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Endothelial cells (ECs) not only are important for oxygen delivery
but also act as a paracrine source for signals that determine the
balance between tissue regeneration and fibrosis. Here we show
that genetic inactivation of flow-induced transcription factor
Krüppel-like factor 2 (KLF2) in ECs results in reduced liver damage
and augmentation of hepatocyte proliferation after chronic liver
injury by treatment with carbon tetrachloride (CCl4). Serum levels
of GLDH3 and ALT were significantly reduced in CCl4-treated EC-
specific KLF2-deficient mice. In contrast, transgenic overexpression
of KLF2 in liver sinusoidal ECs reduced hepatocyte proliferation.
KLF2 induced activin A expression and secretion from endothelial
cells in vitro and in vivo, which inhibited hepatocyte proliferation.
However, loss or gain of KLF2 expression did not change capillary
density and liver fibrosis, but significantly affected hepatocyte pro-
liferation. Taken together, the data demonstrate that KLF2 induces
an antiproliferative secretome, including activin A, which attenuates
liver regeneration.
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The liver has a central role in controlling metabolic activity
and homeostasis. The importance of the liver is underlined

by its ability to rapidly regenerate, which is achieved by prolif-
eration of mature liver cells. The close interaction between the
parenchymal cells (about 80%; hepatocytes) and nonparenchymal
cells (about 20%; endothelial, Kupffer, and stellate cells) plays a
major role in the regeneration process (1). Blood vessels and
the liver sinusoidal endothelial cells (LSECs) lining these vessels
deliver metabolites and oxygen to the tissue and ensure the export
of waste products. In addition to these established functions,
LSECs also provide angiocrine signaling, thereby determining the
multicellular crosstalk leading to liver regeneration versus liver
fibrosis (2). For example, it was shown that angiopoetin-2 (Ang-2)
down-regulation leads to the release of paracrine factors, resulting
in the inhibition of transforming growth factor-β (TGF-β) pro-
duction and thus allowing hepatocyte proliferation in the early
stages of liver regeneration (3). Moreover, stromal-derived factor-1
(SDF) and its receptors CXCR4 and CXCR7 control the balance
between liver regeneration and fibrosis. CXCR7 signaling plays
a crucial role in the release of hepatocyte growth factor (HGF),
which is required for hepatocyte proliferation, whereas CXCR4
signaling leads to the release of TGF-β and subsequently to more
liver fibrosis (4, 5).
Activin A, a dimer of two activin βA-subunits, is a member of

the TGF-β family. Activin A signaling leads to the activation and
nuclear translocation of SMAD proteins, which regulate target
gene expression. Recent studies have highlighted the importance
of activin A in controlling hepatocyte proliferation by inhibiting
DNA synthesis and increasing the production of extracellular matrix
from stellate cells, resulting in hepatic fibrosis (6, 7). Carbon
tetrachloride (CCl4)-induced liver injury also up-regulates activin
A, which results in liver fibrosis (8).

The phenotype of endothelial cells is regulated by mechanical
activation of the cells induced by the blood flow. We hypothe-
sized that the downstream signaling elicited by blood flow con-
trols angiocrine signaling and liver regeneration. Krüppel-like
factor 2 (KLF2) is a shear stress-inducible transcription factor,
which is involved in critical regulation of endothelial gene ex-
pression. Endothelial-restricted deletion of KLF2 is embryoni-
cally lethal, characterized by severe loss of vascular tone, bleeding,
and cardiac dysfunction induced by vascular complications (9).
KLF2 was shown to control blood vessel maturation through
smooth-muscle-cell migration (10) and to reduce endothelial ac-
tivation in response of proinflammatory stimuli (11). Other studies
have demonstrated that KLF2 restores the neovascularization
capacities of aged circulating proangiogenic cells in vivo (12).
Because flow and KLF2 control endothelial activation, we

aimed to elucidate the role of endothelial KLF2 in mediating
hepatic regeneration upon liver damage.

Results
Loss of Endothelial KLF2 Expression Reduces Liver Damage. Flow
hemodynamics controls the phenotype of endothelial cells (ECs)
and may thereby influence liver regeneration. To study if the release
of angiocrine factors from LSECs controlled liver regeneration
and fibrosis, we analyzed the role of the flow-responsive tran-
scription factor KLF2 in liver regeneration. Toward this end, we
used endothelial specifically inducible KLF2-deficient mice
[Cdh5-CreERT2;KLF2fl/fl (13), abbreviated EC-KLF2−/−] and
wild-type (KLF2fl/fl, abbreviated WT) littermates and subjected
these mice to CCl4 for 3 wk to induce chronic liver injury. CCl4
induces liver damage through different mechanisms including
the formation of free radicals and disturbance of hepatocyte
calcium homeostasis (14, 15). Whereas global KLF2 mRNA
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expression in the liver was not significantly affected (Fig. 1A),
KLF2 mRNA expression in isolated LSECs was strongly reduced
in EC-KLF2−/− mice compared with WT (Fig. 1B). Liver injury was
determined by measuring serum levels of glutamate dehydrogenase
(GLDH3) and alanine aminotransferase (ALT), which were

significantly elevated in CCl4-treated mice in comparison with
the oil-treated control group (Fig. 1 C and D), whereas aspartate
aminotransferase (AST) and alkaline phosphatase (AP) were not
changed. Interestingly, there was a significant reduction of the
serum levels of GLDH3 and ALT in CCl4-treated EC-KLF2–
deficient mice compared with WT mice (Fig. 1 C and D). He-
patocyte proliferation was significantly elevated in CCL4-treated
EC-KLF2–deficient mice compared with WT mice (Fig. 1E).
Moreover, CCl4-treated EC-KLF2–deficient mice displayed sig-
nificantly less hepatocyte cell death compared with WT mice (Fig.
1F). These data indicated that loss of endothelial KLF2 expression
reduced liver damage in a model of chronic liver injury.

Overexpression of KLF2 in LSECs Reduces Hepatocyte Proliferation.
Next, we determined if the overexpression of KLF2 in endo-
thelial cells affected the response to liver injury in WT mice
using the same liver injury model (CCl4 treatment). To this end,
we generated lentiviral constructs to specifically overexpress
human KLF2 in LSECs (Fig. S1A). Selective overexpression of
human KLF2 (hKLF2) in endothelial cells was demonstrated
upon in vitro (Fig. S1B) and in vivo administration of the lenti-
viral vector (Fig. 2A). When analyzing cell fractions collected
from the liver of hKLF2-treated mice, hKLF2 was specifically
enriched in isolated LSECs (Fig. 2B). KLF2 overexpression did
not affect CCl4-induced increase of GLDH3 and ALT serum
levels compared with mock control groups (Fig. 2 C and D).
However, overexpression of KLF2 significantly decreased hepa-
tocyte proliferation (Fig. 2E). TUNEL staining showed signifi-
cantly increased levels of cell death in CCl4-treated mock controls
but not in KLF2-overexpressing mice; however, a direct compar-
ison of the mock- versus hKLF2-treated group failed to show
statistical significance (Fig. 2F). Together, these data showed that
endothelial-specific overexpression of KLF2 reduced hepatocyte
proliferation in vivo.

Loss or Gain of KLF2 Expression Does Not Change Capillary Density
and Liver Fibrosis. Globally KLF2 heterozygous mice show an in-
crease in capillary density (16). Consistently, adenoviral KLF2
overexpression inhibits angiogenesis (17). We therefore determined
whether endothelial-specific inducible KLF2 deletion or over-
expression affected vessel density in the liver (Fig. 3 A and B).
However, endothelial-specific gain- and loss-of-function of
KLF2 did not affect liver microvascular density, suggesting that
endothelial KLF2 controlled liver regeneration independently
of angiogenesis. One of the hallmarks of liver injury is fibrosis.
Therefore, we next assessed liver fibrosis by Sirius red staining.
Chronic CCl4 treatment significantly induced liver fibrosis in WT
mice and in EC-KLF2–deficient mice without significant differ-
ences between the groups (Fig. 3C). CCl4 treatment also signifi-
cantly induced fibrosis in mock-treated mice, whereas no significant
augmentation was detected in CCl4-treated KLF2 transduced mice;
however, the differences between mock- and KLF2-treated mice
failed to achieve statistical significance (Fig. 3D). These data indi-
cated that endothelial KLF2 did not change endothelial cell density
and had no significant effect on liver fibrosis but predominantly
affected hepatocyte proliferation.

KLF2 Induces the Secretion of Activin A from Endothelial Cells. To
obtain insight into the mechanisms of endothelial KLF2 control of
hepatocyte proliferation, we determined whether endothelial cells
communicate in a paracrine manner with hepatocytes. Therefore,
we overexpressed KLF2 by using lentiviral vectors (18) in ECs in
vitro (Fig. 4A) and determined whether supernatants (SNs) of endo-
thelial cells overexpressing KLF2 regulated hepatocyte proliferation.
Indeed, SNs from KLF2-overexpressing cells reduced hepatocyte cell
number (Fig. 4B). This was confirmed by a BrdU incorporation
assay, which showed that SNs from KLF2-overexpressing cells
reduced the S-phase and concomitantly increased the overall
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Fig. 1. Enhanced hepatocyte proliferation after CCl4-induced chronic liver
injury in endothelial-specific KLF2-deficient mice. (A) Relative KLF2 expression
was measured by qRT-PCR in WT and EC KLF2-/- mice 21 d after CCl4-induced
liver damage in total liver tissue. Data are expressed as mean ± SEM (WT-CCl4,
n = 9; EC-KLF2, n = 8). (B) KLF2 expression was measured by qRT-PCR inWT and
EC-KLF2-/- mice after CCl4-induced liver damage in isolated LSECs. Data are
expressed as mean ± SEM (WT, n = 2; EC-KLF2, n = 2). (C and D) Serum
GLDH3 and ALT enzyme activity after 21 d of CCl4 treatment were measured in
WT and EC-KLF2-/- mice. Data are expressed as mean ± SEM (WT-Oil, n = 3;
WT-CCl4, n = 9; EC-KLF2, n = 8). (E) Hepatocyte proliferation in liver sections
after 3 wk of CCl4 treatment was analyzed by Ki67 staining. Representative
images are shown in the Right panels. Data are expressed as mean ± SEM
(WT-Oil, n= 3;WT-CCl4, n= 9; EC-KLF2, n = 8). (Scale bar: 100 μm.) (F) Hepatocyte
death after 21 d of CCl4 treatment was determined by quantification of
TUNEL-positive nuclei. Representative images are shown in the Right panels.
Data are expressed as mean ± SEM (WT-CCl4, n = 9; EC-KLF2, n = 8). (Scale bar:
100 μm.) *P < 0.05, **P < 0.01, ***P < 0.001.

3994 | www.pnas.org/cgi/doi/10.1073/pnas.1613392114 Manavski et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613392114/-/DCSupplemental/pnas.201613392SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613392114/-/DCSupplemental/pnas.201613392SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1613392114


number of hepatocytes in the G0/G1 and G2/M phases (Fig. 4C
and Fig. S2 A and B). To determine how KLF2 reduced he-
patocyte proliferation, we next analyzed angiocrine factors in SNs
derived from ECs overexpressing KLF2, using an angiocrine fac-
tor antibody array. Intriguingly, several factors were significantly
affected by KLF2 overexpression in comparison with mock con-
trols (Fig. 4D). We validated these results by measuring secretion
of selected factors with a potential role in liver regeneration, such
as activin A, IGFBP-3, EGF, VEGF-C, Ang-2, and endoglin in
SNs of KLF2 overexpression ECs by ELISA (Fig. S3).

The most highly up-regulated factor after KLF2 overexpression
was activin A (Fig. 4E). Because activin A has been shown to
regulate hepatocyte proliferation and liver regeneration (19), we
selected this factor for further analysis. Consistent with the regu-
lation of activin A by KLF2 in vitro, activin A levels were signifi-
cantly increased in the LSECs isolated from KLF2-transduced mice
(Fig. 4F), but no significant reduction of activin A plasma levels was
detectable in EC-KLF−/− mice (Fig. S4). To assess whether activin
A was responsible for KLF2-dependent regulation of hepatocyte
proliferation, we determined the effect of recombinant activin A on
hepatocyte proliferation in vitro. Indeed, hepatocyte proliferation
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Fig. 2. KLF2 overexpression in LSECs reduces hepatocyte proliferation after
CCl4-induced chronic liver injury. After CCl4-induced liver damage, mice were
injected with control virus (mock), KLF2 virus (KLF2), or left untreated (WT).
After 3 wk, mice were sacrificed and livers removed. (A) Relative human
KLF2 expression was determined by qPCR. Data are expressed as mean ±
SEM (WT, n = 3; mock-CCl4, n = 5; KLF2-CCl4, n = 5). (B) Human KLF2 as well
as VE-cadherin mRNA expression levels in isolated LSECs compared to those
of nonendothelial cells (flow through). (C and D) Serum GLDH3 and ALT
enzyme activity expressed as mean ± SEM. (WT-Oil, n = 4; Mock-CCl4, n = 5;
KLF2-CCl4, n = 5). (Scale bar: 100 μm.) (E) Hepatocyte proliferation in liver
sections was analyzed by Ki67 staining. Representative images are shown in
the Right panels. Data are expressed as mean ± SEM (WT-Oil, n = 4; Mock-CCl4,
n = 4; KLF2-CCl4, n = 5). (Scale bar: 100 μm.) (F) Hepatocyte death was de-
termined by quantifying TUNEL-positive nuclei. Representative images
are shown in the Right panels. Data are expressed as mean ± SEM (WT-Oil,
n = 7; Mock-CCl4, n = 10; KLF2-CCl4, n = 10). (Scale bar: 100 μm.) *P < 0.05,
***P < 0.001.
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Fig. 3. No change in capillary network density and liver fibrosis. (A and B)
Capillary density was detected by CD31 staining (indicated by red) in liver sec-
tions after 21 d of CCl4 treatment of WT and EC-KLF2-/- mice (A) or (B) WT mice
treated with control virus (Mock) or KLF2 virus. Data are expressed as mean ±
SEM (WT-Oil, n = 3; WT-CCl4, n = 9; EC-KLF2, n = 8;WT-Oil, n = 4;mock-CCl4, n =
5; KLF2-CCl4, n = 5). (Scale bars: 100 μm.) (C) Liver fibrosis (Sirius red staining)
was measured in liver sections after 21 d of CCl4 treatment of WT and EC-
KLF2-/- mice. Data are expressed as mean ± SEM (WT-Oil, n = 3; WT-CCl4, n =
9; EC-KLF2, n = 8). (Scale bar: 100 μm.) (D) Liver fibrosis (Sirius red staining) was
measured in liver sections after 21 d of CCl4 treatment of WT mice treated with
control virus (mock) or KLF2 virus. Data are expressed as mean ± SEM (WT-Oil,
n = 7; Mock-CCl4, n = 10; KLF2-CCl4, n = 10). (Scale bar: 100 μm.) Representative
images are shown in the Right panels of A–D. *P < 0.05, **P < 0.01.
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was diminished by activin A (Fig. 4G). Next, we determined
whether blocking activin A signaling in hepatocytes reversed the
inhibitory effects of the supernatant of KLF2-overexpressing cells
on hepatocyte proliferation. Because activin A is part of the TGF-

β–signaling pathway, we used the pharmacological receptor blocker
for ALK5 SB431542 (20) to inhibit activin A downstream signaling.
Inhibition of activin A activity prevented the inhibitory effect of
the SNs of KLF2-overexpressing ECs on hepatocyte proliferation
(Fig. 4H). These results were confirmed by siRNA-mediated
silencing of activin A (Fig. 4I and Fig. S5). To determine how
KLF2 induced activin A secretion, we analyzed the activin A
promoter region and found conserved KLF2-binding sites (Fig.
S6). Subsequent chromatin immunoprecipitation experiments
with V5-tagged KLF2 showed that KLF2 indeed bound directly
to the activin A promotor (Fig. 4J). In summary, these data
showed that KLF2 induced activin A expression and secretion
from endothelial cells, which inhibited hepatocyte proliferation.

Endothelial KLF2 Contributes to Liver Damage via Activin A Secretion.
After demonstrating that KLF2-mediated induction of activin A
regulated hepatocyte proliferation in vitro, we aimed to address
the in vivo relevance of these findings. We administered re-
combinant activin A in combination with CCl4 for 3 wk and
measured the effects on hepatocyte proliferation and cell death
in EC-KLF2−/− compared with WT mice. Exogenous activin A
blocked the induction of hepatocyte proliferation in EC-KLF2–
deficient mice (Fig. 5A), whereas hepatocyte death remained
largely unaffected (Fig. 5B). Furthermore, activin A did not af-
fect liver fibrosis (Fig. 5C), but tended to reduce capillary density
(Fig. 5D). Together, the results indicated that KLF2 induced an
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hepatocyte. (A) Relative expression of KLF2 in HUVECs after lentiviral KLF2
transduction/overexpression. Data are expressed as mean ± SEM (Mock, n = 10;
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Kit-8 (CCK-8) kit after incubation with SNs from HUVEC-overexpressing
KLF2 for 18 h. Data are expressed as mean ± SEM (Mock-SN, n = 5; KLF2-SN,
n = 5). (C) Hepatocyte cell-cycle analysis was detected by BrdU staining upon
treatment with SN from HUVEC-overexpressing KLF2 for 18 h. Data are
expressed as mean ± SEM (Mock-SN, n = 4; KLF2-SN, n = 4). (D) Angiocrine
factor secretion was measured in SNs from HUVEC-overexpressing KLF2 and
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cells overexpressing KLF2 and mock. Data are expressed as mean ± SEM (Mock,
n = 4; KLF2, n = 4). (F) Relative mRNA expression of activin A detected in LSECs
isolated of WT mice, CCL4-treated WT mice additionally injected with control
virus (mock), or KLF2 virus. Data are expressed as mean ± SEM (WT, n = 3;
mock-CCl4, n = 5; KLF2-CCl4, n = 5) (G) Hepatocyte proliferation was dose-
dependently inhibited by recombinant activin A. Data are expressed as
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and the Alk5 receptor inhibitor (SB431542, 10 μM), which blocks activin A
signaling. Data are expressed as mean ± SEM (n = 4). (I) Hepatocyte pro-
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Fig. 5. Endothelial KLF2 contributes to liver damage via activin A secretion
in vivo. (A) Hepatocyte proliferation in liver sections after 3 wk of simultaneous
CCl4 and recombinant activin A treatment was analyzed by Ki67 staining in
WT and EC-KLF2-/- mice. Data are expressed as mean ± SEM (WT-Oil, n = 6;
WT-CCl4, n = 12; EC-KLF2, n = 12; WT-CCl4+activin A, n = 4; EC-KLF2–CCl4+activin
A, n = 4). (B) Hepatocyte death was detected by TUNEL staining in liver sections
after 3 wk of simultaneous CCl4 and recombinant activin A treatment. Data are
expressed as mean ± SEM (WT-Oil, n = 3; WT- CCl4, n = 13; EC-KLF2, n = 11; WT-
CCl4+activin A, n = 4; EC-KLF2–CCl4+activin A, n = 4) (C) Liver fibrosis was de-
termined by Sirius red staining in liver sections after 3 wk of simultaneous CCl4
and recombinant activin A treatment in WT and EC-KLF2-/- mice. Data are
expressed as mean ± SEM (WT-Oil, n = 6; WT-CCl4, n = 13; ECKLF2, n = 12; WT-
CCl4+activin A, n = 4; EC-KLF2–CCl4+activin A, n = 4). (D) Capillary density (CD31)
was examined in liver sections after 3 wk of simultaneous CCl4 and recombinant
activin A treatment in WT and EC-KLF2-/- mice. Data are expressed as mean ±
SEM (WT-Oil, n = 6; WT-CCl4, n = 13; EC-KLF2, n = 12; WT-CCl4+activin A, n = 4;
EC-KLF2–CCl4+activin A, n = 4).
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antiproliferative secretome, including activin A, which attenu-
ated liver regeneration.

Discussion
In this study, we aimed to investigate the role of the flow-
responsive transcription factor KLF2 in liver regeneration. We
show that endothelial cell-specific deletion of KLF2 in mice re-
duces liver damage and augments hepatocyte proliferation in a
chronic CCl4-mediated liver injury model. We further demon-
strate that KLF2 overexpression in vitro induces activin A ex-
pression and secretion from endothelial cells, which inhibits
hepatocyte proliferation. Taken together, the results indicate
that KLF2 induces an antiproliferative secretome, including
activin A, which attenuates liver regeneration. These findings
are further supported by endothelial-specific overexpression of
KLF2. Although we cannot rule out that KLF2 is also expressed
in some nonendothelial cells, the vector preferentially trans-
duced liver endothelial cells, resulting in reduced hepatocyte
proliferation in vivo. However, KLF2 overexpression did not
affect the CCl4-induced damage as measured by the release of
GLDH3 and ALT as well as TUNEL staining. We hypothesize
that endogenous endothelial KLF2 is required to protect hepa-
tocytes against cell death, but overexpression of KLF2 in endo-
thelial cells cannot further augment this cell protective effect.
Endothelial cells not only are important for oxygen delivery, but

also act as a paracrine source for signals that determine tissue re-
generation and fibrosis (5). Because vascular density was not changed
either upon endothelial-specific overexpression or deletion of KLF2,
we hypothesized that KLF2 does not affect angiogenesis or endo-
thelial cell survival, but regulates liver regeneration by controlling the
endothelial secretome. Endothelial-mediated paracrine regulation of
liver regeneration was shown to be critically controlled by the SDF-1
receptors CXCR4, which mediates the release of profibrotic cyto-
kines, and CXCR7, which was shown to provide a proregenerative
niche (4). Interestingly, we demonstrate that in vitro overexpres-
sion of KLF2 in ECs reciprocally regulates CXCR4 and CXCR7
expression on mRNA as well as protein level (Fig. S7). However,
analysis of angiocrine factor secretion after silencing of CXCR4 or
CXCR7 did not reveal significant differences in the secretome profile
(Fig. S3), indicating that the CXCR4/CXCR7 balance may not play a
major role in KLF2-mediated secretion of paracrine active factors by
endothelial cells, at least in vitro.
KLF2 overexpression in vitro regulated the secretion of vari-

ous cytokines, and one of the most prominent up-regulated cy-
tokines was activin A. Activin A has an important role during
liver regeneration. It was shown that activin A inhibits hepato-
cyte proliferation, and administration of the activin A antagonist
follistatin led to acceleration of liver regeneration after partial
hepatectomy (21). During liver regeneration, activin A and its
receptors display a characteristic time-dependent expression:
activin A receptors are down-regulated immediately after partial
hepatectomy. However, activin A’s expression is normalized
during the subsequent 72 h, which may allow for the response to
mitogenic stimuli (7). After CCl4-induced liver injury, activin A
expression is elevated, which results in liver fibrosis (8). Blocking
the activity of activin A with anti-activin A antibodies after CCl4
treatment reduces the necrotic area and the secretion of serum
transferases (22). However, activin A was also shown to induce
the renewal of liver architecture by inducing collagen production
in hepatic stellate cells (HSC) and tubulogenesis of LSECs (23,
24). However, consistent with conflicting reports showing no
effect of activin A on collagen production (24), we also did not
observe significant effects of KLF2 on fibrosis (Fig. 3 C and D)
or collagen mRNA expression.
In endothelial-specific KLF2-deficient mice, we observed di-

minished levels of circulating activin A, which is associated with
an increase in hepatocyte proliferation and a decrease in hepa-
tocyte death in these mice. However, recombinant activin A

treatment in combination with CCl4 for 3 wk only modestly re-
duced the increase in proliferating hepatocytes observed in EC-
KLF2–deficient mice, and cell death was not affected. These
findings suggest that activin A preferentially affects hepatocyte
proliferation, which is in line with the biological effect of activin
A on DNA synthesis (25, 26). Of note, addition of recombinant
activin A only partially reversed the phenotype of EC-KLF2–
deficient mice, suggesting that other factors contribute to the
observed phenotype. Indeed, KLF2 regulated the secretion of
many additional factors in endothelial cells in vitro, which may
contribute to the regulation of liver regeneration in vivo. For
example, Ang-2 expression plays a critical role during liver re-
generation in vivo (3). Indeed, overexpression of KLF2 led to
significant down-regulation of Ang-2 in vitro (Fig. S3F), but cir-
culating Ang-2 levels remained unchanged in EC-KLF2–deficient
mice (Fig. S8). Endoglin, another factor, which was down-
regulated in KLF2-overexpressing ECs, has been shown to im-
pact hepatic fibrosis by controlling TGF-β signaling through
ALK-Smad pathways (27). Finally, overexpression of KLF2 leads
to secretion of IGFBP-3, which is associated with fibrosis and
steatosis of nonalcoholic fatty liver disease (28). All of these
factors combined likely mediate the antiregenerative effects of
endothelial KLF2 in the liver.
Taken together, our results demonstrate the important role of

liver endothelial cells as a source for paracrine factors, which
contribute to the liver microenvironment that regulates liver
regeneration and fibrosis. Notably, the findings of this study
highlight a role for activin A as one major angiocrine factor re-
leased from endothelial cells, which controls liver regeneration
by regulating hepatocyte proliferation and liver homeostasis.
Although liver endothelial cells express higher levels of activin A
compared with nonendothelial cells (Fig. S9), we cannot exclude
that other cells also provide activin A. Finally, the data highlight
a central role for the endothelial KLF2-activin A axis as a neg-
ative regulator of liver regeneration. Because KLF2 is mainly
described as a flow-induced transcription factor, we hypothesize
that absence of blood flow, in the case of liver injury, facilitates liver
regeneration. Upon restoration of blood flow, the up-regulation of
KLF2 and activin A inhibits hepatocyte proliferation to allow
normal liver homeostasis.

Materials and Methods
Cell Culture and in Vitro Assays. Human umbilical vein endothelial cells
(HUVECs) were purchased from Lonza and cultured in endothelial basal
medium (EBM) (Lonza) supplemented with 10% FBS (Invitrogen) and EGM-
SingleQuots (Lonza). The hepatocyte cell line AML-12 was cultured in DMEM
nutrient mixture F-12 HAM medium (Sigma) with 0.005 mg/mL insulin,
0.005 mg/mL transferrin, 5 ng/mL selenium, and 40 ng/mL dexamethasone,
90%, and FBS, 10%. For more details see SI Materials and Methods.

Viral Vectors. The LSEC-specific lentiviral vector CD31-KLF2-V5-miT122+142-LV
(KLF2) was made LSEC-specific by a combination of transcriptional targeting and
microRNA (miRNA)-detargeting, according to ref. 29. In detail, the spleen focus
forming virus (SFFV) promoter of the pSEW (30) transfer vector plasmid was
exchanged by the endothelial-cell–specific CD31 promoter and two triple
miRNA-detargeting sequences matching miRNA142-3P (31) and miRNA122 tar-
get sites (29, 32) were inserted 3′ to the expression cassette (Fig. S1). After
verification of specific expression in target cells (Fig. S1), the sequence of the
reporter gene was exchanged by the human KLF2-V5 sequence (12). VSVG-
pseudotyped vectors were produced by cotransfection in 293T cells and were
concentrated by low-speed centrifugation (30). Long-term overexpression of
KLF2 and Mock was done as previously described (33). Lentiviral particles were
generated as previously described (12).

Human Angiogenesis Array. Secreted proteins were quantified by the human
angiogenesis array (Proteomic profilerTM; R&D) according to the manufac-
turer’s instructions. SNs from mock and KLF2 transduced cells were collected
and concentrated by centrifugation (150,000 × g for 2 h) and stored at −80 °C.
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Mouse Experiments and Immunohistochemistry. Cdh5-CreERT2 mice (34)
and KLF2 flox/flox (35) were described previously and kindly provided by
R. Adams, Max Planck Institute for Molecular Biomedicine, Department of
Tissue Morphogenesis, Muenster, Germany, and E. Sebzda, Vanderbilt Uni-
versity, Nashville, TN, respectively. Mice were administered with seven in-
jections of tamoxifen (2 mg, Sigma) intraperitoneally over a period of 2 wk
(five times in the first week and two times in the second week). Litter mates
that do not have the Cdh5-CreERT2 transgene (KLF2fl/fl) received the same
tamoxifen administrations and served as WT controls. The animals were then
treated twice weekly with CCl4, 0.5 μg/g dissolved in peanut oil, for 3 wk to
induce chronic liver injury after which they were killed. Recombinant activin
A (100 μg/mouse; R&D) was additionally administered by an Alzet micro-
osmotic pump for rescue experiments. LSEC-specific KLF2 overexpression was
achieved by tail-vein injection of CD31-KLF2-V5-miT122+142-LV or Mock-LV
in PBS in 8-wk-old C57BL/6 mice (Charles River). CCl4 treatment was initiated
as described above 4 d post vector application. All mouse experiments were
carried out in accordance with the principles of laboratory animal care as

well as according to the German national laws. The studies were approved
by the local ethical committee (FU/ 1026 Regierungspräsidium Darmstadt,
Hessen, Germany). For more details, see SI Materials and Methods.

Statistical Analysis. Data are expressed as mean ± SEM. Microsoft Excel or
GraphPad Prism 5 software was used to assess statistical significance. Two
treatment groups were compared by Student’s t test. Multiple group com-
parisons were done by ANOVA using Tukey test. Results were considered
statistically significant when *P < 0.05, **P < 0.01, and ***P < 0.001.
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