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This article contains additional data related to the original research
article entitled “KRIT1 loss-of-function induces a chronic Nrf2-
mediated adaptive homeostasis that sensitizes cells to oxidative
stress: implication for Cerebral Cavernous Malformation disease”
(Antognelli et al., 2017) [1].

Data were obtained by si-RNA-mediated gene silencing, qRT-
PCR, immunoblotting, and immunohistochemistry studies, and
enzymatic activity and apoptosis assays. Overall, they support,
complement and extend original findings demonstrating that
KRIT1 loss-of-function induces a redox-sensitive and JNK-depen-
dent sustained upregulation of the master Nrf2 antioxidant
defense pathway and its downstream target Glyoxalase 1 (Glo1),
and a drop in intracellular levels of AP-modified Hsp70 and Hsp27
proteins, leading to a chronic adaptive redox homeostasis that
sensitizes cells to oxidative DNA damage and apoptosis.
vier Inc. This is an open access article under the CC BY-NC-ND license
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In particular, immunoblotting analyses of Nrf2, Glo1, AP-mod-
ified Hsp70 and Hsp27 proteins, HO-1, phospho-c-Jun, phospho-
ERK5, and KLF4 expression levels were performed both in KRIT1-
knockout MEF cells and in KRIT1-silenced human brain micro-
vascular endothelial cells (hBMEC) treated with the antioxidant
Tiron, and compared with control cells. Moreover, immunohis-
tochemistry analysis of Nrf2, Glo1, phospho-JNK, and KLF4 was
performed on histological samples of human CCM lesions. Finally,
the role of Glo1 in the downregulation of AP-modified Hsp70 and
Hsp27 proteins, and the increase in apoptosis susceptibility asso-
ciated with KRIT1 loss-of-function was addressed by si-RNA-
mediated Glo1 gene silencing in KRIT1-knockout MEF cells.

& 2017 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Value of the data

� KRIT1 loss induces an adaptive redox homeostasis involving the Nrf2-Glo1 axis and AP-modified
Hsps, which sensitizes cells to oxidative damage and apoptosis.

� Major molecular phenotypes associated with KRIT1 loss-of-function, including the upregulation of
ERK5 phosphorylation and KLF4 expression, are redox-dependent.

� Cell treatment with the antioxidant Tiron rescues major molecular phenotypes associated with
KRIT1 loss-of-function both in MEF and in hBMEC cells.

� Endothelial cells lining human CCM lesions show increased levels of Glo1, phospho-JNK, and KLF4,
as compared with normal vessels.

� Presented data provide a novel mechanistic landscape for CCM disease pathogenesis, which has the
potential to guide future development of targeted therapies.
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1. Data

This dataset supports and extends the reproducibility of recent findings, demonstrating that the
redox-sensitive upregulation of Glo1 and depletion of AP adducts, as well as the redox-sensitive
nuclear accumulation of Nrf2 and upregulation of phospho-c-Jun and HO-1 detected in KRIT1-KO
MEF occur also in KRIT1-silenced human brain endothelial cells (hBMEC). Moreover, it shows that
Glo1 plays an important role in downregulation of AP-modified Hsp70 and Hsp27 proteins, and
increased apoptosis susceptibility associated with KRIT1 loss-of-function. Furthermore, immunohis-
tochemical analyses on histological samples of human CCM lesions demonstrate that, besides
enhanced nuclear localization of Nrf2, endothelial cells lining human CCM lesions show also
increased levels of Glo1 and phospho-JNK as compared with normal vessels, thus supporting and
extending the results obtained in MEF and hBMEC cellular models.

In addition, this dataset shows also that other major molecular signatures of KRIT1 loss-of-func-
tion, including the upregulation of both ERK5 phosphorylation and KLF4 expression [2,3], are redox-
dependent and can be rescued by cell treatment with the mitochondria-permeable antioxidant Tiron,
thereby connecting previously separate mechanisms on the unifying mechanistic landscape of
abnormal adaptive responses to altered redox homeostasis and signaling consequent to KRIT1 dys-
function (Figs. 1–6).
2. Experimental design, materials and methods

2.1. Cell culture and treatment

Wild type (Kþ /þ), KRIT1−/− (K−/−), and KRIT1−/− re-expressing KRIT1 (K9/6) MEF cells, and human
brain microvascular endothelial cells (hBMEC) transfected with either KRIT1-targeting siRNA (siK-
RIT1) or a scrambled control (siCTR) were obtained, cultured and treated as described in [1].
Fig. 1. KRIT1 silencing results in increased H2O2 levels both in MEF and in hBMEC cells. a) H2O2 levels in wild type (Kþ /þ),
KRIT1−/− (K−/−), and KRIT1−/− re-expressing KRIT1 (K9/6) MEF cells left untreated or treated with the antioxidant Tiron (Tir;
5 mM for 24 h). b) H2O2 levels in human brain microvascular endothelial cells (hBMEC) transfected with either KRIT1-targeting
siRNA (siKRIT1) or a scrambled control (siCTR). Cell extracts containing equal amounts of proteins were analyzed by the
Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit for assessment of H2O2 levels. Fluorescence intensities of the resorufin
oxidation product, measured by a microplate reader 30 min after the initiation of the reaction, were expressed in arbitrary
units and referred to as H2O2 levels relative to the average value of either K9/6 MEF or siCTR hBMEC control cells. Notice that
KRIT1 silencing led to a significant increase in H2O2 levels both in MEF and in hBMEC cells.



Fig. 2. Upregulation of Glo1, phospho-JNK and KLF4 occurs in endothelial cells lining human CCM lesions. Histological sections
of human CCM surgical specimens deriving from KRIT1 loss-of-function mutation carriers were analyzed by immunohis-
tochemistry (IHC). Glo1 (a,b), phospho-JNK (c,d) and KLF4 (e,f) IHC staining of a representative CCM surgical sample containing
large CCM lesions lined by a thin endothelium (a,c,e), and perilesional normal vessels serving as internal negative controls (b,d,
f). Original magnification: ×400. Notice that a significant positive IHC staining is evident for both Glo1, phospho-JNK and KLF4
in endothelial cells lining the lumen of CCM lesions (panels a,c,e, respectively, red boxes and arrows), as compared with
endothelial cells lining the lumen of perilesional normal vessels (panels b,d,f, respectively, red boxes). Scale bars: a,c,e, 30 µm;
b,d,f, 200 µm.
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Briefly, cell treatments were performed with the mitochondria-permeable antioxidant Tiron (4,5-
dihydroxy-1,3-benzenedisulfonic acid disodium salt monohydrate, Sigma-Aldrich) (5 mM for 24 h),
the JNK inhibitor SP600125 (Calbiochem) (25 µM for 1 h) [4], and the autophagy inducer Rapamycin
(Calbiochem) (500 nM for 4 h) [5].
2.2. Cell transfection and siRNA-mediated gene silencing

Small interfering RNA (siRNA)-mediated knockdown of KRIT1 was performed as described in [1].
For siRNA-mediated knockdown of Glo1, K−/− and K9/6 MEF cells were transiently transfected with

either a pool of four siRNAs targeting Glo1 (si-Glo1) (ON-TARGET plus SMART pool mouse Glo1 siRNA,
L-063339-00-0005, Dharmacon) or non-targeting siRNAs used as negative control (si-CTR) (ON-
TARGET plus Non-targeting Control pool, D-001810-10-05, Dharmacon), as previously described [6].
Upon transfection, cells were seeded into assay plates and subjected to experimental conditions
within 48–72 h. The knockdown efficiency was monitored by quantitative real-time polymerase chain
reaction (qRT-PCR) and Western blot (WB) analysis.
2.3. Quantitative real time PCR analysis (qRT-PCR)

RNA isolation, reverse transcription, and quantitative real time PCR analysis (qRT PCR) were
performed as described in [1]. In particular, the expression levels of KLF2 and KLF4 transcripts in MEF
cells were quantified using specific Sybr Green qRT-PCR assays based on the following published
oligonucleotide primer sequences: Mus musculus KLF2: 5′-cgcctcgggttcatttc-3′ (forward, 600 nM), 5′-
agcctatcttgccgtccttt-3′ (reverse, 600 nM); Mus musculus KLF4: 5′-gtgccccgactaaccgttg-3′ (forward,
600 nM), 5′-gtcgttgaactcctcggtct-3′ (reverse, 600 nM) [2].



Fig. 3. KRIT1 silencing in human brain microvascular endothelial cells causes a redox-dependent upregulation of Glyoxalase 1
(Glo1) and downregulation of argpyrimidine (AP) adducts. Human brain microvascular endothelial cells (hBMEC) grown under
standard conditions were transfected with either KRIT1-targeting siRNA (si-KRIT1) or a scrambled control (si-CTR). Cells were
then either mock-treated or treated with the ROS scavenger Tiron (Tir, 5 mM for 24 h), lysed and analyzed by Western blotting
(a,c) and spectrophotometric enzymatic assay (b). a) Representative WB and quantitative histogram of the relative KRIT1 and
Glo1 protein expression levels in si-CTR and si-KRIT1 hBMEC cells either mock-treated (−) or treated (þ) with Tiron. β-actin
was used as internal loading control for WB normalization. The WB bands of Glo1 were quantified by densitometry, and
normalized optical density values were expressed as relative protein level units referred to the average value obtained for
mock-treated si-CTR samples. b) Glo1 enzyme activity was measured in cytosolic extracts of si-CTR and si-KRIT1 hBMEC cells,
either mock-treated (−) or treated (þ) with Tiron, according to a spectrophotometric method monitoring the increase in
absorbance at 240 nm due to the formation of S-D- lactoylglutathione. Glo1 activity is expressed in milliunits per mg of protein,
where one milliunit is the amount of enzyme that catalyzes the formation of 1 nmol of S-D-lactoylglutathione per min under
assay conditions. Results represent the mean (7 SD) of 3 independent experiments performed in triplicate. c) Representative
WB and quantitative histogram of argpyrimidine (AP) adducts in si-CTR and si-KRIT1 hBMEC cells, either mock-treated (−) or
treated (þ) with Tiron, as detected using a specific mAb. β-actin was used as internal loading control for WB normalization.
Notice treatment of si-KRIT1 hBMEC cells with the antioxidant Tiron rescued the significant increase in Glo1 expression and
activity, and decrease in both 70 and 27 kDa AP adducts caused by KRIT1 knockdown.
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Fig. 4. KRIT1 silencing in human brain microvascular endothelial cells causes a redox-dependent activation of the Nrf2 anti-
oxidant response pathway. Human brain microvascular endothelial cells (hBMEC) grown under standard conditions were
transfected with a KRIT1-targeting siRNA (si-KRIT1) or a scrambled control (si-CTR), and then either mock-treated or treated
with the ROS scavenger Tiron (Tir, 5 mM for 24 h). Nuclear and cytoplasmic fractions (a,b) or total cell extracts (c) were then
obtained and analyzed by Western blotting for Nrf2 (a,b) and HO-1 (c). Nuclear levels of p-c-Jun were used as a control of
redox-dependent effect of KRIT1 loss-of-function [4]. Lamin-β1 and α-tubulin were used as internal loading controls for WB
normalization of nuclear and total/cytoplasmic proteins, respectively. (a,b,c) The histograms below their respective Western
blots represent the mean (7 SD) of the densitometric quantification of three independent experiments. Notice that the
upregulation of p-c-Jun nuclear levels induced by KRIT1 loss-of-function is paralleled by a marked nuclear accumulation of
Nrf2 (a,b) and the upregulation of its downstream effector HO-1 (c), both of which are significantly reverted by cell treatment
with the ROS scavenger Tiron (b,c).
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2.4. Protein extraction and Western blotting

Protein extraction and Western blotting were performed as described in [1].
Specifically, primary antibodies used in Western blotting experiments were the following: rat anti-

Glyoxalase 1 mAb (6F10) (Santa Cruz Biotechnology); mouse anti-Methylglyoxal-AGE (Arg-Pyr-
imidine) mAb (clone 6B) (BioLogo, Hamburg, Germany); rabbit anti-Nrf2 pAb (Bioss Antibodies, Sial,
Rome, Italy); rabbit anti-Nrf2 mAb [EP1808Y] (AB62352, Abcam); mouse anti-Heme Oxygenase
1 mAb [HO-1-1] (Abcam); rabbit anti-c-Jun pAb (H-79) (Santa Cruz Biotechnology); mouse anti-
phospho-c-Jun mAb (KM-1) (Santa Cruz Biotechnology); rabbit anti phospho-Erk5 (Thr218/Tyr220)
pAb (3371, Cell Signaling Technology); goat anti-mouse KLF4 pAb (AF3158, R&D Systems); goat anti-
human KLF4 pAb (AF3640, R&D Systems); mouse anti-α-tubulin mAb (Sigma-Aldrich); mouse anti-β-
actin mAb (C4) (Santa Cruz Biotechnology); rabbit anti-lamin β1 pAb (H-90) (Santa Cruz
Biotechnology).

Protein bands fromwestern blots were quantified by densitometry using the ImageJ software, and
their relative amounts were normalized to the levels of housekeeping proteins serving as internal
loading controls.

2.5. Immunohistochemical analysis

Immunohistochemical (IHC) analyses were performed on histological samples of human CCM
lesions obtained from paraffin-embedded surgically resected CCM specimens, retrieved from the
Department of Anatomy and Diagnostic Histopathology at the University Hospital “Città della Salute e
della Scienza” of Turin, using a Ventana Autostainer Benchmark Ultra (Ventana Medical Systems, Inc.)
as described in [1].

Briefly, histological sections (2 μm thick) of selected paraffin-embedded CCM specimens were
incubated for 32 min at 37 °C with appropriate dilutions of primary antibodies, including rat anti-
Glyoxalase 1 mAb (6F10) (Santa Cruz Biotechnology), mouse anti-p-JNK mAb (G-7) (Santa Cruz Bio-
technology), and goat anti-human KLF4 (AF3640; R&D Systems) affinity-purified polyclonal



Fig. 5. The downregulation of AP-modified Hsps and increased apoptosis susceptibility caused by KRIT1 loss-of-function are
linked to the upregulation of Glo1. KRIT1−/− (K−/−) and KRIT1−/− re-expressing KRIT1 (K9/6) MEF cells grown to confluence
under standard conditions were transiently transfected with either a pool of four siRNAs targeting Glo1 (si-Glo1) or non-
targeting siRNAs used as negative control (si-CTR), and Glo1 (a), AP-modified Hsp70 and Hsp27 (b), and apoptosis (c) levels
were assayed as described in Section 2. (a,b) Representative Western blots and quantitative histograms of the relative
expression levels of Glo1 (a) and argpyrimidine (AP) adducts (b) in K9/6 and K−/− MEF transfected with si-CTR or si-Glo1, as
detected using specific antibodies. α-tubulin was used as internal loading control for WB normalization. WB bands were
quantified by densitometry, and normalized optical density values were expressed as relative protein level units. The histo-
grams beside their representative Western blots show the mean (7 SD) of the densitometric quantification of three inde-
pendent experiments. (c) Apoptotic cell death evaluated by TUNEL assay in K9/6 and K−/− MEF transfected with si-CTR or si-
Glo1. Histograms represent the mean (7 SD) of 3 independent experiments performed in triplicate. Notice that Glo1 silencing
induced a significant rescue of both the downregulation of AP-modified Hsp70 and Hsp27 levels, and the increased apoptosis
susceptibility associated with KRIT1 loss-of-function.
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antibodies, followed by incubation with Discovery Universal Secondary Antibody Ventana (Roche).
ICH labeling was then developed by a 5- to 10-min incubation with 3,3′ diaminobenzidine (DAB) þ
H2O2 substrate chromogen. The sections were subsequently counterstained with hematoxylin, and
digitized at 40× magnification using a Hamamatsu's High-Resolution Nanozoomer S210 whole slide
scanner (Hamamatsu Photonics).



Fig. 6. The upregulation of ERK5 phosphorylation and KLF2/4 expression caused by KRIT1 loss-of-function are redox-depen-
dent events. KRIT1−/− (K−/−) and KRIT1−/− re-expressing KRIT1 (K9/6) MEF cells (a,b), and human brain microvascular endo-
thelial cells (hBMEC) transfected with KRIT1-targeting siRNA (si-KRIT1) or a scrambled control (si-CTR) (c,d), were mock-
treated (−) or treated (þ) with the ROS scavenger Tiron (Tir, 5 mM for 24 h), lysed and analyzed by either qRT-PCR (a) or
Western blotting (b,c,d). (a) KLF2 and KLF4 mRNA expression levels in K−/− and K9/6 MEF cells untreated (-) or treated (þ)
with the ROS scavenger Tiron were analyzed in triplicate by qRT-PCR, and normalized to the amount of an internal control
transcript (GAPDH). Results are expressed as relative mRNA level units referred to the average value obtained for control cells
(untreated K9/6 MEF), and represent the mean (7 SD) of 3 independent qRT-PCR experiments. (b,c,d) KLF4 and phospho-ERK5
(P-ERK5) protein levels were analyzed byWestern blotting with specific affinity-purified polyclonal antibodies both in K−/− and
K9/6 MEF cells (b), and in si-KRIT1 and si-CTR hBMEC (c,d) untreated (−) or treated (þ) with the ROS scavenger Tiron. α-
tubulin and ß-actin were used as internal loading controls for WB normalization of total proteins. WB bands were quantified by
densitometry, and normalized optical density values were expressed as relative protein level units. The histograms above
representative Western blots show the mean (7 SD) of the densitometric quantification of three independent experiments.
Notice that upregulation of both ERK5 phosphorylation and KLF4 expression caused by KRIT1 loss-of-function were rescued by
cell treatment with the antioxidant Tiron.
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2.6. Enzymatic activity assays

Glo1 activity in cell extracts was assayed as described in [1].
2.7. Measurement of cellular H2O2 levels

In addition to the methods for detecting intracellular levels of general and specific ROS described
in [1] and reported previously [4,5,7], complementary measurements of cellular H2O2 levels were
performed with the Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit (A22188, Invitrogen,
Milan, Italy), according to the manufacturer's instructions with some modifications [8]. This assay is
based on the Amplex® Red reagent (10-acetyl-3,7-dihydroxyphenoxazine), a selective and highly
sensitive fluorogenic probe that reacts with H2O2 at a stoichiometry of 1:1 in a reaction catalyzed by
horseradish peroxidase (HRP) to generate the red-fluorescent oxidation product resorufin (7-
hydroxy-3H-phenoxazin-3-one) [9], and has been instrumental to gaining insights into the
mechanism of mitochondrial ROS production [8].

Briefly, cells grown to confluence in complete medium were lysed in 250 μl of RIPA buffer con-
taining phenylmethyl sulfonyl fluoride (PMSF) (100 µM; Sigma), and cell extract supernatants con-
taining an equal amount of proteins (35 μg) in a final volume of 50 μl were then used to run the H2O2

assay in 96-well microplates protected from light, according to manufacturer's instructions. Specifi-
cally, reactions containing 50 μl of cell extract, 100 µM Amplex® Red reagent and 0.2 U/ml HRP in 1x
reaction buffer (50 mM sodium phosphate buffer, pH 7.4), were incubated for 30 min at room tem-
perature, and fluorescence intensity of the oxidation product, resorufin, was then measured with a
microplate reader (BioTek Instruments, Inc., USA) using excitation at 530 nm and fluorescence
detection at 595 nm. Background fluorescence, determined for a no-HRP control reaction, was sub-
tracted from each value.
2.8. Apoptosis detection

Apoptosis was detected by evaluating DNA fragmentation by TdT-mediated dUTP nick-end
labeling (TUNEL) assay (ApoAlert® DNA Fragmentation Assay, Clontech Laboratories, Inc., Mountain
View, CA, USA) [10].
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