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Abstract
Several lines of evidence link Interferons (IFNs) autoimmune disorders. Autoantibodies against the
Interferon-inducible IFI16 protein, a member of the HIN-200 family constitutively expressed in
endothelial cells and keratinocytes, have been identified in patients affected by autoimmune
diseases including Systemic Lupus Erythematosus (SLE), Sjogren Syndrome (SjS), and
Scleroderma (SSc). These findings point to a role for IFI16 in the etiopathogenesis of autoimmune
diseases, but the exact mechanisms involved in the development of autoimmunity remain obscure.
In this study, we report for the first time that endothelial cells overexpressing IFI16 undergo
apoptosis via the activation of caspase 2 and caspase 3, and that a positive feedback loop appears to
link these two caspases. The relevance of IFI16-mediated apoptosis is highlighted by the
observation that IFI16 knock down by RNA interference in endothelial cells inhibits the activation
of both caspase 2 and caspase 3 by IFN-β priming and synthetic double-stranded RNA treatment.
Expression of a dominant-negative mutant of IKK2 kinase or treatment with AS602868, an
inhibitor of IKK2 activity, results in a strong reduction of NF-kB activation along with absence of
caspase 2 and caspase 3 activation and apoptosis induction. Collectively, our findings provide new
insights into the role of IFI16 in the pathogenesis of autoimmune diseases by demonstrating that in
addition to the stimulation of pro-inflammatory molecules, IFI16 also leads to apoptosis in
endothelial cells.

Keywords: IFI16, apoptosis, caspase 2/3, NF-kB, interferons, autoimmunity.
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1. Introduction
Apoptosis or programmed cell death is a fundamental developmental process in animals and
plants essential for the regulation and maintenance of tissue growth and homeostasis [1,2]. A
number of investigations, ranging from animal models to human pathology, support the view that
apoptosis plays an important role in the development of autoimmunity [3-6]. Under normal
circumstances apoptotic cells are rapidly cleared by macrophages, “non-professional” phagocytes in
the surrounding tissues, and dendritic cells (DC) [7]. This clearance process is, in general, noninflammatory and may even result in active tolerance towards autoantigens. Defects in this
clearance process and the microenvironment in which it occurs may affect the way in which these
autoantigens are presented and ultimately result in autoimmunity [8,9]. Moreover, recent data have
demonstrated the presence of autoantigens within apoptotic bodies and show that apoptotic cells are
critical for antigen presentation [10-12], activation of innate immunity and regulation of cytokine
secretion by macrophages [13]. Apoptotic bodies have even been described as “B cell autoantigens”
[14].
Interferons (IFNs) are known to have a multitude of immunological functions in both innate and
adaptive immunity. Given their pleiotropic effects upon the immune system, it is conceivable that
excess quantities of type I IFN or aberrant regulation of its signaling could contribute towards
autoimmunity. Several lines of evidence link IFNs with autoimmune disorders, in particular with
Systemic Lupus Erythematosus (SLE), Sjogren Syndrome (SjS), and Systemic Sclerosis (SSc) [15,
16]. The expression of a spectrum of genes which constitutes an “IFN signature” is the most
significant line of evidence indicating that IFNs may be the dominant pathogenic mediators
involved in at least some autoimmune diseases [17,18].
HIN200 comprises a family of structurally related IFN-inducible genes, of which both human
(IFI16, IFIX, MNDA, and AIM2) and mouse (Ifi202a, Ifi202b, Ifi203, Ifi204, D3/Ifi205 and
Ifi210/AIM2) genes have been sequenced [19-22]. The encoded proteins are primarily nuclear
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phosphoproteins involved in the transcriptional regulation of genes that are important for cell cycle
control, differentiation, immunomodulation, and apoptosis [23-26].
Immunohistochemical analysis in normal human tissues has revealed prominent IFI16
expression in stratified squamous epithelia, particularly intense in basal cells in the proliferating
compartments, whereas it gradually decreased in a more differentiated suprabasal compartment. In
addition, endothelial cells from vascular and lymph vessels have been found to strongly express
IFI16 [27,28]. This physiological expression of IFI16 in endothelial cells and stratified squamous
epithelia (both of which are targets for the clinical manifestations of autoimmune diseases) indicates
that IFI16 may be involved in the early steps of inflammation. In support of this hypothesis,
overexpression of IFI16 in primary human umbilical vein endothelial cells (HUVEC) efficiently
suppressed tube morphogenesis in vitro and increased the expression of pro-inflammatory
molecules [29,30]. In addition, autoantibodies against the IFN-inducible IFI16 protein have been
detected in patients suffering from SLE, SjS, and SSc suggesting an abnormal IFI16 presentation to
the afferent limb of the immune system [31].
Since the role of HIN-200 genes in programmed cell death is widely accepted, IFI16
overexpression in apoptotic cells as a further trigger for autoimmunity has been suggested [31].
However, the molecular pathways underlying endothelial cell apoptosis have remained elusive. In
particular, it is unknown whether IFI16-mediated apoptosis is dependent on caspase activation. If it
is, then it will be important to identify the nature of the initiator and executioner caspases and
transduction signals that lead to caspase activation.
In this study, a systematic analysis of the signal transduction pathways upregulated by IFI16 as
endothelial cells approach apoptosis upon treatment with Interferon type I (IFN-β) and synthetic
double-stranded RNA was performed. Consistent with previous studies, the pathway involving NFkB, caspase 2, and caspase 3 appeared to play a critical role in IFI16-mediated apoptosis.
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2. Materials and Methods
2.1. Cells lines and reagents
Human umbilical vein endothelial cells (HUVEC) obtained by trypsin treatment of umbilical
cord veins were cultured in endothelial growth medium (EGM-2, Lonza, Basel, Switzerland)
containing 2% fetal bovine serum (FBS) (Sigma, Milan, Italy), human recombinant vascular
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), human epidermal growth
factor (hEGF), insulin growth factor (IGF-1), hydrocortisone, ascorbic acid, heparin, gentamycin,
and amphotericin B, (1µg/ml each; all from Sigma), then seeded into 100-mm culture dishes coated
with 0.2% gelatin. Experiments were performed with cells between passages 2-6. Human embryo
kidney 293 cells (HEK-293, Microbix Biosystems Inc., Toronto, Canada) were cultured in MEM
(Invitrogen, Milan, Italy) supplemented with 10% FBS, 2mM glutamine, 100U/ml penicillin, and
100µg/ml streptomycin sulfate (Sigma). Cells were kept in logarithmic growth phase by 1X Citric
Saline detachment and replating every 2-4 days. AS602868 is an anilinopyrimidine derivative and
adenosine triphosphate (ATP) competitor that has been selected for its inhibitory activity in vitro on
IKK2, the constitutively active form of IKK2 [33,33]. Stocks of AS602868 were prepared in 100%
DMSO. In all experiments in which AS602868 was used, each dish of cells received an equal
volume of DMSO. When infections were performed in presence of AS602868, the cells were
treated with the compound 10h after the infection. Caspase 2 inhibitor Z-Val-Asp(O-Me)-Val-AlaAsp(O-Me) fluoromethyl ketone (Z-VDVAD-FMK) and caspase 3 inhibitor Z-DEVD-FMK were
purchased from Sigma and R&D system, respectively. When infections were performed in presence
of caspase 2 or caspase 3 inhibitors, the cells were treated with the compound 1h before the
infection. Doxorubicin was purchased from Sigma and was used at 1µM as indicated.
2.2. Recombinant adenovirus preparations and HUVEC infection
The pAC-CMV IFI16 containing the human IFI16 cDNA linked to a FLAG-tag at the NH2terminal was co-transfected with pJM17 into human embryonic kidney 293 cells as previously
described [34,35]. After several rounds of plaque purification, the adenovirus containing the IFI16
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gene (AdVIFI16) was amplified on 293 cell monolayers and purified from cell lysates by banding
twice on CsCl gradients. Desalting was performed using G50 columns (GE Healthcare, Milan,
Italy), and viruses were frozen in PBS-10% glycerol at -80°C. The infectious titers (PFU) were
determined by a standard plaque assay on 293 cell monolayers. The physical particles of the vector
preparations were measured by spectrophotometry, and our viral preparations showed a 1:10-1:20
ratio between PFU and physical particles. Endotoxin contamination was excluded by testing with
the E-Toxate kit (Sigma, sensitivity >1.4 pg/ml). For cell transduction, pre-confluent HUVEC were
washed once with phosphate-buffered saline (PBS) and incubated with AdVIFI16 or AdVLacZ
(used as a control) at a multiplicity of infection (MOI) of 300 in EGM-2. After 60 min at 37°C, the
virus was washed off and fresh medium was added.
2.3. Immunoblotting
Whole-cell protein extracts were prepared by resuspending pelleted cells in lysis buffer
containing 125 mM Tris-Cl (pH 6.8), 1% SDS, 20 mM dithiotreitol, 1 mM phenylmethylsulfonyl
fluoride, 4 µg/ml leupeptin, 4 µg/ml aprotinin, and 1 µg/ml pepstatin (all from Sigma). After a brief
sonication, soluble proteins were collected by centrifugation at 15,000 x g. Supernatants were
analyzed for protein concentration using a Bio-Rad Dc protein assay kit (Milan, Italy) and stored at 70°C in 10% glycerol. Proteins were separated by SDS-PAGE then transferred to Immobilon-P
membranes (Millipore, Milan, Italy). Filters were blocked in 5% non-fat dry milk in 10 mM Tris-Cl
(pH 7.5), 100 mM NaCl, and 0.1% Tween 20, and immunostained with rabbit anti-IFI16 Ab
(diluted 1:2000) or mouse anti-actin mAb (Chemicon, Milan, Italy) (diluted 1:4000).
2.4. In vitro analysis of caspase activities
Caspase 1, 2, 3, 8, and 9 protease activity was measured in a fluorometric assay, by measuring
the extent of cleavage of a fluorometric peptide substrate using SensoLyte AFC Caspase Sampler
Kit Fluorimetric (Anaspec, CA, USA). Experiments were performed according to the
manufacturer's instructions. After a 1h of incubation at 25°C, fluorescence was measured at an
excitation wavelength of 405 nm and an emission wavelength of 500 nm using the VICTOR3 1420
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multilabel counter (Perkin-Elmer, Milan, Italy). Protease activity was expressed as RFU (relative
unit of fluorescence).
2.5. Nuclear extract isolation and Electrophoretic Mobility Shift Assay (EMSA)
HUVEC were plated at a density of 3 x 105 cells/100-mm diameter dish and 24h later infected
with either AdVIFI16 or AdVLacZ, or mock infected. At the indicated times post-infection (hpi),
cells were washed in cold PBS and nuclear proteins were extracted using the Nuclear Extract Kit
(Active Motif, Carlsbad, CA) according to the manufacturer's instructions. EMSA was performed as
previously described [32]. Briefly, nuclear extracts (15 µg of protein) were incubated in a binding
buffer (10mM Tris-HCl (pH 7.9), 50mM NaCl, 0.5mM EDTA, 1mM dithiothreitol, and 7.5mM
MgCl2) with 2µg of poly(dI-dC) (GE Healthcare) and 32P-labeled double-stranded NF-kB consensus
oligonucleotides (Promega, Milan, Italy). The oligonucleotide probe was labeled with [γ-32P]ATP
(GE Healthcare) and T4 polynucleotide kinase according to the manufacturer's protocol and
column-purified on G-25 Sephadex (Bio-Rad). Complexes were analyzed by non-denaturing 4%
PAGE, the gels dried, and DNA-protein complexes detected by autoradiography.
2.6. Real Time RT-PCR analysis
RT-PCR analysis was performed on an Mx 3000PTM (Stratagene, Milan, Italy) utilizing SYBR
Green I dye (Invitrogen) as a non-specific PCR product fluorescence label. Total cellular RNA was
isolated using Eurozol (Euroclone, Milan, Italy). RNA (1 µg) then retro-transcribed at 42 °C for 60
min in PCR buffer (1.5 mM MgCl2) containing 5 µM random primers, 0.5mM dNTP, and 100 units
of Moloney murine leukemia virus reverse transcriptase (Applied Biosystems/Ambion, Austin,
USA) in a final volume of 20 µl. cDNA (2µl) or water (as control) was amplified in duplicate by
real time RT-PCR using the Brilliant SYBR Green QPCR master mix (Stratagene) in a final volume
of 25µl. Primer sequences were as follows: IFI16 (sense, 5'-ACT GAG TAC AAC AAA GCC ATT
TGA-3'; antisense, 5'-TTG TGA CAT TGT CCT GTC CCC AC-3'); ICAM-1 (sense, 5'-CAA CCG
GAA GGT GTA TGA AC-3'; antisense, 5'-CAG CGT AGG GTA AGG TTC-3'); CCL20 (sense,
5’-CCA AGA GTT TGC TCC TGG CT-3’; antisense, 5’-TGC TTG CTG CTT CTG ATT CG-3’);

8
p21 (sense, 5’-CGC TAA TGG CGG GCT G-3’; antisense, 5’-CGG TGA CAA AGT CGA AGT
TCC-3’) and β-actin (sense, 5'-GTT GCT ATC CAG GCT GTG-3'; antisense, 5'-TGT CCA CGT
CAC ACT TCA-3'). For quantitative analysis, semi-logarithmic plots were constructed of
fluorescence versus cycle number and a threshold set for the changes in fluorescence at a point in
the linear PCR amplification phase (Ct). The Ct values for each gene were normalized to the Ct
values for β-actin by means of the ∆Ct equation. The level of target RNA, normalized to the
endogenous reference and relative to the uninfected and untreated cells, was calculated by the
comparative Ct method with the 2-∆∆Ct equation.
2.7. Small interfering RNA preparation and electroporation
HUVEC cells (5x105 cells/well) were electroporated with IFI16 small interfering RNA mix
(siRNA) (Hs_IFI16_4 HP siRNA, Hs_IFI16_6 HP siRNA, Hs_IFI16_7 HP siRNA, Hs_IFI16_8 HP
siRNA; Qiagen) to give a final concentration of 1.25µM by using MicroPorator MP-100 (Digital
BioTechnology, Seoul, Korea), according to the manufacturer’s instructions. At 48h after
transfection, cells were treated with human IFN-β for 24h (1000 IU/ml) (Sigma) and then for 5h or
12h with synthetic double-stranded RNA (dsRNA) (poly rI:rC, 50 µg/ml) (Invitrogen). AllStars
Negative Control siRNA (Qiagen) was used as non-specific siRNA. For cell transduction, HUVEC
cells electroporated with Hs_CASP2_10 HP or Hs_CASP3_7 HP validated small interfering RNA
mix were washed once with phosphate-buffered saline (PBS) and incubated with AdVIFI16 or
AdVLacZ (used as a control) at a MOI of 300 in EGM-2. After 60 min at 37°C, the virus was
washed off and fresh medium added.
2.8. Annexin V analysis
To distinguish apoptotic from necrotic cells, double staining for exposed phosphatidylserine and
propidium iodide (PI) exclusion was performed using the Annexin V-FITC Apoptosis Detection Kit
(Calbiochem, Milan, Italy). Experiments were performed according to the manufacturer's
instructions. Cells were analyzed utilizing a FACSCalibur (BD Biosciences). Controls of unstained
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cells, cells stained with Annexin V-FITC only, or cells stained with PI only were used to establish
compensation and quadrants. Cells were gated according to their light-scattering properties to
exclude cell debris.
2.9. TUNEL staining
DNA damage was evaluated and quantified using a colorimetric apoptosis detection kit (Titer
TACS; Trevigen) and TUNEL stain in a 96-well format following the manufacturer’s instructions.
Briefly, cells were cultured in 96-well plates and left uninfected, or infected with AdVLacZ or
AdVIFI16, or treated with doxorubicin (1µM). At 48hpi , cells were fixed with 3.7% buffered
formaldehyde for 5 min, washed once with PBS, permeabilization with 100% methanol for 20 min
and subsequently washed once with PBS. Cells were then subjected to a labeling procedure
following the manufacturer’s instructions. Absorbance was measured at 450 nm using the
VICTOR3 1420 multilabel counter (Perkin-Elmer, Milan, Italy). Data are expressed as % of
Positive Control (DNAse treated cells), according to the formula: (Sample OD valueblank)/(Positive Control OD value-blank) × 100.
2.10. Cell cycle analysis
Cell cycle analysis was performed by PI staining of DNA. Briefly, cells were harvested and fixed
in 50% cold ethanol for 60 min at 4°C, washed twice with PBS, incubated at 37°C in citrate buffer
(0.05M Na2HPO4, 25mM sodium citrate, and 0.1% Triton X-100, pH 7.8), and stained with 100
µg/ml PI for 30 min (for dye stabilization) in the presence of RNase (100 ng/ml). Cellular DNA
content was then assessed utilizing a FACSCalibur flow cytometer (BD Biosciences) and analyzed
with the ModFit LT software program (BD Biosciences).
2.11. Statistical analysis
All statistical analyses and graphs were performed using GraphPad Prism version 4.03 for
Windows (GraphPad Software, San Diego California USA, www.graphpad.com). The data were
presented as the means + standard deviations (SD) and analyzed with one-way ANOVA followed
by Bonferroni post-test.
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3. Results
3.1. IFI16 inactivation prevents apoptosis induced by IFN-b priming followed by dsRNA
treatment.
In search for a model that allowed us to assess the physiological impact of IFI16 in apoptosis
induction, the capability of endogenous IFI16 as mediator of IFN-I-induced apoptosis upon
treatment with dsRNA of endothelial cells was investigated [36]. It was found that dsRNA is indeed
able to induce apoptosis in HUVEC, and that priming the cells with IFN-type I reduces the time
between first contact with dsRNA and the initiation of apoptosis. As IFN-type I priming followed
by the addition of dsRNA is able to activate a variety of different caspases, we decided to exploit
this model in order to evaluate the ability of endogenously-stimulated IFI16 to selectively control
caspase 2 and 3 activities.
Endogenous IFI16 was depleted by electroporating HUVEC with specific siRNA and its
expression in HUVEC primed with 1000 IU human IFN-β for 24 h and treated with poly rI:rC (50
μg/ml) was analyzed. As shown in Fig. 1A, IFN-β priming followed by poly rI:rC treatment
induced higher levels of IFI16 expression compared to untreated cells. In contrast, electroporation
of IFI16-targeted siRNA efficiently blocked endogenous IFI16 expression following the treatment
of HUVEC with IFN-β and poly rI:rC. Control siRNA-electroporated HUVEC displayed IFI16
levels similar to those observed in cells treated with IFN-β and poly rI:rC (Fig. 1A). Next, we
assessed IFN-β and poly rI:rC induced apoptosis in the absence of IFI16 expression. As shown by
the reduced levels of Annexin V binding in Fig. 1B, the lack of IFI16 expression significantly
reduced the occurrence of apoptosis in HUVEC primed with IFN-β and then challenged with poly
rI:rC. No reduction of apoptosis was observed when HUVEC were electroporated with control
siRNA and then treated with IFN-β and poly rI:rC.
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Fig. 1. IFI16 inactivation prevents apoptosis induced by IFN-β and poly rI:rC treatment. HUVEC
electroporated with a specific siRNA-IFI16 mix (siRNA-IFI16) or control siRNA (siRNA ctrl),
primed with 1000 IU human IFN-β for 24 h and then treated with poly rI:rC (50 μg/ml), were
analyzed for IFI16 expression (A – 5 h poly rI:rC treatment), Annexin V-FITC binding (B – 12 h
poly rI:rC treatment) and caspase activation (C – 5 h poly rI:rC treatment). Data are shown as mean
± SD; n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 (two-way ANOVA).

As priming with IFN-type I followed by poly rI:rC treatment non-selectively stimulates the
activation of the various different caspases [36], this model offers the possibility to assess the
capability of IFI16 to specifically down-regulate the activity of caspases 2 and 3 out of the different
caspases activated by IFN-type I and poly rI:rC. As shown in Fig. 1C, in treated HUVEC
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electroporated with siRNA specific for IFI16, the activation of both caspase 2 and caspase 3 was
significantly down-regulated compared to the levels of activation observed in treated HUVEC
electroporated with control siRNA. In contrast, in HUVEC electroporated with IFI16-siRNA and
HUVEC electroporated with control siRNA, the activation of caspases 8 and 9 appeared to be
completely unaffected (data not shown).
Altogether, these results demonstrate that IFI16 selectively regulates the activation of caspases 2
and 3, and contributes to the regulation of apoptosis triggered by IFN-type I priming followed by
dsRNA treatment.

3.2. IFI16 inhibits cell growth and angiogenesis by triggering apoptosis
To confirm that IFI16 overexpression is sufficient to induce caspase activation and apoptosis,
HUVEC infected with AdVIFI16, AdVLacZ, or left uninfected were then analyzed for apoptotic
features using the following combination of cell death classification methods [37]: i) analysis of
sub-G1 occurrence, ii) Annexin V/propidium iodide FACS sorting, and iii) TUNEL assay. As
demonstrated in the flow cytometric histogram profile depicted in Fig. 2A, uninfected and
AdVLacZ-infected HUVEC displayed similar percentages of cells in G1 (65% vs. 62%), S (13% vs.
13%), and G2/M (18% vs. 21%) phases. In both cell cultures, only a minor fraction of cells
presented DNA content less than 2N – a feature indicative of apoptosis. In stark contrast,
AdVIFI16-infected HUVEC displayed a significant increase in the subdiploid (sub-G1) population
(18%) accompanied by a decrease in cell fractions accumulated in G1 (44%) and S (9%) phases.
The G2/M population was only slightly increased (26%). Since an increase in cells with sub-G1
DNA content is indicative of apoptosis, we decided to confirm our results via Annexin V/propidium
iodide FACS sorting. As shown in Fig. 2B, uninfected and AdVLacZ-infected cells displayed
similar percentages of apoptotic cells. In contrast, AdVIFI16-infected cultures contained, on the
average, 50% total apoptotic cells, which is 5-fold higher than in the AdVLacZ-infected cells (P <
0.001). Similar results were obtained using the quantitative (TiterTACS) TUNEL assay (Fig. 2C).
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After infection with AdVIFI16 or treatment with doxorubicin, HUVEC displayed DNA damage as
shown by positive TUNEL staining (45% and 67% respectively). In contrast, HUVEC left
uninfected or infected with AdVLacZ showed low levels of positive TUNEL staining, indicating
that the DNA breaks detected by TUNEL were specifically induced by IFI16. As expected, cell
cultures treated with doxorubicin displayed high levels of positive TUNEL staining (Fig. 2C).

Fig. 2. IFI16-induced cell death in normal primary endothelial cells (HUVEC). (A) HUVEC were
left untreated (NI), or infected with AdVLacZ or AdVIFI16. At 48 hpi cells were stained with
propidium iodide (PI) and analyzed for cell cycle distribution and appearance of sub-G1 nuclei by
flow cytometry. Data are shown as mean ± SD; n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 (oneway ANOVA). (B) HUVEC were left uninfected (NI), or infected with AdVLacZ or AdVIFI16. At
48 hpi, cells were stained with Annexin V-FITC and PI and analyzed by flow cytometry. Data are
shown as mean ± SD; n = 3. ***P < 0.001 (one-way ANOVA). C. At 48 hpi DNA damage in
HUVEC cells left uninfected (NI), infected with AdVIFI16 or AdVLacZ or treated with
doxorubicin (1 μM) was evaluated and quantified using a colorimetric apoptosis detection kit (Titer
TACS; Trevigen) at 48 hpi. For comparison, data are expressed as % of the positive control
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(DNAse treated cells) according to the formula: (Sample OD value-blank)/(Positive Control OD
value-blank) × 100. Data are shown as mean ± SD; n = 3. **P < 0.01 (one-way ANOVA).

3.3. Caspase 2 is required for IFI16-induced cell death
Current models of apoptosis stipulate that a specific hierarchy of caspase activation regulates its
induction, whereby a variety of apoptotic signals are responsible for first activating the initiator
caspases that subsequently target effector or executioner caspases, such as caspase 3 [39]. To
identify the caspases that might participate in IFI16-induced apoptosis, HUVEC were infected with
AdVIFI16, AdVLacZ, or left uninfected for 24h, 48h, and 72h. Cytosolic caspase activity was
analyzed by degrading fluorogenic substrates specific for caspases 1, 2, 8, and 9 in order to
investigate the initiator caspase(s) involved, and by degrading a fluorogenic caspase 3 specific
substrate in order to study the involvement of this executioner caspase. As shown in Fig. 3, IFI16
overexpression augmented both caspase 2 and 3 activities as early as 48h, and sustained levels
persisted until at least 72h after infection. In contrast, the activity of caspases 1, 8, and 9 activities
were not affected by AdVIFI16 infection at any time point tested (data not shown). Moreover, as
infection with AdVLacZ did not trigger any increase in activity in any of the caspases studied an as
no caspase activity was observed in the uninfected HUVEC, we can deduce that activation of
caspases 2 and 3 was specific for IFI16 under these conditions.

Fig. 3. IFI16 activates both caspase 2 and caspase 3 in endothelial cells. Cells were left uninfected
(NI), or infected with AdVLacZ or AdVIFI16. At the indicated time points, cells were harvested
and identical amounts of cytosolic proteins were used in a fluorogenic caspase assay by measuring

15
the extent of cleavage of a fluorometric peptide substrate. The protease activity was expressed as
RFU (relative unit of fluorescence). Data are shown as mean ± SD; n = 3. ***P < 0.001 (two-way
ANOVA).

Two different approaches have been used to date to probe the biological role of caspases: i) the
pharmacological blockade of caspase activity during situations in which caspases are activated, and
ii) diminishing the cellular levels and activities of caspases by means of RNA interference [1,2].
Both techniques were used in the present study. In order evaluate the effects of caspase 2 and 3
inhibitors on IFI16-mediated apoptosis, HUVEC were infected with AdVIFI16 or AdVLacZ,
treated with doxorubicin (as a positive control of apoptosis induction), or left untreated, then
incubated in the presence or absence of the appropriate caspase 2 and 3 inhibitors. The activation of
caspase 2 and caspase 3, and apoptosis induction via Annexin V/propidium iodide FACS sorting
were then analyzed. As shown in Fig. 4A, IFI16 overexpression significantly increased the activity
of both caspases to levels that were comparable to those observed in AdVLacZ-infected and
uninfected (NI) HUVEC. Treatment with doxorubicin, known to increase caspase 2 and 3 activities
[40], was similarly inhibited by the specific inhibitor. In line with the results of the caspase activity
measurements, Annexin V/propidium iodide FACS sorting showed that treating AdVIFI16-infected
cells with caspase 2 and 3 inhibitors reduced the levels of apoptosis to levels comparable to those
observed in uninfected or AdVLacZ-infected cells (Fig. 4B).
To definitively confirm the involvement of caspase 2 and caspase 3 in IFI16-induced apoptosis,
their corresponding genes were silenced through the use of specific siRNAs. As shown in Fig. 3C,
knock down of caspase 2 expression inhibited IFI16-induced activation of both caspase 2 and 3.
Interestingly, knock down of the caspase 3 gene reduced its activity by about 60%, whereas caspase
2 was only partially decreased.

16

Fig. 4. Activation of both caspase 2 and caspase 3 is necessary for full apoptotic effect. HUVEC
were left uninfected (NI), infected with AdVLacZ or AdVIFI16, or doxorubicin-treated in the
presence or absence of the caspase 2 inhibitor Z-VDVAD-FMK or caspase 3 inhibitor Z-DEVDFMK (50 μM). At 48 hpi, the activation of caspase 2 and caspase 3 was analyzed in cell extracts
(A), while other cells were stained with Annexin V-FITC and PI and analyzed by flow cytometry
(B). (C) HUVEC electroporated with either Hs_CASP2_10 HP or Hs_CASP3_7 HP siRNA or
control siRNA (siRNA ctrl), were left uninfected (NI), or infected with either AdVLacZ or
AdVIFI16. At 48 hpi, the activation of caspase 2 and caspase 3 was measured. In A and C, the
protease activity was expressed as RFU (Relative Fluorescence Unit). Data are shown as mean ±
SD; n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 (two-way ANOVA).

Collectively, these findings indicate that: i) IFI16-induced apoptosis is mediated through the
simultaneous activation of both caspase 2 and caspase 3, ii) the activation of caspase 3 depends on
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caspase2, although a positive feedback loop from caspase 3 to 2 may also exist, and iii) in the
absence of caspase 3, caspase 2 behaves as an effector caspase triggering endothelial cell apoptosis.

3.4. IFI16-driven induction of apoptosis depends on the NF-kB complex
We recently demonstrated that NF-kB was the main mediator of pro-inflammatory molecule
induction by IFI16 in endothelial cells [30]: NF-kB activation was found to be triggered by IFI16
through a novel mechanism involving the suppression of IkBα promoter transcription that was
accompanied by the down-regulation of IkBα mRNA and protein expression. As a consequence,
NF-kB eterodimers composed of p50 and p65 freely translocated into the nucleus transactivating
NF-kB dependent genes, including ICAM-1, CCL20, and MCP1.

To examine whether the NF-kB pathway was also involved in IFI16-induced apoptosis, the
activation status of NF-kB was evaluated by analyzing the IKK2 subunit. In order to do so, a
recombinant adenoviral vector was used to introduce a mutated IKK2 protein into HUVEC cells;
the mutant IKK2 bore a Lys to Ala point mutation at position 44 that inhibits the activity of its
endogenous counter-partner [32] and [33]. This substitution abolishes IKK2 protein kinase activity
and gives the vector a dominant-negative phenotype (dnIKK2). A multiplicity of infection (MOI) of
100 was used to achieve dnIKK2 expression in 90–100% of HUVEC [34]. To characterize the
effects of dnIKK2 on IFI16-mediated apoptosis, HUVEC infected with AdVLacZ, AdVIFI16, or
left uninfected were infected 4 h later with either AdVdnIKK or AdVLacZ and 48 h later analyzed
for the activation of caspases 2 and 3 and assessed for Annexin V/propidium iodide FACS sorting.
Under these culture conditions, the expression of dnIKK resulted in a strong reduction of IkBα
degradation and NF-kB activation without impairing IFI16 expression (data not shown). As shown
in Fig. 5A, infection of endothelial cells with AdVdnIKK2, leading to NF-kB inactivation,
prevented the induction of IFI16-triggered caspase 2 and caspase 3 activities. In contrast, IFI16
overexpression followed by AdVLacZ infection triggered high levels of caspase 2 and 3 activities
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in comparison with cells infected with AdVLacZ alone. In line with the results of caspase activity
analyses, overexpression of dnIKK2 in AdVIFI16-infected HUVEC (AdVdnIKK2 + AdVIFI16)
resulted in a fraction of total apoptotic cells that was reduced (29%) and similar to that observed in
cultures infected with AdVLacZ + AdVdnIKK2 (27%) (Fig. 5B). As expected, IFI16
overexpression in cells infected with AdVIFI16 alone or AdVIFI16 + AdVLacZ displayed an
elevated percentage of total apoptotic cells (49% and 46% respectively).

Fig. 5. dnIKK2 expression reduces IFI16-induced caspase activation and apoptosis. HUVEC were
either single or double infected with AdVLacZ, AdVIFI16, or AdVdnIKK, or left uninfected (NI).
When a double infection was performed, the second viral vector (AdVdnIKK or AdVLacZ) was
added 4 h after infection with the AdVIFI16 vector. At 48 hpi, activation of caspase 2 (white bars)
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and caspase 3 (grey bars) in cell extracts (A), or Annexin V-FITC binding (B) was assessed. Data
are shown as mean ± SD; n = 3. **P < 0.01, ***P < 0.001 (one-way ANOVA).

To elucidate the mechanisms of IKK2 inhibition on IFI16-mediated apoptosis, we used EMSA to
investigate whether the subsequent steps in the NF-kB activation pathway (e.g. binding to DNA),
were altered by dnIKK2 expression. HUVEC were infected with AdVIFI16, AdVLacZ, or left
untreated, and 4 h later infected with AdVdnIKK2. Nuclear extracts were prepared 48 hpi and
evaluated for NF-kB binding activity. As shown in Fig. 6, strong inducible NF-kB activity could be
detected in IFI16-overexpressing cells previously infected with AdVLacZ, whereas no significant
degree of NF-kB activity was observed in nuclear extracts from cells infected with AdVIFI16 and
then AdVdnIKK2. Notably, also induction of pro-inflammatory molecules, such as ICAM-1 and
CCL20, another IFI16-induced biological activity known to depend on NF-kB [30], was inhibited
following infection with AdVdnIKK, reinforcing the relevance of the interaction of IFI16 with NFkB in triggering apoptosis (data not shown). To confirm the involvement of NF-kB in IFI16induced apoptosis, we investigated the feasibility of blocking IKK2 activity using AS6022868, a
low molecular weight specific inhibitor of IKK2, as a means of abrogating NF-kB activation and
thus preventing the development of IFI16-induced apoptosis in HUVEC [32]. To avoid interfering
with IFI16 expression, AS602868 (5 μM) was only added 10 h later after the infection of HUVEC
with either AdVIFI16 or AdVLacZ. Preliminary experiments confirmed that the application of 5
μM AS602868 at this 10 h time point was able to entirely inhibit NF-kB activation (data not
shown).
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Fig. 6. dnIKK2 expression inhibits NF-kB activation HUVEC infected with AdVLacZ, AdVIFI16,
or left uninfected (NI) were infected 4 h later with either AdVLacZ or AdVdnIKK. 48 hpi, nuclear
extracts were prepared and analyzed by EMSA using double-stranded oligonucleotides containing
NF-kB consensus binding sites. Each experiment was repeated at least four times, and one
representative is shown.

Thus, we next measured the effect of AS602868 treatment on the ability of IFI16 to trigger the
activation of caspases 2 and caspase 3. As shown in Fig. 7A, sustained IFI16 expression induced
significantly higher levels of activation of both caspases in HUVEC compared to cells infected with
AdVLacZ or left uninfected. In contrast, incubation of HUVEC with the NF-kB inhibitor 10 h after
AdVIFI16 resulted in caspase activity levels that were comparable to those observed in untreated
cells.
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Fig. 7. AS602868 treatment decreases caspase activation and inhibits NF-kB DNA-binding activity
induced by IFI16. HUVEC left uninfected (NI) or infected with either AdVLacZ or AdVIFI16 were
treated 10 h later with AS602868 (5 μM). At 48 hpi, the activation of caspase 2 and caspase 3 in
cell extracts was assessed (A) and Annexin V-FITC binding (B) analyzed. C. Nuclear extracts were
prepared and analyzed by EMSA using double-stranded oligonucleotides containing NF-kB
consensus binding sites. Each experiment was repeated at least four times, and one representative is
shown. Data are shown as mean ± SD; n = 3. **P < 0.01, ***P < 0.001 (two-way ANOVA).

To assess the functional effects of NF-kB inhibition by AS602868 on IFI16-mediated apoptosis,
HUVEC infected with either AdVIFI16 or AdVLacZ were treated with AS602868 (5 μM) and
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analyzed via Annexin V/propidium iodide FACS sorting. As expected, cultures of AdVIFI16infected HUVEC contained 48% total apoptotic cells, a 4-fold higher percentage than that observed
in cultures infected with AdVLacZ or left uninfected (Fig. 7B). In stark contrast, addition of
AS602868 decreased the fraction of apoptotic cells infected with AdVIFI16 to 12%, a value
comparable to that observed after AdVLacZ infection. To gain insight into the relationship of
IFI16-mediated apoptosis via NF-kB complex activation, the effects of sustained IFI16 expression
on NF-kB binding to its cognate DNA were examined by EMSA. As shown in Fig. 7C, nuclear
extracts from both uninfected and AdVLacZ-infected HUVEC contained low levels of NF-kB
activity. As expected, a protein–DNA complex was observed in nuclear extracts of HUVEC
infected for 48 h with AdVIFI16. In contrast, treatment of AdVIFI16-infected HUVEC with
AS602868 prevented the formation of this migrating DNA–protein complex, a finding consistent
with the results obtained with the Annexin V/propidium iodide FACS sorting assay.
Altogether, these results demonstrate that induction of apoptosis in endothelial cells by IFI16
through caspase 2/3 activation requires functional NF-kB.
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4. Discussion
This study demonstrates for the first time that: i) IFI16 contributes in the regulation of apoptosis
triggered by IFN-type I priming followed by dsRNA treatment; ii) overexpression of IFI16 in
primary endothelial cells is sufficient to induce apoptosis; iii) IFI16-induced apoptosis is mediated
by the simultaneous activation of caspase 2 and caspase 3; iv) activation of caspase 3 depends on
caspase 2 activity, but a positive feedback loop from caspase 3 to caspase 2 may also exist; and v)
the activation of caspases 2 and 3 must be mediated by the NF-kB complex, since the inactivation
of NF-kB was found to prevent IFI16-induced apoptosis.
Endothelial cells, hematopoietic cells and stratified squamous epithelial cells have all been
shown to express IFI16 in vivo, strongly suggesting that a physiological role for this protein exists
in these cell types [27] and [28]. In vitro, immunoblotting analyses have demonstrated that IFI16
expression is barely detectable in proliferating HUVEC but that it gradually increases when cell
growth halts upon the reaching of cell confluence, thus resulting in cell detachment and apoptosis
[40]. Vascular involvement in autoimmune connective tissue diseases is a common complication
[41] and [42]. The reduction in the number of capillaries is associated with endothelial swelling,
basement membrane thickening, intima hyperplasia, along with the infiltration of inflammatory
cells into the skin in several systemic autoimmune diseases. One might therefore hypothesize that
the release of nuclear proteins by endothelial cells in cutaneous lesions undergoing apoptosis and
necrosis may trigger the immune system and in turn bring about the production of autoantibodies.
With this scenario in mind, one can envisage a role of IFI16 in systemic autoimmune diseases
whereby both chronic inflammation and cell death are involved.
Caspases are a group of cysteine proteases that cleave after an aspartic acid residue at a specific
recognition site [43] and [44] and the activation of these enzymes is an accepted biochemical
hallmark of apoptosis. Among the 14 mammalian caspases that have been cloned to date, caspases
2, 3, 6, 7, 8, 9, 10, and 12 are the most closely involved in the apoptotic pathway; the remaining
caspases have been found to be involved in the regulation of inflammatory processes. Assessing
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IFI16-overexpressing HUVEC for caspase activation, only the initiator caspase 2 and the
executioner caspase 3 were found to be activated. Two observations support the relevance of these
two caspases in IFI16-mediated apoptosis. First, pre-treatment of HUVEC with the caspase 2specific inhibitor Z-VDVAD-FMK or with the caspase 3-specific inhibitor Z-DEVD-FMK rendered
endothelial cells resistant to apoptosis, as evaluated by measurement for their enzymatic activities
and Annexin V binding. As caspase 8 is known to specifically contribute towards death-receptor
signaling and as caspase 9 is activated by the apoptosome downstream of cytochrome c release by
mitochondria, the lack of activation of these two caspases suggests that IFI16 specifically and solely
triggers apoptosis through the activation of caspases 2 and 3.
To elucidate the mechanisms responsible for caspases 2 and 3 activation by IFI16, we adopted a
genetic and a pharmacological approach to knock down either NF-kB or p53 function, known to be
involved in apoptosis induction by various stimuli and regulatory pathways of inflammation [44],
[45], [46] and [47]. Our results show that NF-kB, but not p53 knock down (data not shown), wiped
out apoptosis. This suggests that although functional p53 might contribute in some way to the
apoptotic process NF-kB plays a more relevant role in IFI16-mediated apoptosis. In support of these
observations, we demonstrated that NF-kB activation is triggered by IFI16 through a novel
mechanism involving the suppression of the IkBα promoter transcription accompanied by downregulation of IkBα mRNA and protein expression. As a consequence, the NF-kB heterodimer,
composed of p50 and p65 freely translocates into the nucleus and transactivates NF-kB dependent
genes. Consistent with our findings, other authors have demonstrated that type I IFNs rapidly
promoted NF-kB DNA-binding activity in diverse cell types following a progressive decrease in
cellular levels of IkBα. The kinetics of induction of NF-kB activation paralleled those of IkBα
degradation, indicating that, similar to what was observed with IFI16 overexpression, type I IFNs
promote the dissociation of IkBα/NF-kB complexes and reduce IkBα expression [48]. Together
with the finding that IFI16 silencing prevents the activation of both caspase 2 and caspase 3 by IFNtype I, these results support the physiological relevance of IFI16 as a transducer of IFN signaling.
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The impact of apoptosis on immunity has been extensively investigated, and several reports
suggest a correlation between apoptosis and autoimmunity through an impairment of apoptosis or
an ineffective removal of apoptotic cells [9]. Furthermore, recent data have demonstrated that
autoantigens are found within apoptotic bodies and that apoptotic cells are critical for the
presentation of antigens, the activation of innate immunity, and the regulation of macrophage
cytokine secretion [9]. A number of investigations, ranging from studies into animal models to
human pathology, lend support to the view that apoptosis plays a significant role in the
development of autoimmunity [6], [7], [8] and [9]. Accordingly, increased expression of IFI16
protein in skin biopsies from SSc patients has been observed [31]. Moreover, the possibility exists
that environmentally-induced epigenetics changes may contribute to altered IFI16 expression in
tissues from patients affected by autoimmune diseases. Increasing evidence indicates that altered
patterns of DNA methylation, histone acetytilation and cytosine residue methylation in CpG
dinucleotides may contribute to the environment–host interaction in some forms of autoimmunity
and aging [49] and [50]. Interestingly, recent studies have provided evidence that the constitutive
and IFN-induced expression of IFI16 gene varies among individuals and may depend on the race
and environmental factors [51], supporting the possibility that epigenetics changes may thus
contribute to the increased expression of IFI16 observed in vivo.
In conclusion, the findings reported in this study together with our demonstration that IFI16
possesses potent pro-inflammatory activity in endothelial cells [30], provide new insights into the
etiopathogenetic role of anti-IFI16 autoantibodies in patients with autoimmune diseases such as
SSc, SLE, and SjS [31] and [52].
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