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Abstract

Kruppel-like factors (KLFs) belong to the zinc finger family of transcription factors and their
function in the CNS is largely unexplored. KLF11 is a member of the KLF family and we have
previously demonstrated that peroxisome proliferator-activated receptor gamma-mediated cerebral
protection during ischemic insults needs recruitment of KLF11 as its critical coactivator. Here we
sought to determine the role of KLF11 itself in cerebrovascular function and the pathogenesis of
ischemic stroke. Transient middle cerebral artery occlusion (MCAO) was performed in KLF11
knockout and wild-type control mice, and brain infarction was analyzed by TTC staining. BBB
integrity was assessed by using Evans Blue and TMR-Dextran extravasation assays. KLF11 KO
mice exhibited significantly larger brain infarction and poorer neurological outcomes in response
to ischemic insults. Genetic deficiency of KLF11 in mice also significantly aggravated ischemia-
induced BBB disruption by increasing cerebrovascular permeability and edema. Mechanistically,
KLF11 was found to directly regulate IL-6 in the brains of ischemic mice. These findings suggest
that KLF11 acts as a novel protective factor in ischemic stroke. Elucidating the functional
importance of KLF11 in ischemia may lead us to discover novel pharmacological targets for the
development of effective therapies against ischemic stroke.
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Introduction

Ischemic stroke results from a transient or permanent local reduction of cerebral blood flow,
and ranks as the fifth leading cause of death and the leading cause of adult disability in the
United States [1,2]. Currently, thrombolytic therapy within a narrow time window is the only
acute therapeutic intervention for ischemic stroke and development of effective therapies is
urgently required [3,4]. Stroke activates a series of cellular and molecular signaling cascades
that eventually lead to ischemic neuronal death in the brain [5,6]. However, the underlying
mechanisms of stroke-induced pathophysiological events are not completely understood.

Dysfunction of transcription factors plays an essential role in the pathogenesis of many
neurological diseases, including stroke. Up to now, an increasing number of transcription
factors and their related gene signaling networks have been demonstrated in the regulation of
ischemic brain injury and neurovascular recovery in rodent experimental stroke models [7—
9]. Krippel-like factors (KLFs) belong to the zinc finger family of transcription factors and
consist of 17 members with diverse regulatory functions in cell growth, differentiation,
proliferation, migration, apoptosis, metabolism, and inflammation [10,11]. Accumulative
studies have documented their involvement in various human diseases including cancer,
diabetes, obesity, cardiovascular diseases, and inflammatory conditions[12].

KLFs are also abundantly expressed in the central nervous system. But very little is known
about their role in brain neural cells associated with central nervous system development and
neurological disorders[13]. One research group has reported that KLFs may play a role in
regulating intrinsic axon growth ability in primary retinal ganglion cells and cortical neuron
cultures since KLF4 and -9 suppressed while KLF6 and -7 increased neurite growth.
However, these findings did not show that the KLF family had an effect on neuronal
survival[14]. Our laboratory, together with another research team, is among the first to
determine the role of KLFs in cerebrovascular function and the pathogenesis of ischemic
stroke[15,16]. In a recent publication[16], we screened for PPARy coregulators using a
genome-wide and high-throughput coactivation system and revealed KLF11 as a novel
PPAR-y coregulator, which was further confirmed to physically interact with PPARy and
regulate PPARy-mediated cerebrovascular protection in primary brain microvascular
endothelial cell cultures and mouse brain after in vitroand in vivo ischemic insults. Another
group also investigated the role of KLF2 in the pathogenesis of ischemic stroke, and
identified KLF2 as a novel stroke-protective factor in the cerebrovasculature through its
regulation of BBB function[15]. However, the role and molecular control of the KLF family
in the etiology of ischemic stroke is still in its infancy.

KLF11 is a unique diabetes-associated KLF transcription factor among 17 KLF family
members[17,18] and highly expressed in vascular endothelium[19]. Mutations in the KLF11
gene result in Maturity Onset Diabetes of the Young 7 (MODY'7), and are closely involved
in human type 2 diabetes mellitus[17,18], a major risk factor for stroke[20,21]. Previously,
we reported for the first time that PPARy-mediated cerebrovascular protection during
ischemic insults needs recruitment of KLF11 as its critical coactivator, suggesting KLF11 as
a potential mediator in stroke pathologies[16]. However, the functional significance and
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mechanisms of KLF11 itself in regulating cerebrovascular pathogenesis are totally unknown
in ischemic stroke.

In this study, we have shown that KLF11 expression is significantly decreased in the cerebral
cortex of mice following focal cerebral ischemia. Of note, KLF11 genetic deficiency results
in a larger brain infarction, increased BBB permeability/leakage, higher water content,
worsened neurobehavioral performance, and less CBF perfusion in mouse ischemic brain
regions after middle cerebral artery occlusion. Further, we have shown that KLF11 plays
anti-inflammatory roles in mouse brains following ischemic stroke. These results suggest
that KLF11 itself plays critical protective roles in ischemic stroke.

Material and methods

All procedures using laboratory animals were approved by the University of Pittsburgh
Institutional Animal Care and Use Committee, and performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Stroke
Treatment and Academic Industry Roundtable (STAIR) guidelines were adhered to
throughout all animal studies. Animals were randomly assigned to various experimental
groups using a lottery box. All stroke outcome assessments were performed in a blinded
manner.

Mouse model of transient focal cerebral ischemia

Focal cerebral ischemia was induced in male KLF11 knockout mice (kindly provided by Dr.
Eugene Chen [16]) and wild-type mice on C57BL/6J background (8-10w, 23-25g) by
intraluminal middle cerebral artery occlusion (MCAQ) as described previously [22,23,13].
Briefly, mice were anesthetized with 1.5-3% isoflurane (Henry Schein Animal Health). A 2-
cm length of a 6-0 rounded tip nylon suture (Doccol Corporation, Sharon, MA) was gently
advanced from the internal carotid artery up to the origin of the middle cerebral artery
(MCA) until regional cerebral blood flow (CBF) was reduced to less than 25% of baseline.
After 1h of MCA occlusion, blood flow was restored by removing the suture, and the mice
were allowed to recover for 1-7 days. In sham-operated mice, the same surgical procedure
was performed but no suture insertion. Changes in CBF, mean arterial pressure, and heart
rate were monitored in animals 15 min before, during, and after MCAQ. Animals that did
not show a CBF reduction of at least 75% over baseline levels were excluded from further
experimentation. Approximate 90% survival rate was observed in KLF11 knockout or wild-
type mice at 1-7 d after MCAO. Animals that died after ischemia induction were also
excluded. The rectal temperature was controlled at 37.0 + 0.5°C during surgery.

Assessment of infarct volume, neurological deficit, and sensorimotor function

Mice were sacrificed 24h after MCAQ, and infarct area was measured from brain slices
using 2% TTC staining as described previously [22,23,13]. Mouse brains were removed and
sliced into eight coronal sections (1-mm thick) by a mouse brain matrix. Slices were stained
with 2% TTC for 15 min at 37°C and scanned. The infarct area was measured by National
Institutes of Health ImageJ software and infarct volume was calculated using a derived
formula [22,23,13,24].
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Neurobehavioral deficits were determined by the adhesive tape removal test, foot fault test,
and rotarod test in mice 1-3 days before MCAQ surgery and also at 1, 3, 5 and 7 d of
reperfusion after MCAQ [25,26]. Following cerebral ischemia, mice were also tested for
neurological deficits and scored on a 5-point scale [22,23,13]: 0, no observable neurological
deficits (normal); 1, failure to extend right forepaw (mild); 2, circling to the contralateral
side (moderate); 3, falling to the right (severe); 4, mice could not walk spontaneously; 5,
depressed level of consciousness (very severe).

Quantitation of BBB permeability/leakage

In order to explore the function of KLF11 in regulating cerebral vascular dysfunction after
ischemic stroke, we employed two approaches, a classical Evans Blue extravasation assay
[22,23] and a fluorescent-labeled Dextran (TMR-Dextran, 70 kDa)[27-29] to examine the
change of BBB integrity in KLF11 KO and WT mice subjected to 1h MCAO and 24h
reperfusion.

For analysis of cerebrovascular permeability by Evans Blue extravasation, mice were
injected with 100 pl of 4% Evans Blue (EB) (Sigma-Aldrich) 23 h after MCAO. One hour
later, animals were perfused with 0.9% NaCl and then brains were removed and separated
into hemispheres ipsilateral and contralateral to the MCAO. Each hemisphere was then
homogenized in N, N-dimethylformamide (Sigma-Aldrich) and centrifuged for 45 min at
25,000 rcf. The supernatants were collected and quantitation of EB extravasation was
performed as described [22,23]. Briefly, EB levels in each hemisphere were determined from
the formula: (Agaonm — ((Asggnm + Az40nm)/2))/mg wet weight). Background EB levels in
the non-ischemic hemisphere were subtracted from the ischemic hemisphere ipsilateral to
the MCAO.

For analysis of cerebrovascular permeability by intravenous injection and detection of
fluorescent-labeled Dextran, another set of ischemic mice (n=7) were subjected to tail vein
injection of Tetramethylrhodamine-Dextran (TMR-Dextran, 70 kDa, 0.1mg/g body weight,
Invitrogen, Grand Island, NY, USA) 30 min before the sacrifice time. Animals were
anaesthetized and transcardially perfused with 0.9% NaCl followed by 4%
paraformaldehyde in PBS. Brains were collected and cryoprotected in 30% sucrose in PBS,
and frozen serial coronal brain sections (30-um thick) were prepared on a cryostat. Brain
sections were visualized directly under a fluorescent microscope. In parallel, brain
hemispheres were homogenized in 1% Triton X-100 PBS and fluorescent intensity was
quantitated by a fluorometric plate reader using 555 nm excitation and 580 nm emission
[27-29].

Quantitative real time PCR

Total RNA was isolated from mouse cerebral cortex by using Trizol (Invitrogen, Carlsbad,
CA). Quantitative real-time reverse transcriptase polymerase chain reaction (RT-PCR) was
carried out with a Bio-Rad CFX Connect Thermocycler, iScript cDNA Synthesis Kit and
iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA) according to our published
protocols [22,30]. Specific primers for 17 KLF members (KLF1-17)or pro-inflammatory
factors (IL-6, TNF-a, ICAM-1 and MCP-1) were used for the PCR reaction (Supplemental
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Table 1). The relative mRNA expression was normalized to cyclophilin RNA levels. PCR
experiments were repeated 3 times, each using separate mouse brain samples.

Brain water content

Brain water content was measured by the dry-wet method as described previously[31].
Briefly, mice with strokes were sacrificed by exposure to CO,. The weights of ipsilateral and
contralateral hemispheres were recorded separately as wet weights. The dry weights of
ipsilateral and contralateral hemispheres were obtained after being heated at 100°C in an
oven for 24 hours. Brain content was calculated by the following formula: brain content =
(wet weight-dry weight)/wet weight x 100% [31].

Western blot analysis

Total protein from the cerebral cortex was electrophoresed, and transferred to PVDF
membranes. The blot was incubated with the following primary antibodies for 1-2 h: mouse
anti-KLF2 antibody (1:500; Novus Biologicals, Littleton, CO), rabbit anti-KLF4 antibody
(1:500; Novus Biologicals, Littleton, CO), rabbit anti-KLF9 antibody (1:500; Abcam,
Cambridge, MA), mouse anti-KLF11 antibody (1:500; Novus Biologicals, Littleton, CO),
mouse anti-PPARy antibody (1:500; Santa Cruz, CA), or mouse anti-actin antiserum (1:500;
Santa Cruz, CA). The membrane was then incubated with the secondary antibody (1:5000;
anti-rabbit or anti-mouse 1gG conjugated with horseradish peroxidase, Promega; Madison,
WI) for 1 h, and immunoreactive proteins were visualized by chemiluminescent reagent. The
light-emitting bands were detected on X-ray films.

Enzyme-Linked Immunosorbent Assay (ELISA)

Cerebral cortices of mice were collected and sonicated by an ultrasound homogenizer. After
centrifugation, supernatant was collected and concentrations of IL-6 and ICAM-1 in brain
supernatants from ischemic regions were quantified by Quantikine Mouse IL-6, and
ICAM-1 ELISA kits (R&D Systems, Minneapolis, MN) according to the manufacturer’s
instructions. All assays were performed in triplicate.

Laser speckle imaging

A laser speckle imager (Perimed PeriCam PSI HR, Stockholm, Sweden) was used to assess
cortical cerebral blood flow (CBF) in mice after cerebral ischemia as described
previously[29,32,33]. Mice were anesthetized with 1.5-3% isoflurane and fixed in a head
holder in a prone position. The scalp was shaved and cut to expose the thin skull over the
bilateral cerebral and cerebellar hemispheres. A CCD camera with a laser speckle imager
was placed above the head, and a laser diode (785 nm) illuminated the intact skull surface to
allow penetration of the laser in a diffuse manner through the brain. Speckle contrast was
used to measure CBF as it is derived from the speckle visibility relative to the velocity of the
light-scattering particles (blood). The speckle contrast was then converted to correlation time
values, which are inversely proportional to mean blood flow velocity. The mouse was then
placed supine, and subjected to 1h MCAQ followed by 72h reperfusion. During laser
scanning, rectal temperature was controlled at 37°C with a feedback regulated heating pad to
minimize data variations due to body temperature. Laser speckle perfusion images were
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obtained at 15 min before MCAQ surgery; 15 min, 30 min, and 60 min during MCAO
period; and 15 min, 30 min, 60 min, 2h, 24h, and 72h after the onset of reperfusion. For each
animal, five consecutive two-dimension images of the ischemic and nonischemic cerebral
hemispheres were scanned at each time point.

For the imaging data analysis, two identical elliptical regions of interest (ROIs) were
selected on the ischemic and nonischemic cerebral hemispheres. The blood flow perfusion
index was first determined as the ratio of ischemic to non-ischemic cerebral blood flow, and
then further normalized to the pre-surgical baseline to obtain the relative CBF value for each
animal.

Statistical analysis

Results

Quantitative data are expressed as mean + SEM. Differences among multiple groups were
statistically analyzed by one- or two-way ANOVA followed by a Bonferroni/Dunn post hoc
correction. Comparisons between two experimental groups were based on a two-tailed t-test.
A p-value less than 0.05 was considered significant.

The expression profiles of 17 KLF family members in mouse brains after focal cerebral

ischemia

In order to explore the function of KLFs in ischemic neurovascular injury, we first evaluated
the expression of 17 cerebral KLFs in a mouse ischemic stroke model. As shown in Figure
1, KLF11 mRNA displayed a ~3-fold reduced expression in the cerebral cortex after 1h
MCAO followed by 24h reperfusion. By contrast, the mMRNA expression of KLF2, KLF4
and KLF9 was significantly increased following cerebral ischemia (Fig. 1A). Consistently,
KLF11 protein level in the ischemic cerebral cortex was significantly decreased while the
protein expression of KLF2, KLF4 and KLF9 increased (Fig. 1B). Cerebral ischemia had no
effect on other KLF members (Fig. 1). These data documented a dysregulated KLF profile,
implying their roles in regulating the pathogenesis of ischemic neurovascular injury.

Genetic deficiency of KLF11 potentiates ischemic brain injury in mice

Although KLF11 contributes to vascular endothelial protection[16], it is unknown whether
KLF11 itself has any impact on ischemic brain injury /n vivo. Thus, we employed an /in vivo
loss-of-function strategy by using KLF11 knockout (KO) mice on a C57BL/6J background.
KLF11 KO mice are viable and fertile with normal appearance, behavior, growth, and litter
size. Genotyping PCR showed that genetic deletion of KLF11 has no effect on the
expression of the other 16 KLF members in mouse brains (data not shown). KLF11 KO and
wild-type control (WT) mice were subjected to transient MCAQ for 1h followed by 24h
reperfusion. Cerebral infarction was determined by 2% TTC staining and neurological
deficits were scored as described in the Methods. In comparison with WT control mice,
KLF11 KO mice showed a larger cerebral infarct volume (Fig. 2A-B) and a worsened
neurological outcome (Fig. 2C) in response to ischemic insults. These results suggest that
loss-of-KLF11 function in mice exacerbates ischemic brain damage.

Mol Neurobiol. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 7

Genetic deficiency of KLF11 in mice potentiates post-ischemic cerebrovascular

permeability

We performed Evans Blue (Fig.3 A-B) [22,23] and TMR-Dextran (Fig.3 C-D) [27-29]
extravasation assays to examine and quantify the change of BBB integrity in KLF11 KO and
WT mice subjected to 1h MCAOQ and 24h reperfusion. As shown in Figure 3, genetic
deficiency of KLF11 in mice significantly aggravated ischemia-induced BBB disruption by
increasing cerebrovascular permeability to either Evans Blue or TMR-Dextran. These results
suggest that KLF11 genetic deletion worsens BBB leakage after ischemic stroke.

KLF11 genetic deficiency inhibits neurobehavioral recovery in mice following ischemic

stroke

Ischemic stroke in humans often causes extensive sensorimotor dysfunction, and favorable
sensorimotor functional recovery is a pivotal step in stroke treatment. As a result, stroke
researchers have developed and employed a series of behavioral testing techniques to assess
the functional outcomes in experimental stroke models[34,35]. To investigate whether
genetic deletion of the KLF11 gene in mice affects post-stroke neurobehavioral function,
KLF11 knockout and wild-type control mice were subjected to 1h MCAQ followed by 1-7d
reperfusion and assessed by three kinds of neurobehavioral tests: adhesive tape removal, foot
fault and rotarod tests. Compared to WT control mice, KLF11 KO mice showed robust
worsening of sensorimotor function: longer touching or removing time in the adhesive tape
removal test (Fig. 4A, B), higher rate of fault steps in the foot fault test (Fig. 4C), and less
staying latency in the rotarod test (Fig. 4D). Obviously, KLF11 KO mice exhibited a modest
recovery tendency within 7 post-ischemic reperfusion days in comparison with the WT
controls. These data demonstrate that KLF11 genetic deficiency leads to a dramatic
inhibition of neurobehavioral recovery in mice following ischemic stroke and indicate the
vital protective role of the KLF11 gene in response to ischemic stroke.

Genetic deletion of KLF11 enhances brain water content in mice after ischemic stroke

The brain stroke cascade rapidly leads to a chain of neurochemical events that account for
irreversible tissue damage, and concurrently, a rapid development of brain edema, which
could contribute to even further deterioration of already impaired brain function[36]. In this
study, we measured and quantitatively analyzed the water content in both the ipsilateral
(ischemic) and contralateral (non-ischemic) hemispheres of KLF11 KO and WT mice 3d
following MCAQ. As shown in Figure 5, brain water content in the ipsilateral hemisphere of
KLF11 KO mice was significantly higher than the WT group (Fig. 5). There is no significant
difference in the contralateral hemisphere between these two groups.

Effects of KLF11 genetic deficiency on CBF reperfusion in mice after ischemic stroke

Cerebral blood flow (CBF) is the blood supply for the brain in a given period of time and
determined by a number of elements, such as blood viscosity, dilatory ability of blood
vessels, and cerebral perfusion pressure[37]. In this study, we investigated the
spatiotemporal changes of CBF in ischemic regions of mice by laser speckle imaging. Two-
dimension laser speckle images were scanned and obtained from KLF11 KO and WT mice
following cerebral ischemia. As shown in Figure 6, there was no significant difference in the
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relative CBF value in KLF11 KO mice versus WT mice at baseline, 15 min MCAO, 15 min
and 72h reperfusion after 1h MCAO. However, compared with WT controls, KLF11 KO
mice revealed a dramatically less CBF recovery at 24h post-ischemic reperfusion, which was
consistent with our findings that genetic deficiency of KLF11 exhibited an obviously larger
brain infarct volume and a slower neurobehavioral recovery tendency than WT controls
following ischemic insult.

Genetic deletion of KLF11 increases the activities of pro-inflammatory factors in ischemic
brain regions

Extensive studies have reported that I1L-6 [38], together with other pro-inflammatory
cytokines such as TNF-a, ICAM-1 and MCP-1 [39-41], play a part in the pathogenesis of
ischemic stroke. To determine if genetic deletion of the KLF11 gene has an impact on
cerebral inflammation in mice after ischemic stroke, we assessed the mRNA expression of
four well-known pro-inflammatory cytokines: IL-6, TNF-a., ICAM-1 and MCP-1. Our
quantitative PCR analysis revealed that brain ischemia induced a significantly increased
mRNA production of all four pro-inflammatory factors in the ischemic regions of KLF11
KO or WT mice. Genetic deletion of KLF11 further aggravated ischemia-induced IL-6 but
not TNF-a, ICAM-1 or MCP-1 mRNA levels (Fig. 7A-D). We next performed ELISA
experiments to examine the activities of the above-mentioned inflammatory factors.
Consistent with elevated 1L-6 mRNA levels, significantly increased IL-6 activity was found
in the ischemic brain regions of KLF11 KO mice in comparison with WT controls (Fig. 7E-
G). Taken together, it appears that KLF11 plays cerebrovascular protective roles by
specifically inhibiting IL-6 related inflammatory signaling pathways in ischemic stroke.

In addition, to exclude the possibility that KLF11 may play cerebral protective roles through
direct regulation of PPARY, a previously reported cerebrovascular protector[16], as a
downstream target, we examined the expression of PPARy in the ischemic cortex isolated
from KLF11 KO and WT mice 1d following MCAO. As showed in Supplemental Figure 1,
genetic deletion of KLF11 in mouse did not affect cerebral protein levels of PPARy in both
sham and ischemic conditions, suggesting that KLF11-mediated neuroprotection is solely
based on its own property (Supplemental Fig. 1).

Discussion

The present study is the first to characterize the impact of KLF11 genetic deficiency on
ischemic brain injury. Genetic deletion of KLF11 in mice resulted in a larger brain infarct
volume and increased sensorimotor loss following focal cerebral ischemia. Moreover,
KLF11 genetic deficiency significantly aggravated BBB leakage, evidenced by increased
Evans Blue and TMR-Dextran extravasation into the brain parenchyma as well as greater
water content in mouse ischemic brain regions 3d after MCAO. Furthermore, our data have
also shown a significant decrease in regional CBF at 15 min MCAO and dramatically less
CBF recovery following 24h of reperfusion in KLF11 KO mice compared to its WT
controls. Taken together, our data indicate that KLF11 plays a protective role in the
pathogenesis of ischemic stroke.
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Currently, accumulative evidence has linked several KLFs to a variety of neurological
diseases, including neurodegenerative diseases, epilepsy, CNS carcinoma, stress, depression,
alcoholism, neuroinflammation and schizophrenia[13]. However, there are few studies on
the role of KLFs in cerebrovascular pathologies following ischemic stroke[13]. Our
laboratory, together with other research teams, is among the first to determine the role of
KLFs in cerebrovascular function and the pathogenesis of ischemic stroke [15,16]. For
example, a research group investigated the role of KLF2, one of the most highly investigated
KLF members in endothelial biology, in ischemic stroke. It was demonstrated that ischemia-
induced BBB leakage and brain infarction were significantly increased in KLF2 KO mice
but markedly decreased in KLF2 transgenic mice following 1h MCAQ and 48h reperfusion
[15]. Concurrently, in one of our previous publications [16], we examined the role of PPARy
and its coregulators in cerebrovascular endothelial dysfunction after stroke. By using a
genome-wide and high-throughput coactivation system, we screened and identified KLF11
as a novel PPARy coregulator. Moreover, we further found that loss-of-KLF11 function
effectively abolished PPARvy agonist pioglitazone-mediated cytoprotection in mouse brain
microvascular endothelial cells after /n vitroischemic stimuli. Similarly, cerebrovascular
protection derived from PPAR-y activation by pioglitazone was also significantly reduced in
KLF11 KO mice after MCAQ in comparison with its WT controls. Thus, our data clearly
indicate that recruitment of KLF11 as a novel PPARy coregulator is required for PPARy-
mediated cerebrovascular protection in ischemic stroke. However, it is worth noting that in
our previous publication, the functional significance and mechanisms of KLF11 itself in
regulating cerebrovascular pathogenesis in ischemic stroke were not revealed. In this study,
we documented that genetic deletion of KLF11 results in a larger brain infarct size,
increased BBB disruption, higher brain edema, worsened neurobehavioral performance, and
lower CBF perfusion in mouse ischemic brain regions after ischemic stroke, suggesting
KLF11 as a novel stroke-protective transcription factor. Elucidating KLF11 as an
endogenous protective mediator may lead us to discover novel pharmacological targets for
the development of effective therapies against ischemic stroke.

During cerebral ischemia, inflammatory reactions contribute to the pathogenesis of the
disease. Increasing evidence has shown that various brain neural cells are able to mediate
cerebrovascular and brain parenchyma inflammation by producing and secreting pro-
inflammatory cytokines that initiate primary and delayed neuronal death after cerebral
ischemia[42-44]. These pro-inflammatory responses are suggested to be regulated by
cerebral KLFs. In this study, we are the first to show that KLF11 plays anti-inflammatory
roles in mouse brains after ischemic stroke by its inhibitory effects on IL-6 activity. IL-6 is a
major stroke-related pro-inflammatory cytokine[45] and enhanced IL-6 expression
contributes to a worsened prognosis and neurological outcomes[46]. Our results are
consistent with a previous publication[19] showing that KLF11 is a critical suppressor of
endothelial inflammatory activation, and is a novel molecular target for inhibiting vascular
inflammatory diseases. Several other studies also reported KLFs’ inflammatory regulatory
functions in the brain by showing transcriptional regulation of KLF4, KLF5, and KLF6 on
reactive astrogliosis and astrocyte-derived cytokine release after focal or global
ischemia[47]. In addition, KLF2 was also found at lower levels in blood outgrowth
endothelial cells (BOECSs) derived from stroke children with sickle cell anemia (SCA) than
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in non-SCA BOECs. A downregulated KLF2 level may change the dynamic balance
between proinflammatory NF-xB/p65 and anti-inflammatory KLF2, finally leading to a
proinflammatory phenotype within the cerebral vasculature and potentially increasing the
risk of stroke in children with sickle cell anemia [48]. Collectively, KLF11 regulation of
cerebral inflammation represents one of the major mechanisms for its protective role in
ischemic stroke.

Cerebral microvascular endothelial damage and resultant BBB dysfunction are major
hallmarks of ischemic stroke[49-53,22,16,54,27]. Strategies that enhance BBB stability and
reduce BBB leakage hold great promise for the treatment of ischemic stroke[55-57]. Recent
studies revealed important roles for the KLF family of transcription factors in endothelial
cell biology and pathologies[58,59,13]. However, the functions of KLFs in cerebral
endothelial injury and BBB dysfunction after ischemic stroke are poorly
understood[15,16,13]. It has been demonstrated that genetic deletion of KLF2 in mice
results in an unstable BBB structure and increased stroke-induced BBB dysfunction.
Mechanistically, KLF2 is capable of transactivating and upregulating Occludin, a major
BBB tight junction protein [15,16,13]. In our study, given the discovery that genetic deletion
of KLF11 could obviously augment BBB permeability/leakage and brain water content in
mice subjected to MCAQ, probing into the contributions and underlying mechanisms of
KLF11 in BBB dysfunction after ischemic stroke are worthy topics that should be explored
in-depth in the future.

It is well known that multiple mechanisms contribute to post-ischemic BBB breakdown,
including but not limited to abnormal pathologies of endothelial tight junctions, loss/
impairment of BBB cellular components, inflammation of the vascular wall, increased
oxidative stress, and activation of matrix metalloproteinases[49-53,22,16,55-57]. Recently,
accumulative studies have uncovered evidence that KLF family members are implicated in
pathological vascular processes[58,59], including vascular inflammation. Among them,
KLF2 has been reported to regulate endothelial inflammation[60], atherosclerotic
progression[61], and endothelial barrier integrity[62]. Another KLF member, KLF4, has
been recently identified as an endothelial regulator in response to pro-inflammatory stimuli
[63] or shear stress[64], showing vascular anti-inflammatory, anti-atherothrombotic effects
in cultured ECs as well as in EC-selective KLF4 transgenic mice[65]. KLF4 was also
reported to transactivate VE-cadherin and maintain normal endothelial barrier function[66].
Moreover, in a recent study, the role of KLF11 in the regulation of endothelial inflammation
was examined by using intravital fluorescence microscopy[19]. Administration of LPS to
KLF11 KO mice increases leukocyte rolling and adhesion on postcapillary venular
endothelium compared with WT mice. Also, VCAM-1 and E-selectin levels are significantly
increased in aortas from KLF11 KO mice[19]. These results suggest KLF11 represses
endothelial inflammation. Based on these previous findings, it is possible that KLF
transcription factors may regulate BBB structure and function by mediating BBB tight
junction protein levels and controlling cerebrovascular information. In this study, we have
not demonstrated the underlying mechanisms for KLF11-mediated BBB protection. Further
investigation by utilization of vascular endothelial cell-specific KLF11 transgenic and
knockout animals will be necessary to further clarify and provide insight into the
mechanisms leading to the pathogenesis of ischemic stroke.
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Fig. 1. Expression profile of 17 KL F family membersin mouse cerebral cortex following focal

cerebral ischemia

Cerebral cortex was isolated from C57BL/6J mice after 1h MCAQ followed by 24h
reperfusion. The mRNA expression profile of 17 KLF family members and the protein level
of KLF 2, 4, 9 and 11 were detected by gPCR (A) and Western blotting (B), respectively.
Data analysis showed a dramatic decrease of the KLF11 mRNA and protein levels in mouse
ischemic regions, whereas three KLF family members: KLF2, KLF4, and KLF9 exhibited
significantly increased expression compared with the Sham group (n=3). The other KLF
family members had no changes in expression. Data are shown as mean £ SEM. *p<0.05 vs.

Sham group.
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Fig. 2. Effects of KLF11 genetic deficiency on post-ischemic brain injury
KLF11 KO mice and WT controls (n=8) were subjected to 1h MCA occlusion and 24h

reperfusion. 2% TTC-stained coronal sections (A) were shown at different brain levels from
the frontal to the posterior pole. Quantitative analysis was performed on infarct volume (B)
and neurological deficits (C) in these mice after ischemic stroke. Genetic deletion of KLF11
robustly increased brain infarct volume and worsened neurological outcomes. Data are
shown as mean + SEM. *p<0.05 vs. WT group.
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Fig. 3. Assessment of BBB dysfunction in KLF11 KO mice after focal ischemia
KLF11 KO mice and WT controls (n=8) were subjected to 1h MCA occlusion and 24h

reperfusion. BBB leakage and quantitative analysis were made by Evans Blue (A-B) or 70
kDa TMR-Dextran extravasation (C-D) in mouse brains. Genetic deficiency of KLF11 in
mice significantly aggravated ischemia-induced BBB disruption by increasing
cerebrovascular permeability to either Evans Blue or TMR-Dextran in comparison with
wild-type mice. Data are shown as mean + SEM. * or #p<0.05 vs. WT or WT+MCAQO

group.
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Fig. 4. Reduced brain sensorimotor functionsin KLF11 KO mice
KLF11 KO mice and WT controls (n=10) were subjected to Lh MCAO followed by 1-7d

reperfusion. Sensorimotor deficits were examined by the adhesive tape removal test (A-B),
foot fault test (C), and rotarod test (D). We performed all neurobehavioral tests for three
consecutive days prior to MCAQ surgery as the baseline level, and at every other post-
ischemic day until 7 d. Compared to WT controls, mice with KLF11 genetic deletion
showed dramatically worsened sensorimotor function (longer touching or removing time in
the adhesive tape removal test (A, B), higher rate of fault steps in the foot fault test (C), and
reduced staying latency in the rotarod test (D). Data are represented as mean + SEM.
*p<0.05, **p<0.01, ***p<0.001 vs. WT group.
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Fig. 5. Increased brain water content in KLF11 KO mice after ischemic stroke
KLF11 KO mice and WT controls were subjected to 1h MCAQ and 72 h reperfusion. Brains

were dissected out and water content was measured by the wet/dry weight protocol as
described in the Methods. Cerebral ischemia caused a significant increase in water content in
the ipsilateral but not contralateral hemisphere. Brain water content in KLF11 KO mice was
significantly higher than WT controls (n=10). Data are represented as mean + SEM.
*p<0.05: WT ipsilateral hemisphere vs. WT contralateral hemisphere, #p<0.05: KO
ipsilateral hemisphere vs. WT ipsilateral hemisphere.
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Fig. 6. Effects of KL F11 genetic deletion on cerebral blood flow in ischemic brain
Regional CBF was measured by using a laser speckle imager. KLF11 KO and WT mice

were subjected to 1h MCAQ followed by 3d reperfusion (n=9). Representative CBF images
were shown at 15 min before MCAO (baseline), 15 min after the onset of MCAQ, and 15
min, 24h, 72h after the onset of reperfusion. Two identical elliptical ROIs were selected as
indicated on the same brain region of the ipsilateral and contralateral hemispheres. The
relative CBF was first determined as the ratio of ischemic to non-ischemic cerebral blood
flow, and then as the percentage value normalized to the pre-surgical baseline for each
animal. Quantitative data analysis demonstrated that the relative CBF value in KLF11 KO
mice exhibited a significant decrease at 24h of reperfusion. Data are represented as mean +
SEM. *p<0.05 vs. WT group.
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Fig. 7. Genetic deletion of KLF11 potentiatesinflammatory activity in ischemic brain regions
Stroke was induced in KLF11 KO and WT mice by 1h MCAO followed by 24h reperfusion.

Total RNA and protein were extracted from the ipsilateral cerebral cortex 24h after MCAO
(n=5). The mRNA expression levels of indicated pro-inflammatory factors were analyzed by
gPCR (A-D) and the activities of these inflammatory factors were assessed by ELISA (E-
F). Increased mMRNA and protein levels of the pro-inflammatory cytokine, IL-6 were found
in KLF11 KO mice 24h after MCAQO compared with WT controls, whereas several other
indicated pro-inflammatory cytokines revealed no significant differences in the ischemic
brain regions between the two mouse groups. Experiments were repeated three times. Data
are represented as mean + SEM. *p<0.05 and **p<0.01 vs. KLF11 WT+Sham group,
#p<0.05 vs. KLF11 WT+MCAO group.
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