic ischemia-reperfusion (I/R) injury, a common clinical complication of liver transplantation, gravely affects patient prognosis.
Kruppel-like factors (KLFs) constitute a family of C2/H2 zinc finger DNA-binding proteins. KLF6, a member of the KLF protein family,
plays crucial roles in proliferation, metabolism, inflalmmation, and injury responses; however, its role in HIR is largely remains
unknown. After I/R injury, we found that KLF6 expression in mice and hepatocytes was significantly upregulated. Mice were then
subjected to I/R following injection of shKLF6- and KLF6-overexpressing adenovirus through the tail vein. KLF6 deficiency markedly
exacerbated liver damage, cell apoptosis, and activation of hepatic inflammatory responses, whereas hepatic overexpression of
KLF6 in mice produced the opposite results. In addition, we knocked out or overexpressed KLF6 in AML12 cells before exposing
them to a hypoxia-reoxygenation challenge. KLF6 knockout decreased cell viability and increased hepatocyte inflammation,
apoptosis, and ROS, whereas KLF6 overexpression had the opposite effects. Mechanistically, KLF6 inhibited the overactivation of
autophagy at the initial stage, and the regulatory effect of KLF6 on I/R injury was autophagy-dependent. CHIP-qPCR and luciferase
reporter gene assays confirmed that KLF6 bound to the promoter region of Beclin1 and inhibited its transcription. Additionally,
KLF6 activated the mTOR/ULK1 pathway. Finally, we performed a retrospective analysis of the clinical data of liver transplantation
patients and identified significant associations between KLF6 expression and liver function following liver transplantation. In
conclusion, KLF6 inhibited the overactivation of autophagy via transcriptional regulation of Beclin1 and activation of the mTOR/
ULK1 pathway, thereby protecting the liver from I/R injury. KLF6 is expected to serve as a biomarker for estimating the severity of

I/R injury following liver transplantation.
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INTRODUCTION
Liver transplantation (LT) is an effective strategy for the treatment
of liver cancer and end-stage liver diseases [1, 2]. However, from
the harvesting and cold preservation of the donor organs to the
anastomosis of the donor and recipient vessels and the restoration
of hepatic blood flow, ischemia-reperfusion (I/R) injury is
inevitable. This often results in impaired graft function, including
early allograft dysfunction, primary nonfunction, ischemic bile
duct injury, and recurrence of liver cancer after transplantation
[3-5]. Currently, the primary methods to alleviate I/R injury include
ischemic preconditioning, drug application, and machine perfu-
sion [6, 7]. However, due to their limitations, the popularization
and clinical application of these techniques have been challenging
[8, 9]. Therefore, it is necessary to elucidate the mechanism
underlying the occurrence and development of I/R injury in order
to develop novel targets and methods for clinical treatment.
The family of Krippel-like factors (KLFs) regulates multiple
cellular biological processes, including proliferation, differentia-
tion, metabolism, as well as the maintenance of cellular
pluripotency, inflammation, and injury responses [10]. KLF6, a

member of the KLF family, is a widely expressed nuclear
transcriptional regulator [11]. It regulates the transcription of
PDGFB to activate the mTOR signaling pathway, thereby regulat-
ing lipid metabolism to promote the progression of renal clear cell
carcinoma [12]. Podocyte-specific deletion of KLF6 increases the
mitochondrial damage and apoptosis in diabetic nephropathy
[13]. However, whether and how KLF6 plays a role in hepatic I/R
injury remains unknown.

Autophagy is a conserved intracellular catabolic process that
delivers cellular components to the lysosome for degradation,
providing nutrients and the necessary material basis for cell
survival, thereby playing pivotal roles in maintaining cellular
homeostasis [14]. Accumulating evidence suggests that autop-
hagy plays crucial role in I/R injury of the heart, liver, brain, kidney,
and lungs [15]. As a compensatory mechanism, autophagy
alleviates the detrimental effects of ATP deprivation on cells
during ischemia, thereby exerting a protective effect. However,
during reperfusion, persistent and excessive activation of autop-
hagy can lead to cell death. Multiple studies on I/R injury on the
heart, liver, and brain corroborate this viewpoint [16]. The
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regulation of autophagy is significantly influenced by the KLF
family. Conserved KLFs/autophagy pathways regulate nematode
lifespan and age-related vascular deterioration in mammals [17].
The interaction between autophagy and KLF2 in acute liver injury
determines the endothelial phenotype and microvascular function
[18]. However, the regulatory effect and underlying mechanism of
KLF6 on autophagy in hepatic I/R injury are unknown. The current
study, therefore, aimed to: (1) assess the expression of KLF6 in
hepatic I/R injury; (2) elucidate the regulatory effects of KLF6 on
hepatic I/R injury; (3) confirm whether KLF6 alleviated hypoxia-
reoxygenation (H/R) injury in AML12 cells by inhibiting the
overactivation of autophagy and, if so, its underlying molecular
mechanism; and (4) assess the correlation between KLF6
expression and liver function after clinical LT.

RESULTS

Increased KLF6 expression is associated with hepatic I/R injury
Bioinformatics-based approaches were used to identify the
genes whose expression changed significantly after liver I/R
injury. Two publicly available RNA-seq datasets (GSE117066
(mouse I/R), GSE113024 (human I/R)) and our RNA-seq dataset
(GSE216522) from AML12 cells that were exposed to hypoxia for
6 h and reoxygenation for 2h were used to identify genes of
interest. The heatmap and volcano plot of the three datasets are
shown in Fig. 1a, b. In addition, a Venn diagram was generated
for the datasets to confirm the differential expression of the
genes that are shared among mouse, human, and liver cell lines
(Fig. 1c). Of these, KLF6 was discovered among the final 11 genes
examined. Immunohistochemical analysis of the mouse liver
section after I/R injury revealed a significant upregulation of
KLF6 expression (Fig. 1d) and its localization in both the nucleus
and cytoplasm (predominantly in the nucleus). We also
evaluated the mRNA and protein expression of KLF6 in liver
tissues, primary hepatocytes, and AML12 cells and observed
significant upregulation following I/R or H/R (Fig. 1e, f). More-
over, the immunofluorescence experiments on AML12 cells led
to the same conclusion (Fig. S1).

KLF6 deficiency exacerbates hepatic I/R injury

To further investigate the role of KLF6 in hepatic I/R injury, murine
KLF6 was knocked down through adenoviral delivery of shRNA via
tail vein injection. The efficiency of KLF6 knockdown was
confirmed by RT-gPCR (Fig. 2a) and western blotting analysis
(Fig. 2b). Notably, H&E staining revealed a significant increase in
necrotic area in liver sections of AD-shKLF6 mice compared to AD-
shNC mice following I/R (Fig. 2¢). In agreement with the results of
histology, KLF6 knockdown significantly enhanced the levels of
the common serum markers of liver damage (ALT, AST, and LDH)
(Fig. 2d). These results demonstrated that KLF6 deficiency
exacerbated I/R-mediated liver insult.

Inflammatory responses play important roles in the initiation
and progression of hepatic I/R injury [19]. Since KLF6 has been
shown to be involved in inflammatory responses [20], we next
examined whether KLF6 affected the inflammatory responses in
mice following hepatic I/R injury. As measured by ELISA, the AD-
shKLF6 group had significantly higher serum TNF-q, IL-6, and
CXCL2 levels when compared to the AD-shNC group (Fig. S2a).
These modifications were also confirmed by RT-gPCR in liver
tissue (Fig. S2b). Moreover, the infiltration of Ly-6G™ neutrophils
(Fig. 2e) and F4/80" macrophages (Fig. 2f) into hepatic tissues
was significantly enhanced in the AD-shKLF6 group in compar-
ison to the control group. The TUNEL assay evaluation of
hepatocyte apoptosis following I/R revealed a greater number of
TUNEL-positive cells in AD-shKLF6 mice than in the AD-shNC
mice (Fig. 2g). Collectively, the preceding observations indicate
that KLF6 deficiency exacerbated liver I/R-induced injury and
inflammation.

SPRINGER NATURE

KLF6 overexpression ameliorates liver damage and
inflammation induced by hepatic I/R insult

Given that knocking down KLF6 can aggravate hepatic I/R injury,
we were interested in determining whether its overexpression
protects the liver from I/R-induced insult. Accordingly, we used a
recombinant adenovirus to overexpress KLF6 (AD-KLF6) in mice.
Consistent with RT-gPCR findings, the results of the western
blotting analysis demonstrated a marked increase in KLF6 protein
expression (Fig. 3a, b). As expected, the overexpression of the
KLF6 in AD-KLF6 mice resulted in a significant decrease in the I/R-
induced necrotic area in comparison to the control mice (AD-
Vector) (Fig. 3c). Serum levels of ALT, ASL, and LDH decreased
significantly after KLF6 overexpression, indicating decreased liver
damage (Fig. 3d). In addition, elevated KLF6 expression weakened
I/R-induced inflammation. As a result, the AD-KLF6 mice demon-
strated decreased mRNA and protein levels of pro-inflammatory
cytokines/chemokines, including TNF-q, IL-6, and CXCL2 (Fig. S3a,
b) in comparison to the AD-Vector mice. Furthermore, a decreased
infiltration of Ly-6G™ neutrophils (Fig. 3e) and F4/80" macro-
phages (Fig. 3f) in the livers of AD-KLF6 mice was observed after
hepatic I/R surgery, when compared to the AD-Vector mice.
Accordingly, the TUNEL staining of sections of AD-KLF6 mice
revealed fewer positively-stained nuclei compared to the control
group (Fig. 3g). Collectively, these findings demonstrated that
KLF6 overexpression in liver ameliorated hepatocellular injury and
inflammation induced by hepatic I/R treatment.

KLF6 deficiency aggravates H/R-induced AML12 cell injury
After demonstrating that KLF6 was localized to hepatocytes and
played a crucial role in I/R-induced liver injury, we utilized the
AML12 murine liver cell line to further evaluate its biological
functions and the underlying molecular mechanism. We gener-
ated two KLF6 KO AML12 cell lines using the CRISPR/CAS9 system.
As shown in Fig. 4a, the loss of KLF6 protein expression in the two
KO cell lines was confirmed by western blotting analysis. WT and
KO cells were then subjected to 6h of hypoxia, followed by
reoxygenation for the indicated periods. As demonstrated by the
CCK8 assay, KLF6 depletion significantly decreased cell viability
compared to WT cells (Fig. 4b). Because the effects of H/R on cell
viability were greatest at 6 h of hypoxia and 2 h of reoxygenation,
this time frame was selected for subsequent experiments.

To determine whether KLF6 influenced apoptosis induced by H/R,
we examined the expression of specific cell death markers using
western blotting analysis. We observed a decrease in BCL2 (pro-
survival factor) expression and an increase in cleaved caspase-3 and
BAX (pro-apoptotic factors) expression in KO cells relative to WT cells
(Fig. 4¢). In addition, flow cytometry (FCM) was used to examine the
effect of KLF6 on cell apoptosis. For each sample, the percentage of
total apoptotic cells was quantified as the sum of early apoptotic
(annexin V-positive) and late apoptotic cells (annexin V-Pl-double
positive). Compared to the control groups, the KLF6 KO cells
exhibited a significantly elevated apoptosis rate (Fig. 4d). Subse-
quently, Hoechst 33342 staining was used to evaluate apoptotic cells,
and consistent conclusions were inferred (Fig. 4e).

By activating numerous signaling pathways, ROS plays a pivotal
role in I/R-induced hepatocyte death [21]. We examined the ROS
levels in WT and KO cells subjected to H/R using DHE fluorescent
probes. Although the depletion of KLF6 did not affect the basal
levels of ROS in normoxia, the increase in ROS levels during H/R
was more pronounced in KO cells compared to WT cells (Fig. 4f).
This indicated that KLF6 contributed to the ability of cells to
respond to oxidative stress. Consistent with the finding in vivo,
KLF6 knockout in AML12 cells significantly promoted the
expression of pro-inflammatory factors (Tnf-a, /-6, and Cxcl2)
(Fig. S4a).

AML12 cells with a KLF6 deficiency exhibited elevated
apoptosis, inflammatory response, and ROS production, as
suggested by above findings.
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Fig. 1 Hepatic I/R injury induces the upregulation of KLF6. a, b Heatmap and volcano plot for differentially expressed genes identified in
GSE113024, GSE117066 and our RNA-Seq dataset. ¢ Venn diagram of the number of co- and differentially expressed genes among the three
datasets. d Liver tissues were immunohistochemically stained for KLF6 after ischemia/reperfusion (n = 5 per group). Scale bar, 50 um. e, f KLF6
MRNA and protein levels were detected with RT-qPCR and western blotting analysis after I/R (ischemia 1 h and reperfusion 6 h) (n =5 per
group) or H/R (hypoxia 6 h and reoxygenation 2 h). Mean values + SD are shown, and statistical significance was determined by two-tailed

Student’s t test. *p < 0.05.
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age were infected with KLF6 shRNA adenovirus via tail-vein injection. Seven days after the adenovirus injection, KLF6 expression was assessed
by RT-qPCR and western blotting analysis. ¢ Representative histological H&E-stained images showing necrotic areas in liver tissue from AD-
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e, f Representative pictures of liver stained with Ly-6G (neutrophils) and F4/80 (macrophages). Scale bar, 50 um. g TUNEL staining in liver
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KLF6 overexpression attenuates H/R-induced AML12 cell
injury

After demonstrating the potentially detrimental effects of KLF6
knockout on AML12 cells, we overexpressed KLF6 to further
evaluate its significance. KLF6 was, therefore, overexpressed in
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AML12 cells using a lentivirus system. Correspondingly, we
verified the effect of KLF6 overexpression via RT-qPCR (Fig. 5a)
and western blotting (Fig. 5b) analyses. The CCK8 assays
demonstrated that overexpression of KLF6 significantly increased
cell viability in comparison to the control lentivirus group (Fig. 5¢c).
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Fig. 4 KLF6 deficiency aggravates H/R-induced AML12 cell injury. a Left panel, schematic of CRISPR/Cas9-mediated knockout of Kif6 in
AML12 cells. Right panel, western blotting analysis of KLF6 expression in WT and KO AML12 cells. b WT and KO cells were exposed to 1% O,
for 6 h, and then they were transferred to normoxia and the cell viability was measured by CCK8 kit at different time points after
reoxygenation. ¢ Expression of cleaved caspase3, BAX and Bcl2 were detected by western blot analysis. d Left panel, representative flow
cytometry plots of annexin V/PI stained cells. Right panel, statistical analysis of total apoptotic cells in different groups. e Nuclei were
visualized with Hoechst 33342. Apoptotic cells were distinguished by the presence of bright blue nuclei. Scale bar, 200 um. f In situ fluorescent
staining (red) detection of ROS in KLF6 WT and KO cells after H/R (Left panel) and quantified average fluorescence intensity by ImageJ (Right
panel). Scale bar, 100 pm. Mean values £ SD are shown, and statistical significance was determined by one-way ANOVA followed by Dunnett’s

multiple comparison test. *p < 0.05.

Moreover, the western blotting results revealed elevated levels of
Bcl2, along with a significant decrease in the expressions of Bax
and cleaved-caspase3 in the KLF6 overexpression group, when
compared to the Vector group (Fig. 5d). Subsequently, the effects
of KLF6 on the apoptosis of AML12 cells were determined by flow
cytometry (Fig. 5e). After KLF6 overexpression, the number of
apoptotic cells significantly decreased, confirming our hypothesis.
Quantitative analysis of Hoechst 33342 nuclear staining yielded
similar results (Fig. 5f). Using the ROS-sensitive fluorescent dye
dihydroethidium (DHE) to detect intracellular ROS levels, we found
that the increased expression of KLF6 decreased intracellular ROS
levels after H/R (Fig. 5g). Accordingly, the increased transcript
levels of inflammatory factors (Tnf-q, II-6, and Cxcl2) in response to
H/R were reversed by the overexpression of KLF6 (Fig. S4b).

In summary, these in vivo and in vitro studies demonstrated
that KLF6 in hepatocytes regulated the damage response to
hepatic I/R.

Autophagy inhibition is critically involved in the protective
effect of KLF6 on AML12 cells against H/R injury

The data presented above demonstrated both in vitro and in vivo
protective effects of KLF6 during I/R. However, the underlying
molecular mechanism remained unclear. As previously reported,
the KLF family is involved in autophagy regulation [17, 18].
Autophagy also plays a crucial role in liver I/R injury [15].
Therefore, we hypothesized that KLF6 may play an important
role in liver I/R injury by regulating autophagy.

Initially, we detected the expression of KLF6 and the autophagy-
related proteins LC3 and SQSTM1/p62 during H/R by western
blotting analysis. Increasing LC3-Il levels and decreasing SQSTM1/
p62 levels were predicted if autophagy was indeed activated [22].
As depicted in Fig. 6a, the level of autophagy increased
significantly following hypoxia and partially recovered following
reoxygenation. However, KLF6 displayed a strikingly opposite
trend. We then investigated whether KLF6 could influence
autophagy flux. In both normoxia and H/R models, the autophagy
level of AML12 cells increased significantly after KLF6 knockout
(Fig. 6b). Furthermore, overexpression of KLF6 could significantly
reduce the level of autophagy in normoxia and after H/R stress
(Fig. 6¢). In addition, we pre-treated the cells with an autophagy
inhibitor, bafilomycin A1 (BFA), or an autophagy activator,
rapamycin (RAPA). LC3-l lipidation and SQSTM1/p62 increased
significantly upon BFA treatment in KLF6-deficient cells (Fig. 6d);
conversely, the overexpression of KLF6 inhibited RAPA-induced
autophagy activation (Fig. 6e). These findings indicate that KLF6 is
capable of inhibiting the activation of autophagy at the initial
stage. We confirmed this observation using a tandem mCherry-
GFP-LC3 fluorescence analysis; autophagosomes appear as yellow
(mCherry and GFP) puncta, whereas autolysosomes appear as red
(mCherry) puncta. We observed that KLF6 KO cells contained a
greater number of puncta, predominantly red, indicating autop-
hagy induction. After H/R, this finding became more prominent
(Fig. 7a). Thus, our results demonstrated that KLF6 was a negative
regulator of autophagy.

To further clarify whether KLF6 exerted its protective effect on
AML12 cells by regulating autophagy, KLF6 knockout cells were

Cell Death and Disease (2023)14:393

treated with the autophagy initiation inhibitor, 3-methyladenine
(3-MA). We observed that 3-MA treatment prevented the
cytotoxic effects of KLF6 knockout on AML12 cells exposed to
H/R, as evidenced by an increase in cell viability and a reduction
in LDH release (Fig. 7b). In addition, the presence of RAPA
completely reversed the reduction in H/R-induced cell death and
LDH release from KLF6-overexpressing cells (Fig. 7c). Collectively,
these findings indicate that the protective effects of KLF6
against H/R-induced injury to AML12 cells were mediated by the
inhibition of autophagy.

KLF6 regulates autophagy through the direct inhibition of
Beclin1 gene transcription and activation of the mTOR/ULK1
signaling pathway
To determine the mechanism by which KLF6 inhibits autophagy
in AML12 cells, we examined the effect of KLF6 on the
expression of key autophagy-related genes, including Atg5,
Atg7, Beclin1, and Ulkl. Among these tested genes, Beclini
showed the most significant change when KLF6 was knocked
out or overexpressed in AML12 cells (Fig. 8a). Moreover, KLF6
and Beclin1 expressions exhibited opposing trends in relation to
one another (Fig. 8a, b), which was consistent with our earlier
findings that demonstrated the negative regulation of autop-
hagy by KLF6. To further validate our findings, we overexpressed
KLF6 in KO cells using a lentiviral vector system and observed
that the KLF6 KO-induced increase in Beclinl level was
dramatically reversed (Fig. S5a). Our in vivo data are in
concordance with our in vitro results, suggesting that Beclin1
was significantly increased after hepatic I/R and KLF6 could
inhibit Beclin1 expression (Fig. S5b, c¢). Given that KLF6 is a
transcription factor, we investigated whether its regulation of
Beclin1 occurred at the transcriptional level. As demonstrated in
Fig. 8¢, ChIP-gPCR confirmed the enrichment of KLF6 on the
Beclin1 gene promoter. Through sequence alignment on the
JASPAR website (http://jaspar.genereg.net/analysis), a potential
KLF6 binding site (red) was predicted with strong confidence in
the promoter of Beclin1 (score 0.91). Using the wild-type pGL3-
Beclin1 plasmid as a template, site-directed mutations were then
generated to determine the function of the predicted site.
Luciferase reporter assay showed that KLF6 overexpression
significantly decreased luciferase activity in AML12 cells trans-
fected with pGL3-Beclin1-WT but not pGL3-Beclin1-mut (Fig. 8d).
The mTOR signaling pathway plays a central role in the
regulation of autophagy [23]. To further investigate the mechan-
ism of KLF6's regulation of autophagy, a western blotting analysis
was performed to determine the impact of KLF6 knockout or
overexpression on the mTOR/ULK1 signaling pathway. Compared
to the WT group, there was no significant difference in the total
protein levels of mTOR and ULK1 following KLF6 knockout;
however, the levels of phosphorylated m-TOR(p-mTOR) decreased
markedly, while that of p-ULK1 increased significantly. In response
to the overexpression of KLF6, the total protein content of mTOR
and ULK1 did not differ significantly from the control group, but
the expression of p-mTOR increased significantly, whereas that of
p-ULK1 decreased significantly (Fig. 8e). These findings indicate
that KLF6 may activate the mTOR/ULK1 signaling pathway.
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The expression of KLF6 correlates significantly with liver
function after clinical LT

We detected the expression of KLF6 in liver tissues prior to and
following transplantation using RT-qPCR and western blotting
analysis. As shown in Fig. 9a, b, the gene and protein
expressions of KLF6 following transplantation were significantly
higher than those prior to LT. The correlation between the
mMRNA level of KLF6 in liver tissues after liver transplantation and
the postoperative liver function of the patients was further
analyzed and revealed a significant negative correlation with
serum ALT and AST (PODO) (Fig. 9c). Correspondingly, we
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divided the patients into two groups based on the median value
of post-orthotopic liver transplantation (OLT) KLF6 mRNA levels:
KLF6 low expression (n = 36) and KLF6 high expression (n = 35)
groups (Fig. 9d). Table S2 displays the comparability of the
baseline characteristics of the two patient groups. After LT, the
serum levels of ALT and AST in the KLF6 high expression group
were significantly lower than in the KLF6 low expression group
(Fig. 9e). Short-term liver function in the KLF6 high expression
group was significantly superior to that of the KLF6 low
expression group, as depicted by the line chart of liver function
changes with time after LT (Fig. 9f).
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As a result of advances in surgical technology and the use of
immunosuppressants, LT has emerged as the most effective
treatment for almost all types of end-stage liver disease. I/R injury
is a major prognostic factor for LT patients [24]. In this study, KLF6
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expression was significantly increased in vivo, in vitro, and in clinical
specimens after hepatic ischemia-reperfusion, suggesting its role as
a key regulator of hepatic I/R injury. KLF6 expression is upregulated
after renal I/R injury, but the underlying molecular mechanism
remains unclear [25]. Through gain- and loss-of-function
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Fig. 8 KLF6 suppresses the overactivation of autophagy by transcriptional regulation of Beclin1 and activation of the mTOR/ULK1
pathway. a After KLF6 was knocked out and overexpressed, the gene expression of key molecules of autophagy pathway Atg13, Atg14, Ulk1,
Beclin1, Atg3, Atg5, Atg7 was detected by RT-gPCR. b Western blotting analysis of Beclin1 after KLF6 knockout or overexpression. ¢ ChIP-qPCR
showed the binding of KLF6 to the promoter regions of Beclin1. The DNA ladder (Marker), genomic DNA (Input), IgG ChlIP (IgG), KLF6 ChIP
(KLF6), and the positive control group (PC) are also presented at right. d Schematic diagrams showed the mutation sites of luciferase reporter
gene vector (left panel). AML12 cells were co-transfected with pGL3-Beclin1-WT or pGL3-Beclin1-mut luciferase vector and KLF6 expression
vector or control vector, and then dual luciferase assay was performed. Quantification is presented in the right panel. e Western blotting
analysis of KLF6, ULK1, p-ULK1, mTOR, p-mTOR in each group. WT wild-type AML12 cells, KO KLF6 knockout AML12 cells, Vector AML12 cells
were infected with an empty control lentiviral vector, KLF6 AML12 cells were infected with KLF6 overexpression lentiviruses. Mean values + SD
are shown, and statistical significance was determined by two-tailed Student’s t test. *p < 0.05.

experiments for KLF6 expression, we determined that it plays an
essential role in the regulation of liver I/R injury. Importantly, our
results indicated that KLF6 inhibited the overactivation of
autophagy via transcriptional regulation of Beclin1 and activation
of the mTOR/ULK1 pathway, thereby protecting the liver from I/R
injury (Fig. 99). KLF6 may thus be a promising molecule for
protecting the liver against I/R-mediated hepatocellular damage in
transplant recipients.

Currently, hepatocyte apoptosis, necrosis, inflammatory
responses, and ROS levels are used to assess the severity of liver
ischemia-reperfusion injury. KLF6 plays an important regulatory
role in cell survival and apoptosis. Silencing KLF6 with siRNA can
result in cell cycle arrest and increase DNA damage-induced
apoptosis [26]. Sirach et al. reported that KLF6 inhibits the
apoptosis of liver cancer cells [27]. Horne et al. discovered that
podocyte-specific deletion of KLF6 increased mitochondrial
damage and apoptosis [13]. In accordance with these reports,
our in vitro an in vivo experiments demonstrated that KLF6 could
inhibit hepatocyte apoptosis and necrosis after liver I/R injury.

The regulatory role of KLF6 in inflammatory responses is still
debatable. Kim et al. [28] reported that KLF6 promoted
inflammatory and hypoxic responses in macrophages. In contrast,
KLF6 was able to transactivate multiple genes that negatively
regulated the NF-kB pathway, thereby decreasing the nuclear
localization of NF-kB and downregulating the expression of its
target genes in glioblastoma [29]. We discovered that KLF6
inhibited the mRNA and protein expression of inflammatory
factors such as TNF-q, IL-6, and CXCL2, as well as the infiltration of
neutrophils and macrophages in liver tissues caused by I/R injury.
Consistent with our findings, inhibiting KLF6 expression in
keratinocytes increased inflammatory responses during aging
and accelerated cellular senescence [30]. Azilsartan attenuates
oscillatory shear stress-induced endothelial dysfunction and
inflammatory responses by upregulating KLF6 [31]. Consequently,
different cell types, disease models, or stimulation conditions may
play a role in the dual regulation of KLF6 on inflammatory
responses.

Herein, KLF6 knockout significantly increased, while its over-
expression markedly reduced ROS levels in AML12 cells after
hypoxia/reoxygenation. Recent studies have also demonstrated
that febuxostat inhibits oxidative stress and inflammatory
responses by upregulating KLF6, thereby reducing the toxicity of
propofol to brain endothelial cells [32]. Sitagliptin reduces high
glucose-induced oxidative stress and inflammation and increases
the permeability of renal tubular endothelial cells by promoting
KLF6 expression [33]. These studies indicate that KLF6 can reduce
the level of cellular oxidative stress and enhance their ability to
respond to damaging stimuli.

Although autophagy, apoptosis, and inflammatory responses
are distinct pathophysiological processes, they can occur simulta-
neously in liver I/R injury, influencing one another, and jointly
regulating the onset and progression of diseases. Autophagy-
related genes activate the Fas-dependent death-inducing signal-
ing complex, thereby promoting the expression of apoptotic
genes and initiating the process of apoptosis [34]. By activating
the PI3K/Akt signaling pathway, ATG3 knockout inhibits
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autophagy and attenuates glucose-oxygen deprivation-induced
damage and inflammation in brain microvascular endothelial cells
[35]. Overexpression of IL37, an anti-inflammatory factor, inhibits
hepatic I/R injury-induced autophagy and apoptosis by regulating
the AMPK/mTOR/ULK1 axis [36]. Given the importance of the KLF
family proteins in autophagy regulation, we hypothesized that
KLF6 protected the liver from I/R injury by regulating autophagy.

First, we found that KLF6 and autophagy exhibited opposite
trends during H/R in AML12 cells. Furthermore, by knocking out
and overexpressing KLF6, using autophagy agonists and inhibi-
tors, and transfecting Ad-mCherry-GFP-LC3B recombinant adeno-
virus to detect autophagic flux, it was demonstrated KLF6 inhibits
autophagy activation at the initial stage. Following 3-MA
preconditioning, the hepatocyte-damaging of KLF6 knockout
was reversed. Moreover, after pretreatment with RAPA, over-
expression of KLF6 showed no significant protective effect on
hepatocytes against H/R. These experiments revealed that KLF6
protected AML12 cells from H/R injury by inhibiting the over-
activation of autophagy. In this regard, the diverse roles of the KLF
family in regulating autophagy have been reported previously.
Hsieh et al. [17] demonstrated that KLF4 improved vascular
endothelial cell autophagy and vascular function in aged mice.
Moreover, in a mouse arthritis model, the level of KLF2 in
monocytes was reduced, which in turn promoted their differ-
entiation into osteoclasts by activating autophagy [37]. In
addition, knocking down KLF5 was reported to desensitize
castration-resistant prostate cancer cells to docetaxel by inducing
autophagy [38].

Beclin1, a central component of the class lll phosphatidylinositol
3-kinase (PI3K-Ill) complex, is essential for membrane trafficking
and reorganization of autophagy [39]. During the reperfusion
phase following myocardial ischemia, the expression of the
Beclin1 protein and autophagy levels are significantly upregulated
[40]. After inhibiting the expression of Beclin1 with siRNA, the level
of autophagy and the degree of apoptosis in cardiomyocytes after
I/R injury decreased substantially [41]. However, the mechanism
underlying the upregulation of Beclinl in hepatic I/R injury
remains unknown. Using the promoter luciferase assay and ChlP-
gPCR, we first demonstrate that KLF6 could inhibit the expression
of Beclin1 by binding to the “CACCC” motif in the promoter region.
KLF2 repressed Beclin1 transcription by decreasing histone H4K8
and H3K9 acetylation levels [37], which is consistent with our
findings. In prostate cancer cells, KLF5 collaborates with HDAC3 to
inhibit Beclin1 transcription and reduce autophagy [38]. Interest-
ingly, in HepG2 cells, KLF6 can transcriptionally activate ATG7 and
Beclin1 in a p53-dependent manner, thereby increasing the level
of autophagy [42], which contradicts our findings. We hypothe-
sized that in various cell lines and experimental models, KLF6
might play a bidirectional regulatory role in autophagy, either
alone or in concert with other regulators.

The mTOR signaling pathway is a central regulator of autophagy
and regulates multiple steps of the autophagy process, including
nucleation, autophagosome elongation, autophagosome matura-
tion, and termination [43]. mTORC1 is capable of phosphorylating
ULK1 at the P757 site, interfering with the interaction between
AMPK and ULK1, and inhibiting autophagy initiation [44]. Through

Cell Death and Disease (2023)14:393



J. Lietal

13
@ 15+ *
% Case1 Case2 Case3 Case4 Case5 Case6
< Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
E 10
E KLF6
&
% 5 Bractin | e e e e ——— —— —
2
s
=
&
0 T
Pre-OLT Post-OLT
C e Serum ALT Serum AST
Serum ALT Serum AST 2000 * 4000
*
2000 4000
R2=0.1534 R¥=0.1026 3 1500 = 3000
1500 .o L 3000 ° P=0.0065 2 2
g ] Q LY (=) a
35 O 1000+ O 2000
S1000{,8 o 2 2000 = ° [ 4 e
?t' y 'o. o 2 ' e ® . '__l 5
@ 500 >etee o . ® ” 1000 ®e oo < 500 < 1000+
H .‘.Q. e © . o"’" .g ° = °
N < . ® & g N & o0 3% O ‘e N
o T T T T 1 b | T T T T 1 0 T T v 1 1
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5 & @ ® &
Post-OLT KLF6 mRNA levels Post-OLT KLF6 mRNA levels W W W W
\’0‘xx ®§ \9& Q‘x‘é\
d 2.5 f
Serum ALT Serum AST
3 204 1200 2000
3 -o- Low KLF6 -o- Low KLF6
< i ¢
- -
e - High KLF6 L High KLF6
3 = * =
©
5 S S5 *
104 e = 600 = 1000
5 - — i P=0.051 2
Q n=35 » »
§ 0.5 Threshold: 300 500
o Post-OLT KLF6 mRNA
levels = 0.858
0.0 T T 0 T T T T T T T T 0 T T T T T 1 T T
© & 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
¢
de\ Ql‘é\ POD (days) POD (days)
g Hepatocyte I/R Stress
. ........................... >
KLF6
Cytoplasm
/_\ 5
mTOR @[oy
/\ g
ULK1 ULK1
— -
Autopha
C JI} | U\ phagy

L—3¢— Beclinl —m8 —mnmo——,
Nucleus
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the transcriptional regulation of PDGFB, Syafruddin et al. [12]
discovered that KLF6 activated the mTOR signaling pathway and
affected lipid metabolism, thereby promoting the progression of
renal clear cell carcinoma. In this study, KLF6 was able to activate
the mTOR/ULK1 signaling pathway without affecting the total
protein expression of mTOR and ULK1, thereby regulating the
autophagy level in AML12 cells.

The discovery of a sensitive biomarker to evaluate the severity
of I/R injury has significant clinical implications. Huang et al.
conducted combined transcriptome and proteome analyses in LT
patients using bioinformatics, suggesting that KLF6 may be one of
the key regulators involved in liver I/R injury; however, this has not
yet been experimentally confirmed [45]. In the current study, KLF6
was found to be significantly upregulated after LT for the first
time. In addition, the expression of KLF6 was negatively correlated
with serum liver enzymes of patients after LT, and the liver
function of patients with high KLF6 expression was significantly
superior to than that of patients with low KLF6 expression. It is
hypothesized that KLF6 could serve as a biomarker for predicting
the severity of liver I/R injury following LT.

In addition to KLF6, other KLF proteins also play important roles
in different liver diseases. KLF9 promotes PGCla expression and
activates the hepatic gluconeogenic program, which is an
underlying pathogenesis of glucocorticoid therapy-induced dia-
betes [46]. In non-alcoholic fatty liver disease (NAFLD), KLF16
improves steatohepatitis and insulin resistance by targeting
PPARa [47]. Although KLF proteins can be divided into three
different functional subgroups [48], whether there is synergy or
antagonism between different KLF proteins needs further study.

Overall, our findings identify KLF6 as a novel protective
regulator in the liver subjected to I/R surgery. Moreover, KLF6
inhibits the overactivation of autophagy via transcriptional
regulation of Beclin1 and activation of the mTOR/ULK1 pathway,
thereby protecting AML12 cells from H/R injury. Our findings,
therefore, provide crucial insights into developing a novel
therapeutic target and a useful biomarker for hepatic I/R injury.

MATERIALS AND METHODS

Clinical liver transplantation study

We performed a retrospective observational cohort study who under-
went OLT at the First Affiliated Hospital of Zhengzhou University, from
September 2018 through to November 2019. After excluding deaths
and cases with incomplete clinical data, a total of 71 cases were
included in the study. All grafts were retrieved from brain-death donors
(DBD) and signed informed consent. According to standard operating
procedures, the donor liver was evaluated, trimmed, an orthotopic liver
transplantation was performed, and immunosuppressive therapy was
administered postoperatively. Non-fatty donor organs were stored in
UW solution prior to OLT. The duration between the donor’s perfusion
and the end of cold preservation was defined as the cold ischemia time.
To evaluate liver function, serum ALT (SALT) and AST (sAST) were
obtained from the inpatient register system. A total of nine time points
were included: prior to transplantation, from postoperative day 0
(PODO, collected at the time of ICU arrival) to postoperative day 7
(POD?7). The pre-transplant liver specimens were obtained from the left
lobe of the liver when trimming the donor liver. The post-transplant
liver specimens were acquired prior to the abdominal closure.
Subsequently, the specimens before and after transplantation were
analyzed by Western blotting and RT-qPCR. Our study was approved by
the Ethics Committee of the First Affiliated Hospital of Zhengzhou
University and all patients signed informed consent forms (ethics
number:2018-KY-73).

Mouse warm liver I/R injury model

Male C57BL6/N mice (6-8 weeks old) were purchased from VitalRiver
(Beijing, China). Mouse partial (70%) warm ischemia reperfusion (I/R) injury
model was performed as previously described [49]. In general, an
atraumatic microvascular clip was utilized to interrupt the blood supply
of the left and middle liver lobes (70%) for 60 min. Reperfusion was
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achieved by releasing the vascular clip, and mice were sacrificed 6 h later.
Liver tissues and serum were collected for subsequent analysis. Mice were
randomly divided into six per group. In order to overexpress or inhibit
hepatic KLF6 expression, adenoviruses (1x 10° pfu per mouse in 200 ul
saline) were injected through the tail vein. The I/R model was established
7 days after the adenovirus injection.

Construction of adenoviral vectors and lentiviral vectors

The overexpressing and suppressing adenovirus and their respective
negative controls were designed, validated, and synthesized by Hanbio
(Shanghai, China). The selected interference vector was pAdEasy-U6-CMV-
EGFP (EcoRl to MCS), and the pAdEasy-EF1-MCS-3flag-CMV-EGFP vector
was used for KLF6 overexpression. Mouse KLF6 shRNA was constructed
with top strand of 5-TCGAGGATCTGAGTTCCTCCGTCATTCTCGAGAAT-
GACGGAGGAACTCAGATCTTTTTTA-3' and bottom strand of 5- AGCT-
TAAAAAAGATCTGAGTTCCTCCGTCATTCTCGAGAATGACGGAGGAACTCA-
GATCC-3'. Primers used for adenoviral KLF6 overexpression were as
follows: forward primer 5-TGTGACCGGCGCCTACTCTGGTACCGCCACCAT-
GAAACTTTCACCT-3; reverse primer 5- CATCGTCATCCTTGTAGTCCTCGAG-
GAGGTGCCTCTTCATGTGCAG-3'. The KLF6 lentiviral plasmids were
constructed by Hanbio (Shanghai, China) using the pHBLV-CMV-MCS-
3flag-GSG-P2A-ZsGreen-T2A-PURO vector (forward primer: 5-TACTAGAG-
GATCTATTTCCGGTGAATTCGCCACCATGAAACTTTCACCT-3'; reverse primer:
AGTCACTTAAGCTTGGTACCGAGGATCCGAGGTGCCTCTTCATGTGCAG-3).

Mouse liver function measurement

ALT/AST/LDH levels in mouse serum were measured using a fully
automatic biochemical analyzer (Chemray 240; Rayto, Shenzhen, China)
in accordance with the manufacturer’s instructions to assess the severity of
the liver injury.

Enzyme-linked immunosorbent assays (ELISA)

The tumor necrosis factor a (TNF-a) ELISA kit (EK282, Liankebio, Hangzhou,
China), interleukin 6 (IL-6) ELISA kit (EK206, Liankebio, Hangzhou, China)
and C-X-C motif chemokine 2 (CXCL2) ELISA kit (ab204517, Abcam,
Cambridge, USA) were used for measuring the levels of mouse serum TNF-
0, IL-6 and CXCL2 according to the instructions of the manufacturer.

Histopathology

Liver tissues were fixed with formalin and then embedded in paraffin and
sectioned into a thickness of 4 um. Hematoxylin and eosin (HE) staining
was performed in order to determine the extent of liver necrosis. Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was
performed on tissue sections according to the manufacturer’s instructions
(In situ cell death detection kit, TMR red, Roche, Basel, Switzerland). To
examine macrophages and neutrophils infiltration, paraffin-embedded
sections were immunohistochemically stained with Ly-6G (Servicebio,
GB11229) and F4/80 (Servicebio, GB11027) antibodies.

Cell culture and treatment

The AML12 cell line was acquired from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The cells were cultured in
DMEM/F12 medium (Gibco, 11330-032) supplemented with 10% fetal
bovine serum (Gibco), ITS Liquid Media Supplement (Sigma, 13146), and
40 ng/ml Dexamethasone (Sigma, D4902-100 mg). The lentivirus system
was used to generate KLF6-stable overexpression cell lines. The KLF6-KO
AML12 cell lines were produced using the CRISPR-Cas9 system
described by Luo et al. [50]. To induce anoxia, the media were replaced
with serum-free and glucose-free media, and then the cells were placed
in an anoxic chamber with 1% oxygen, 5% CO,, and balanced N, at
37°C for 6 h, followed by various reoxygenation periods. As controls,
cells were routinely cultured in 21% O, and 5% CO, (normoxic
conditions).

Cell viability

Using the Cell Counting Kit, the influence of H/R on cell viability was
determined at the indicated time points (CCK8, Dojindo, Kumamoto, Japan).
The cells were plated at 5000 cells/well into 96-well plates. After H/R
treatment, 5ul of CCK8 reagent was added to each well, followed by
incubation for 60 min in a humidified incubator. The optical density (OD)
value at the wavelength of 450 nm was then measured using a microplate
reader (Varioskan LUX, Thermo Fisher, Massachusetts, USA).
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ROS assay and Hoechst 33342 staining

Reactive Oxygen Species Assay Kit (C1300, Applygen, Beijing, China) was
used in accordance with the manufacturer's instructions to measure
intracellular ROS levels. Fluorescence was detected via fluorescence
microscopy (Olympus 1X71, Olympus, Tokyo, Japan). Using an excitation
wavelength of 535nm and an emission wavelength of 610 nm. The
positive signals of apoptotic cells were visualized by staining with Hoechst
33342 (C1028, Beyotime, Shanghai, China). Fluorescence was detected at
350 nm excitation wavelength and 461 nm emission wavelength.

Flow cytometry

Using YF488-Annexin V apoptosis detection kit, apoptosis was measured
and quantified by flow cytometry (Y6002, US Everbright Inc,, Suzhou,
China). Cells (5x 10° cells/well) were seeded in six-well plates. Following
treatment, the cells were pancreatin-digested without EDTA, centrifuged at
300 x g for 5 min, and washed twice with pre-cold PBS. After that, the cells
were stained with 5 pl annexin V-FITC and 5 pl Pl at room temperature and
in the dark for 15 min. The stained cells were analyzed on BD FACS Canto Il
flow cytometer (BD Biosciences, CA, USA).

Autophagy flux analysis

AML12 WT and KO Cells were plated on glass slides in 24-well plates. After
an overnight attachment, the culture was incubated for 24 h with Ad-
mCherry-GFP-LC3B adenovirus (C3011, Beyotime Biotechnology, Shanghai,
China). Following the indicated treatments, cells were observed using a
confocal microscope (Ultraview VOX, Perkin Elmer, Waltham, MA, USA). The
yellow puncta (GFPTmCherry™) represented autophagosomes, whereas
the red puncta (GFP”mCherry™) represented autolysosomes. More than 20
images were randomly selected from three independent experiments and
analyzed by ImagelJ for quantitative comparisons.

RNA-seq analysis

TRIzol Reagent was used to extract total RNAs for RNA-seq analysis.
Stranded RNA sequencing library preparation was constructed using KCTM
Stranded mRNA Library Prep Kit for lllumina® (Catalog No. DR08402,
Wuhan Seghealth Co., Ltd. China) following the manufacturer’s instruction.
PCR products corresponding to 200-500 bps were enriched, quantified
and finally sequenced (PE150) with Illlumina NovaSeq 6000. Clean data
were mapped to the mouse reference genome GRCm38 using STRA
software (version 2.5.3a) with default parameters. A false discovery rate
(FDR)-adjusted p value threshold of 0.05 and a fold-change threshold of 2
were employed to identify the set of genes that were significantly
upregulated or downregulated. The raw RNA-seq data have been
deposited in the National Center for Biotechnology Information (NCBI)
with accession code GSE216522.

Western blot analysis

Western blot experiments were performed as previously described [51]. In
brief, whole cell or tissue extracts were prepared with RIPA lysis buffer
(Beyotime, P0013B) supplemented with phosphatase inhibitors and protease
inhibitors. After lysate incubation for 30 min on ice, supernatant protein was
quantified using a BCA kit (Solarbio, PC0020). Equal amounts of protein were
subjected to SDS-PAGE and then transferred to nitrocellulose membranes
(Millipore, IPFL00010). Membranes were blocked at room temperature for 2 h
in 5% milk in TBST, followed by incubation with primary antibodies in 4°C
overnight. Signals were visualized by the imaging system after incubation
with secondary antibody.

Antibodies to SQSTM1/P62(#5114), LC3A/B (#12741), Beclin-1(#3495),
Phospho-ULK1(Ser757) (#6888), ULK1 (#8054), Phospho-mTOR (Ser2448)
(#5536), mMmTOR (#2983), Bax(#14796), BCL2(#3498), Cleaved Caspase-
3(#9664), GAPDH(#2118) were purchased from Cell Signaling Technology
(Beverly, MA, USA). Anti-B-actin (#66009-1-Ig) and anti-tubulin (#66031-1-lg)
were purchased from ProteinTech (Wuhan, China). Anti-KLF6 (#sc-365633) was
obtained from SantaCruz (Dallas, TX, USA).

RT-qPCR

Total RNA was extracted using TRIZOL (Invitrogen,15596018). Following
RNA quantification and integrity confirmation, total RNA was reversed
transcribed into cDNA using HiScript lll RT SuperMix(Vazyme, R323-01).
gPCR was carried out utilizing the SYBR Green PCR master mix (Vazyme,
Q711-02). Primer sequences used in the experiments are listed in Table S1.
The level of mRNA expression was normalized with B-actin expression.
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Each cycle of the qPCR consists of 95 °C (30 s) for denaturing, followed by
40 cycles of 95°C (10s) and 60 °C (30s).

Luciferase assays

KLF6 WT and KO AML12 cells were seeded at ~45% confluence in 24-well
plates the day prior to transfection with luciferase reporter plasmids
utilizing lipo3000. Briefly, cells were incubated for 6 h in 250 pl of serum-
free medium containing pRL-TK-Renilla (10 ng), pGL3-Beclin1 (200 ng) or
pGL3-Beclin1-mut (200 ng). Luciferase activities were measured 24 h later
using the Dual-Luciferase Reporter Assay System (#E1910, Promega,
Madison, WI, USA) and then normalized to Renilla luciferase values.
Measurements were performed three times and results averaged.

ChIP-qPCR

ChlP followed by quantitative real-time PCR (ChIP-qPCR) was conducted
using Simple ChIP Kit (CST, # 9003) following the manufacturer’s
standard instructions. In brief, cells were cross-linked in 1%
formaldehyde-containing cell culture medium at room temperature
for 10 min and quenched with glycine. Chromatin was sheared to ~200-
bp fragments by Micrococcal Nuclease. KLF6 (Santa Cruz, sc-365633)
antibody and non-immune IgG (Santa Cruz, sc-2025) were used for ChIP.
Primers used for ChIP-gPCR are as follows: forward primer: 5'-
GCAAGTGGATCTCTGTGAAGTG -3’ and reverse primer: 5- ATTCCT-
TAGGGA TCAGGGTGTT -3.

Statistical methods

All statistical analyses were performed using SPSS 21.0 (SPSS, USA) and
GraphPad Prism 8 (GraphPad, USA) software. Student’s t test, one-way
ANOVA (with Dunnett's multiple comparison test) were used in the
statistical analysis. Data in abnormal distribution were analyzed by non-
parametric test. The Spearman non-parametric test was used to analyze
correlations between KLF6 relative mRNA levels and serum ALT/AST. The
x> test was used for comparing KLF6 expression affected by clinical
features of OLT patients. All experiments were repeated at least three
times. In all figure legends, the information about the statistical details
is indicated clearly. A p value <0.05 was considered statistically
significant.

DATA AVAILABILITY

The accession number for the RNA-Seq data reported in this paper is GSE216522 and
is publicly accessible at https://www.ncbi.nim.nih.gov/geo/. All data generated or
analyzed during this study are included in this published article and its
Supplementary files and available from the corresponding authors on request.

REFERENCES

1. Haep N, Florentino RM, Squires JE, Bell A, Soto-Gutierrez A. The inside-out of end-
stage liver disease: hepatocytes are the keystone. Semin Liver Dis.
2021;41:213-24.

2. Reig M, Forner A, Rimola J, Ferrer-Fabrega J, Burrel M, Garcia-Criado A, et al. BCLC
strategy for prognosis prediction and treatment recommendation: the 2022
update. J Hepatol. 2022;76:681-93.

3. Zhou J, Chen J, Wei Q, Saeb-Parsy K, Xu X. The role of ischemia/reperfusion injury
in early hepatic allograft dysfunction. Liver Transpl. 2020;26:1034-48.

4. Nagai S, Yoshida A, Facciuto M, Moonka D, Abouljoud MS, Schwartz ME, et al.
Ischemia time impacts recurrence of hepatocellular carcinoma after liver trans-
plantation. Hepatology. 2015;61:895-904.

5. Hirao H, Nakamura K, Kupiec-Weglinski JW. Liver ischaemia-reperfusion injury: a
new understanding of the role of innate immunity. Nat Rev Gastroenterol
Hepatol. 2022;19:239-56.

6. Caricati-Neto A, Errante PR, Menezes-Rodrigues FS. Recent advances in phar-
macological and non-pharmacological strategies of cardioprotection. Int J Mol
Sci. 2019;20:4002.

7. Vinciguerra A, Cuomo O, Cepparulo P, Anzilotti S, Brancaccio P, Sirabella R, et al.
Models and methods for conditioning the ischemic brain. J Neurosci Methods.
2018;310:63-74.

8. Przyklenk K. Ischaemic conditioning: pitfalls on the path to clinical translation. Br
J Pharmacol. 2015;172:1961-73.

9. Czigany Z, Tacke F, Lurje G. Evolving trends in machine liver perfusion: comments
on clinical end points and selection criteria. Gastroenterology. 2019;157:1166-7.

10. Zhang J, Li G, Feng L, Lu H, Wang X. Kruppel-like factors in breast cancer: function,
regulation and clinical relevance. Biomed Pharmacother. 2020;123:109778.

SPRINGER NATURE

15


https://www.ncbi.nlm.nih.gov/geo/

J. Lietal

16

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Hu K, Zheng QK, Ma RJ, Ma C, Sun ZG, Zhang N. Kruppel-like factor 6 splice

variant 1: an oncogenic transcription factor involved in the progression of mul-
tiple malignant tumors. Front Cell Dev Biol. 2021;9:661731.

. Syafruddin SE, Rodrigues P, Vojtasova E, Patel SA, Zaini MN, Burge J, et al. A KLF6-

driven transcriptional network links lipid homeostasis and tumour growth in
renal carcinoma. Nat Commun. 2019;10:1152.

. Horne SJ, Vasquez JM, Guo Y, Ly V, Piret SE, Leonardo AR, et al. Podocyte-specific

loss of Kruppel-like factor 6 increases mitochondrial injury in diabetic kidney
disease. Diabetes. 2018;67:2420-33.

. Qian H, Chao X, Williams J, Fulte S, Li T, Yang L, et al. Autophagy in liver diseases:

a review. Mol Aspects Med. 2021;82:100973.

. Hu C, Zhao L, Zhang F, Li L. Regulation of autophagy protects against liver injury

in liver surgery-induced ischaemia/reperfusion. J Cell Mol Med. 2021;25:9905-17.

. Zhang T, Guo J, Gu J, Chen K, Li H, Wang J. Protective role of mTOR in liver

ischemia/reperfusion injury: involvement of inflammation and autophagy. Oxid
Med Cell Longev. 2019;2019:7861290.

. Hsieh PN, Zhou G, Yuan Y, Zhang R, Prosdocimo DA, Sangwung P, et al. A

conserved KLF-autophagy pathway modulates nematode lifespan and mam-
malian age-associated vascular dysfunction. Nat Commun. 2017;8:914.

. Guixe-Muntet S, de Mesquita FC, Vila S, Hernandez-Gea V, Peralta C, Garcia-Pagan JC,

et al. Cross-talk between autophagy and KLF2 determines endothelial cell pheno-
type and microvascular function in acute liver injury. J Hepatol. 2017,66:86-94.

. Kaltenmeier C, Wang R, Popp B, Geller D, Tohme S, Yazdani HO. Role of immuno-

inflammatory signals in liver ischemia-reperfusion injury. Cells. 2022;11:2222.
Tian S, Zhou X, Zhang M, Cui L, Li B, Liu Y, et al. Mesenchymal stem cell-derived
exosomes protect against liver fibrosis via delivering miR-148a to target KLF6/
STAT3 pathway in macrophages. Stem Cell Res Ther. 2022;13:330.

Bardallo RG, Panisello-Rosello A, Sanchez-Nuno S, Alva N, Rosello-Catafau J,
Carbonell T. Nrf2 and oxidative stress in liver ischemia/reperfusion injury. FEBS J.
2022,289:5463-79.

Ma Z, Li J, Lin K, Ramachandran M, Zhang D, Showalter M, et al. Pharmacophore
hybridisation and nanoscale assembly to discover self-delivering lysosomotropic
new-chemical entities for cancer therapy. Nat Commun. 2020;11:4615.

Cayo A, Segovia R, Venturini W, Moore-Carrasco R, Valenzuela C, Brown N. mTOR
activity and autophagy in senescent cells, a complex partnership. Int J Mol Sci.
2021;22:8149.

Masior L, Grat M. Primary non-function and early allograft dysfunction after liver
transplantation. Dig Dis. 2022;40:766-76.

Tarabishi R, Zahedi K, Mishra J, Ma Q, Kelly C, Tehrani K, et al. Induction of Zf9 in
the kidney following early ischemia/reperfusion. Kidney Int. 2005;68:1511-9.
D’Astolfo DS, Gehrau RC, Bocco JL, Koritschoner NP. Silencing of the transcription
factor KLF6 by siRNA leads to cell cycle arrest and sensitizes cells to apoptosis
induced by DNA damage. Cell Death Differ. 2008;15:613-6.

Sirach E, Bureau C, Peron JM, Pradayrol L, Vinel JP, Buscail L, et al. KLF6 tran-
scription factor protects hepatocellular carcinoma-derived cells from apoptosis.
Cell Death Differ. 2007;14:1202-10.

Kim GD, Ng HP, Chan ER, Mahabeleshwar GH. Kruppel-like factor 6 promotes
macrophage inflammatory and hypoxia response. FASEB J. 2020;34:3209-23.
Masilamani AP, Ferrarese R, Kling E, Thudi NK, Kim H, Scholtens DM, et al. KLF6
depletion promotes NF-kappaB signaling in glioblastoma. Oncogene.
2017;36:3562-75.

Zou Z, Long X, Zhao Q, Zheng Y, Song M, Ma S, et al. A single-cell transcriptomic
atlas of human skin aging. Dev Cell. 2021;56:383-97.e8.

Wei G, Zhu D, Sun Y, Zhang L, Liu X, Li M, et al. The protective effects of azilsartan
against oscillatory shear stress-induced endothelial dysfunction and inflamma-
tion are mediated by KLF6. J Biochem Mol Toxicol. 2021;35:1-8.

Hao J, Zhang W, Tong R, Huang Z. Febuxostat prevents the cytotoxicity of pro-
pofol in brain endothelial cells. ACS Omega. 2021;6:5471-8.

Xu L, Shao F. Sitagliptin protects renal glomerular endothelial cells against high
glucose-induced dysfunction and injury. Bioengineered. 2022;13:655-66.

Song S, Tan J, Miao Y, Li M, Zhang Q. Crosstalk of autophagy and apoptosis:
involvement of the dual role of autophagy under ER stress. J Cell Physiol.
2017;232:2977-84.

Peng Z, Ji D, Qiao L, Chen Y, Huang H. Autophagy inhibition by ATG3 knockdown
remits oxygen-glucose deprivation/reoxygenation-induced injury and inflammation
in brain microvascular endothelial cells. Neurochem Res. 2021;46:3200-12.

Chen QS, Shen A, Dai JW, Li TT, Huang WF, Shi K, et al. IL37 overexpression inhibits
autophagy and apoptosis induced by hepatic ischemia reperfusion injury via
modulating AMPK/mTOR/ULLK1 signalling pathways. Life Sci. 2021;276:119424.
Laha D, Deb M, Das H. KLF2 (kruppel-like factor 2 [lung]) regulates osteoclasto-
genesis by modulating autophagy. Autophagy. 2019;15:2063-75.

Jia J, Zhang HB, Shi Q, Yang C, Ma JB, Jin B, et al. KLF5 downregulation desen-
sitizes castration-resistant prostate cancer cells to docetaxel by increasing BECN1
expression and inducing cell autophagy. Theranostics. 2019;9:5464-77.

SPRINGER NATURE

39. Tran S, Fairlie WD, Lee EF. BECLIN1: protein structure, function and regulation.
Cells. 2021;10:1522.

40. Zhu H, He L. Beclin 1 biology and its role in heart disease. Curr Cardiol Rev.
2015;11:229-37.

41. Valentim L, Laurence KM, Townsend PA, Carroll CJ, Soond S, Scarabelli TM, et al.
Urocortin inhibits Beclin1-mediated autophagic cell death in cardiac myocytes
exposed to ischaemia/reperfusion injury. J Mol Cell Cardiol. 2006;40:846-52.

42. Sydor S, Manka P, Best J, Jafoui S, Sowa JP, Zoubek ME, et al. Kruppel-like factor 6 is a
transcriptional activator of autophagy in acute liver injury. Sci Rep. 2017;7:8119.

43. Zhu Z, Yang C, lyaswamy A, Krishnamoorthi S, Sreenivasmurthy SG, Liu J, et al.
Balancing mTOR signaling and autophagy in the treatment of Parkinson’s dis-
ease. Int J Mol Sci. 2019;20:728.

44. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy through
direct phosphorylation of Ulk1. Nat Cell Biol. 2011;13:132-41.

45. Huang S, Ju W, Zhu Z, Han M, Sun C, Tang Y, et al. Comprehensive and combined
omics analysis reveals factors of ischemia-reperfusion injury in liver transplan-
tation. Epigenomics. 2019;11:527-42.

46. Cui A, Fan H, Zhang Y, Zhang Y, Niu D, Liu S, et al. Dexamethasone-induced
Kruppel-like factor 9 expression promotes hepatic gluconeogenesis and hyper-
glycemia. J Clin Invest. 2019;129:2266-78.

47. Sun N, Shen C, Zhang L, Wu X, Yu Y, Yang X, et al. Hepatic Kruppel-like factor 16
(KLF16) targets PPARalpha to improve steatohepatitis and insulin resistance. Gut.
2021;70:2183-95.

48. McConnell BB, Yang VW. Mammalian Kruppel-like factors in health and diseases.
Physiol Rev. 2010;90:1337-81.

49. Chen SY, Zhang HP, Li J, Shi JH, Tang HW, Zhang Y, et al. Tripartite motif-
containing 27 attenuates liver ischemia/reperfusion injury by suppressing
transforming growth factor B-activated kinase 1 (TAK1) by TAK1 binding protein
2/3 degradation. Hepatology. 2021;73:738-58.

50. LuoJ, LuL, GuY, Huang R, Gui L, Li S, et al. Speed genome editing by transient
CRISPR/Cas9 targeting and large DNA fragment deletion. J Biotechnol.
2018;281:11-20.

51.L J, Yu D, Chen S, Liu Y, Shi J, Zhang J, et al. Sirt6 opposes
glycochenodeoxycholate-induced apoptosis of biliary epithelial cells through the
AMPK/PGC-1alpha pathway. Cell Biosci. 2020;10:43.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Foundation of China
(82170670, 81971881, 1900468), the Youth Foundation of the First Affiliated Hospital
of Zhengzhou University (71250), and Science and Technology Research Project of
Henan Province (222102310325).

AUTHOR CONTRIBUTIONS

SZ conceived and designed the experiments. JL, DY and CH performed the experiments.
JL and DY analyzed the data. JL and CH wrote the paper. QY, ZH and YZ reviewed and
edited the manuscript. SZ gave final approval of the review to be published.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICAL APPROVAL

Animal protocols were approved by the Animal Care and Use Committee of the First
Affiliated Hospital of Zhengzhou University. All animal experimental operations were
conducted in accordance with the approved study protocol and relevant laboratory
animal ethics regulations. Human studies were approved by the First Affiliated
Hospital of Zhengzhou University in accordance with the Declaration of Helsinki.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-023-05872-3.

Correspondence and requests for materials should be addressed to Shuijun Zhang.

Reprints and permission information is available at http://www.nature.com/
reprints

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

Cell Death and Disease (2023)14:393


https://doi.org/10.1038/s41419-023-05872-3
http://www.nature.com/reprints
http://www.nature.com/reprints

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Cell Death and Disease (2023)14:393

J. Lietal

SPRINGER NATURE

17


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	KLF6 alleviates hepatic ischemia-reperfusion injury by inhibiting autophagy
	Introduction
	Results
	Increased KLF6 expression is associated with hepatic I/R injury
	KLF6 deficiency exacerbates hepatic I/R injury
	KLF6 overexpression ameliorates liver damage and inflammation induced by hepatic I/R insult
	KLF6 deficiency aggravates H/R&#x02011;induced AML12 cell injury
	KLF6 overexpression attenuates H/R&#x02011;induced AML12 cell injury
	Autophagy inhibition is critically involved in the protective effect of KLF6 on AML12 cells against H/R injury
	KLF6 regulates autophagy through the direct inhibition of Beclin1 gene transcription and activation of the mTOR/ULK1 signaling pathway
	The expression of KLF6 correlates significantly with liver function after clinical LT

	Discussion
	Materials and methods
	Clinical liver transplantation study
	Mouse warm liver I/R injury model
	Construction of adenoviral vectors and lentiviral vectors
	Mouse liver function measurement
	Enzyme-linked immunosorbent assays (ELISA)
	Histopathology
	Cell culture and treatment
	Cell viability
	ROS assay and Hoechst 33342�staining
	Flow cytometry
	Autophagy flux analysis
	RNA-seq analysis
	Western blot analysis
	RT-qPCR
	Luciferase assays
	ChIP-qPCR
	Statistical methods

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




