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Abstract

FAS/FASL system plays a central role in maintaining peripheral immune tolerance. Human SLE
is a prototypic systemic autoimmune disease characterized by expansion of autoreactive
lymphocytes. It remains unclear whether a defective FAS/FASL system is involved in the
pathogenesis of SLE. In this study, we have discovered a novel nucleotide insertion in FAS
mMRNA. We demonstrate that this novel FAS mutation occurs at mMRNA levels, likely through a
site-specific mMRNA editing process. The mRNA editing mutation is unique for human FAS
because the similar mMRNA editing event is absent in other human TNFR family genes with death
domains (DR5, DR6, and TNFR1) and in murine FAS. The adenine insertion mutation in the
coding region message causes the alteration of human FAS mRNA reading frame. Functionally,
cells expressing the edited FAS (edFAS) were refractory to FAS-mediated apoptosis. Surprisingly,
cells from SLE patients produced significantly more edFAS products compared to cells from
normal healthy controls. Additionally, we demonstrated that persistent engagement of T cell
receptor increases human FAS mRNA editing in human T cells. Our data suggest that the site-
specific FAS mRNA editing mutation may play a critical role in human immune responses and in
the pathogenesis of human chronic inflammatory diseases.
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Introduction

Human FAS antigen (CD95 or APO1; MIM# 134637) is a type | membrane protein and a
member of the TNF receptor (TNFR) family. FAS is expressed on many types of immune
cells including lymphocytes, neutrophils, and monocytes (Leithauser, et al., 1993). Like
other members of the TNFR family, biologically active FAS exists as homotrimeric receptor
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complexes. The extracellular domains of FAS bind to homotrimeric FAS ligand (FASL;
MIM# 134638) complexes. The interaction between FAS and FASL induces the high-order
oligomerization of FAS multimers, which initiate a cascade of signaling events leading to
the programmed cell death or apoptosis. The FAS/FASL system promotes immune tolerance
through the induction of apoptosis and deletion of activated T, B lymphocytes, and
macrophages (Ashany, et al., 1995; Elkon and Marshak-Rothstein, 1996; Fukuyama, et al.,
1998; Fukuyama, et al., 2002; Ramaswamy and Siegel, 2007; Singer and Abbas, 1994). In
mice, mutations in FAS (Ipr/lpr) or FASL (gld/gld) lead to spontaneous autoimmune
diseases. The critical role of the FAS/FASL system in the maintenance of immune tolerance
and prevention of autoimmune disease has been firmly established (Takahashi, et al., 1994;
Watanabe-Fukunaga, et al., 1992a). A rare human autoimmune disease, the autoimmune
Iymphoproliferative syndrome (ALPS or Canale-Smith Syndrome), is associated with the
inherited mutations in FAS or FASL (Drappa, et al., 1996; Fisher, et al., 1995; Rieux-Laucat,
et al., 1995; Sneller, et al., 1992; Sneller, et al., 1997).

Human SLE is considered as a prototypic systemic autoimmune disease characterized by
autoantibody production, immune complex formation, and cell-mediated reactivity against
self. SLE can involve multiple organ systems and display very diverse clinical
manifestations (Kotzin, 1996). Previously, it has been shown that human autoreactive T cells
are resistant to FAS-mediated apoptosis (Zipp, et al., 1997). Therefore, a defective FAS/
FASL system may be implicated in the development of human SLE (Kotzin, 1996).
Nevertheless, the role of FAS/FASL system in the pathogenesis of SLE remains a
conundrum.

In the present study, we have discovered a novel human FAS mRNA mutation in SLE
patients. The FAS mRNA mutation results in the production of a defective FAS protein, and
our data suggest that this FAS mRNA mutation may play an important role in the
pathogenesis of SLE.

Materials and methods

Donors

Reagents

Anti-coagulated peripheral blood was obtained from healthy normal volunteers and from
SLE patients fulfilling the revised ACR criteria for SLE (Tan, et al., 1982). The human
studies were reviewed and approved by the Institution Review Board (University of
Alabama at Birmingham), and all donors provided written informed consent.

All mAbs used were murine origin. CD8-PE, CD3-TC, CD3-FITC, CD4-FITC, CD8-FITC,
CD14-FITC, CD19-FITC, CD25-FITC, CD29-FITC, CD69-FITC, Streptavidin-Cy3, and
Streptavidin-PE were from Caltag Laboratories (Burlingame, CA). Anti-human FAS mAb
(CH-11, migM) was purchased from Upstate Biotechnology (Lake Placid, NY). CD95-FITC
was from BD PharMingen (San Diego, CA). Anti human FAS (CD95) mAb was purified
from supernatant of the murine hybridoma cell line (ATCC#: HB-11726) at UAB
(University of Alabama at Birmingham) Epitope Recognition and Immunoreagent Core
Facility. Anti human CD3 mAb OKT3 (ATCC#CRL-8001) was prepared by National Cell
Culture Center (Minneapolis, MN). Recombinant SuperFAS ligand was obtained from
Alexis Biochemicals (San Diego, CA). Human IFNa and IFNy were purchased from Sigma-
Aldrich (St. Louis, MO). Horseradish Peroxidase-conjugated goat anti-mouse 1gG(H+L) and
donkey anti-rabbit IgG(H+L) were obtained from Jackson ImmunoResearch Lab (West
Grove, PA).
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Preparation of mixed mononuclear cells (MNC)

Fresh anti-coagulated blood was diluted 1:1 in PBS buffer (Mediatech Inc., Herndon, VA)
and centrifuged through a discontinuous two-step Ficoll-Hypaque gradient in 50-ml conical
tubes. Mixed mononuclear cells were harvested from the upper and neutrophils from the
lower Ficoll-Hypaque interface. Cells were washed three times with PBS (pH 7.4) before
being used for mMRNA preparations, flow cytometry, and Western Blotting.

Nucleic acid isolation

Human genomic DNA was isolated using the Puregene DNA isolation kit (Gentra Systems,
Minneapolis, MN) by following vendor’s instruction. Total RNA was isolated from 107 cells
by using TRIzol™ total RNA isolation reagent (Invitrogen, Carlsbad, CA).

RT-PCR and cDNA sequencing

Five pg of total RNA was used for cDNA synthesis with the SuperScript™ preamplification
system (Invitrogen). The RT-PCR was performed with 2 ul of cDNA, 200 nM of each
primer (sense 5'-GAG GAT TGC TCA ACA AC-3' and anti-sense 5'-GAT AAA ATG TAC
CCA GTA AAA A-3), 200 uM of dNTPs, 1.5 mM of MgCl,, and 2.5 U of Tag DNA
polymerase in a 50-ul reaction volume on an ABI 9700 PCR System using the PCR program
(initial holding at 95°C for 3 min, 35 cycles of denaturing at 94°C for 30 s, annealing at
54°C for 45 s, extension at 72°C for 1 min with a final extension at 72°C for 7 min). The
PCR products were purified with the QIAquick Gel Extraction Kit (QIAGEN Inc.,
Chatsworth, CA) and subsequently sequenced on an ABI 377 Sequencer (Applied
Biosystems, Inc., Foster City, CA).

Generation of FAS expression constructs

The human FAS expression constructs were generated by cloning whole FAS coding region
into the eukaryotic expression vector pcDNA3 (Gibco BRL). The Kpn I/EcoR I-flanked RT-
PCR products were amplified from cDNA with upper primer 5-ACGG GGT ACC GAG
GAT TGC TCA ACA AC-3' (Kpn I site is underlined) and lower primer 5'-CCCG GAA
TTC GAT AAA ATG TAC CCA GTA AAA A-3' (EcoR I site is underlined). The
sequences of all FAS expression constructs were confirmed by sequencing from both
directions on an ABI 377 Sequencer with ABI BigDye Terminator Cycle Sequencing Kit.

Generation of stable cell lines expressing FAS and edFAS

The 293 cells (ATCC#CRL-1573) were maintained in the DMEM medium supplemented
with 10% fetal calf serum (FBS) and L-glutamine (2 mM) in 5% CO,. Transfection
reactions were performed in the 100 mm cell culture dishes with the plasmid DNA (24 ug)
and 60 pl of Lipofectamine 2000 reagent (Invitrogen). Transfected cells were cultured in
DMEM medium supplemented with 10% FBS for two days before the supplement of G418
(1 mg/ml). The polyclonal cells surviving the G418 selection were sorted on a FACS
Vantage (BD Biosciences) for equal expression of surface FAS. The human Jurkat T cells
(ATCC#TIB-152) were maintained in the RPMI medium supplemented with 10% FBS and
L-glutamine (2 mM). Transfections were carried out with the FAS expression construct
plasmid DNA (4 ng) and DMRIE-C reagent (12 ul) according to the vendor’s instructions
(Invitrogen). Transfected Jurkat T cells were cultured in RPMI medium supplemented with
10% FBS and G418 (1 mg/ml) for the selection of stable transfectants.

Apoptosis assay

Target cells (1x103/well) in 96-well plates were cultured in medium containing the
recombinant SuperFAS ligand (20 ng/ml) or anti human FAS mAb CH-11 (2 pg/ml). Cells
were continuously cultured at 37 °C. Cell viability was determined using the ATPLite kit
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(Packard Instruments, Meriden, Connecticut) at various time points. The survival
percentages (%) at respective time points were calculated according to vendor’s instruction.
Each experiment was performed at least three times in triplicates.

Generation of polyclonal and monoclonal antibodies against edFAS protein

Rabbit antibodies against the unique edFAS polypeptides (SQSLYSCRENSDYHPQGHY)
(Fig. 1B) were generated by Research Genetics Inc. using the vendor’s standard protocol
(Research Genetics Inc., Huntsville, AL). The rabbit antibodies against the edFAS were
purified with the peptide immune affinity columns by the Research Genetics Inc. For the
generation of monoclonal antibodies, two BALB/C mice were immunized with the edFAS
polypeptides. The monoclonal antibodies specific for the edFAS were produced and purified
at the UAB Epitope Recognition and Immunoreagent Core Facility with affinity columns.

Immunoprecipitation and Western blot analysis

Peripheral blood leukocytes (2x107) were lyzed on ice for 30 min in 1 ml lysis buffer (50
mM Tri-HCI, pH 7.5, 150 mM sodium chloride, 1% Triton X-100, 0.5% sodium
deoxycholate, and 1xcomplete protease inhibitor cocktail (Roche Molecular Biochemicals)).
The lysates were centrifuged at 10,000xg for 10 min to pellet the insoluble materials. The
resultant supernatants were incubated with 4 pg/ml of anti FAS mAb (huFasM3) for 2 h at 4
°C with gentle agitation. After that, 15 pl of protein G agarose beads were added and the
mixture was further incubated with gentle agitation at 4 °C overnight. Immune-complexes
bound to protein G beads were collected by centrifugation and washed six times in the lysis
buffer. Immunoprecipitated proteins were resolved in 15% SDS-PAGE gels and transferred
to nitrocellulose membrane (Sigma-Aldrich) according to manufacturer’s specification. The
edFAS protein was detected with rabbit anti edFAS antibodies followed by donkey anti-
rabbit 1g/HRP.

Immunofluorescence microscopy

293 cells expressing FAS or edFAS were grown on cover-slips and washed twice with ice
cold PBS before being fixed with 3% ultra pure formaldehyde (Tousimis Research Corp,
Rockville, MD) in PBS for 45 min at room temperature. Then the cells on cover-slips were
permeabilized with 0.2% Triton X-100 in PBS for 3 min and blocked with 20% rabbit
normal serum in PBS for 1 hr at room temperature. Cells on the cover slips were then
incubated with the primary antibody (affinity purified and biotinylated rabbit anti edFAS
antibodies, 2.5 pg/ml) for 1 hr at room temperature. After three washes in PBS, cells were
incubated with streptavidin-Cy3. After washing, the slides were mounted with the Mounting
Buffer (Molecular Probes) containing DAPI and the slides were analyzed under a under a
Leitz Orthoplan microscope with epifluorescence optics.

Intracellular flow cytometry assay

Aliquots of cells of 5x10° cells in 0.1 ml PBS were incubated with saturating concentrations
of FITC-conjugated mAb for 30 min at 4 °C followed by two washes. After washing, the
cells were fixed and permeabilized with Cytofix/Cytoperm kit (BD Biosciences, San Diego,
CA). The biotinylated anti edFAS mAb (clone 1D4, migG1) or isotype control migG1l
(MOPC-21, Sigma-Aldrich) (0.5 ug/ml) were added and the cells were incubated for 30 min.
After two washed with Perm/Wash buffer (BD Biosciences), the cells were then incubated
with Streptavidin-PE (1.5 ug/ml) at 4 °C for another 30 min. Cells were then analyzed
immediately for immunofluorescence intensity using a FACScan (BD Biosciences) after two
washes with Perm/Wash buffer.
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Determination of edFAS ratios

The percentage of edFAS mMRNA relative to the total FAS mMRNA was determined by
sequencing multiple FAS cDNA clones from each donor. FAS cDNA was directly cloned
into pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA). Multiple clones containing FAS
cDNA were sequenced using the BigDye sequencing kit. The percentage of the FAS mRNA
editing was represented as the ratios of the edFAS clone number versus the total FAS cDNA
clone number. In addition, an assay based on Pyrosequencing technology (Pyrosequencing
AB, Vallongatan 1, SE-752 28 Uppsala, Sweden) was used. Percentage of edFAS mRNA
relative to the total FAS mRNA pool was calculated based on the peak heights by the
Pyrosequencing software (Pyrosequencing AB). For the pyrosequencing assay, upper primer
5-ATG AAG CCA AAA TAG ATG AGA-3' and the biotin-labeled lower primer 5'Bio-
TGA GTC ACT AGT AAT GTC CTT GA-3' were used for generation of a fragment of 203
bps containing the nucleotide insertion editing site at FAS cDNA position 1114 (GenBank
accession number X63717) (Fig. 1). The FAS cDNA fragment was pyrosequenced with the
primer 5-TGA TTA AAG ATC TCA AAA AA-3'. Pyrosequencing was repeated at least
three times for each donor.

Induction of FAS mRNA editing in T cells

The human Jurkat T cells were maintained in the RPMI medium supplemented with 10%
FBS and L-glutamine (2 mM) in 5% CO,. T cells (5x10°/ml) were cultured in RPMI growth
medium containing IFNy (100 U/ml), IFNa (100 U/ml), and anti CD3 mADb (clone OKT3, 5
ug/ml) respectively for 48 hours. The edFAS expression was assayed with intracellular flow
cytometry as previously described. In addition, FAS cDNAs from the treated and non-treated
T cells were cloned. Similarly, murine T cells (cell lines DOIL10 and DO8W) were treated
with hamster anti-murine CD3 mAb 145.2C11 (5 pg/ml) for 48 hour. The murine FAS
cDNA was cloned and multiple murine FAS cDNA clones were sequenced.

Statistical analysis

Results

The levels of edFAS products in SLE patients and normal controls were analyzed with
Wilcoxon Signed Rank Test. The distributions of edFAS clones in SLE patients and normal
controls were analyzed with Chi-Square test. Differences in the apoptosis between cell lines
were analyzed with Student’s t test. A P value of less than 0.05 was considered significant.

Identification of FAS mRNA editing mutation

To understand whether FAS or FASL mutations play a role in the pathogenesis of human
SLE, we screened the mutations in both FAS and FASL genes. Our earlier study did not
reveal any mutation or non-synonymous SNP in the human FASL (Wu, et al., 2002).
Subsequently, we examined whether SLE patients carry any FAS mutation(s). We cloned
FAS cDNAs from seven SLE patients and seven normal control donors (Table 1).
Surprisingly, we observed that a number of FAS cDNA clones contain an adenine insertion
mutation at the same location. As shown in Fig. 1A, an adenine (A) is inserted after
nucleotide position (nt) 1114 (GenBank accession number X63717). We found that five out
of seven SLE patients expressed the adenine insertion (+A) mutation in their FAS cDNASs
(Table 1). One SLE patient (SLE26) expressed up to 26% of mutant FAS cDNA clones.
Altogether, the mutant FAS clones accounted for 11% of total 244 cDNA clones in seven
SLE patients (Table 1). On the other hand, only two mutant FAS cDNA clones out of 231
clones were observed in seven normal controls and the frequency of mutant clones was less
than 1% of the total FAS cDNA clones (Table 1) in normal controls.
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To determine whether the mutation resided in genomic DNA (somatic gene mutation or
inherited polymorphism) or was introduced on the level of mRNA (transcriptional mRNA
editing), we cloned the FAS genomic DNA fragment flanking the mutation site and
sequenced a total of 216 FAS genomic DNA clones from seven donors (six of them carrying
the nucleotide insertion mutation in their FAS cDNA) (Table 1). None of 216 FAS genomic
DNA clones carried the same nucleotide insertion mutation observed in their cDNAS,
suggesting that the adenine insertion mutation occurs at the transcription (or on mRNA)
level through an mRNA editing process.

RNA editing by nucleotide insertion is unique for human FAS

To investigate whether the nucleotide insertion editing event is a generalized phenomenon
for TNFR family members, we cloned cDNAs of three other TNFR family members. At
least 143 cDNA clones from multiple SLE patients were sequenced for each gene.
Nevertheless, we failed to detect any nucleotide insertion editing event in human death
receptor 5 (DR5), death receptor 6 (DR6), and TNF receptor 1 (TNFR1) genes. Our data
suggest that the nucleotide insertion type of editing mutation is unique for human FAS gene.

Because murine FAS mRNA also contains a homologous region corresponding to the FAS
editing site (string of six adenines within its coding region) (Supp. Figure S1), we also
examined whether a similar type of FAS mRNA editing occurs in murine T cells. We failed
to detect the nucleotide insertion mutation in murine FAS by sequencing 67 murine FAS
cDNA clones from murine T cells stimulated with anti-murine CD3 mAb. Furthermore, we
failed to detect nucleotide insertion mutation in 71 murine FAS cDNA clones from primary
murine T cells (Table 2). Collectively, our data demonstrate the differences between murine
FAS and human FAS in their ability to generate new products through mRNA editing
mutation.

Detection of edFAS protein

The insertion of adenine causes a FAS reading frame shift, which predicts the production of
a truncated FAS protein that truncates the death domain (Fig. 1B) (Huang, et al., 1996). As
shown in Fig. 1B, the new reading-frame in FAS would result in the production of a mutant
FAS (or edFAS) that has a unique carboxyl terminus (SQSLYSCRENSDYHPQGHY). To
confirm the expression of edFAS protein, we generated rabbit polyclonal antibodies against
the edFAS polypeptide (unique 19-residue polypeptide) that is absent in the wild-type FAS
(WtFAS) protein. The specificity of the rabbit anti edFAS antibodies was verified using the
293 cell lines stably expressing either the edFAS or wtFAS. As shown in Fig. 1C, the
affinity-purified rabbit anti edFAS antibodies reacted with a protein band (with the
molecular weight around 42 kDa) from the 293 cells stably expressing edFAS (upper left
panel). On the other hand, the rabbit antibodies against the edFAS failed to react with the
wild-type FAS (WtFAS) proteins (lower left panel, Fig. 1C). The same protein band also
reacted with the rabbit antibodies against the FAS extracellular domains, confirming the
rabbit anti edFAS antibodies were specific for the edFAS protein. Subsequently, we
examined the expression of edFAS protein in mixed mononuclear cells from SLE patients
and normal control donors. As shown in upper panel of Fig. 1C, the rabbit anti edFAS
antibodies were able to recognize an immunoprecipitated FAS protein band from the mixed
mononuclear cells of SLE patients (upper right panel). The same protein band also reacted
with anti human FAS antibodies against the extracellular domain of FAS protein (lower
right panel, Fig. 1C), verifying the existence of the edFAS protein in human cells. The
edFAS protein was obvious in samples from two SLE patients (upper panel, Fig. 1C). On
the other hand, almost no edFAS protein was visible in cells from four normal control
donors (upper panel, Fig. 1C). Our data suggest that the edFAS protein was mainly produced
in cells of SLE patients.

Hum Mutat. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu et al.

Page 7

The edFAS is a membrane protein

Because the FAS mRNA mutation only affects the FAS cytoplasmic domain, we speculated
that the edFAS may be expressed as a surface receptor, similar to the wild-type FAS
(WtFAS). Indeed, as shown in Fig. 2A, both edFAS and wtFAS were detected on the
surfaces of 293 cells in a flow cytometry assay, suggesting that the edFAS is a membrane
receptor. Immunofluorescence microscopy also confirmed that edFAS is expressed on the
cell membrane (Supp. Figure S2).

Generation and characterization of monoclonal antibodies specific for the edFAS

We obtained four murine hybridoma cell lines (clone# 1A4, 1D4, 1B3, and 4C6) producing
monoclonal antibodies against the unique edFAS polypeptide
(SQSLYSCRENSDYHPQGHY). Since the differences between the edFAS and wtFAS are
within the receptor cytoplasmic tail (Fig. 1B), we developed an intracellular flow cytometry
assay for the detection of edFAS. As shown in Fig. 2B, the anti edFAS mAb (clone 1D4)
was able to detect the edFAS in 293 cells. On the other hand, the mAb (clone 1D4) failed to
react with wtFAS protein in 293 cells. In Western blotting assays, the mAb (1D4) failed to
react with the wtFAS protein (upper panel, Fig. 2C). Then again, the mAb (1D4) was able to
detect the edFAS protein (upper panel, Fig. 2C). Therefore, mAb 1D4 was specific for
edFAS protein. Similar results were obtained with the monoclonal antibodies produced by
three other hybridoma lines (1A4, 1B3, and 4C6).

The edFAS is deficient in FAS-mediated apoptosis

Mutations in FAS death domain frequently affect the FAS-mediated apoptosis (Rieux-
Laucat, et al., 1995). Since the edFAS protein contains a truncated FAS death domain (Fig.
1B), we speculated that the edFAS is defective in mediating death signal. We used the 293
cell lines stably expressing equivalent amount of the edFAS or wtFAS (Fig. 2A). As shown
in Fig. 2D, treatment with SuperFAS Ligand failed to induce apoptosis in the 293 cells
expressing the edFAS, suggesting that edFAS with the truncated death domain is unable to
mediate death signal. In contrast, treatment with the SuperFAS Ligand induced significant
apoptosis in the 293 cells expressing wild type FAS (WtFAS), confirming that the SuperFAS
Ligand is biologically active in FAS-mediated cell death. Similarly, treatment with anti-FAS
antibody (activating mAb, clone CH-11) failed to induce apoptosis in the 293 cells
expressing edFAS while the same treatment induced rapid apoptosis in the 293 cells
expressing the wtFAS (data not shown). These data demonstrate that the edFAS cannot
trigger FAS-mediated apoptosis in human cells.

Association of FAS mRNA editing with human SLE

Altered peripheral tolerance is a general feature in autoimmune diseases. To investigate
whether FAS mRNA editing mutation is associated with human SLE, we compared the
levels of FAS mRNA editing in SLE patients with those in normal control donors. As shown
in Table 1, we observed that the total number of mutant FAS cDNA clones (28 out of 216)
was significantly higher in SLE patient group than in normal control group (2 out of 229) (52
=20.82, p < 0.001). Additionally, as shown in Fig. 3A, the ratios of mutant FAS cDNAs
determined in the Pyrosequencing assay were significantly higher in SLE patients than in the
normal controls. Our data indicate the FAS mRNA editing mutation is strongly associated
with human SLE.

Since the difference between the edFAS and wtFAS is in the cytoplasmic tail (Fig. 1B), we
used an intracellular flow cytometry assay to determine the levels of edFAS in various cell
populations (T cells, B cells, monocytes, and neutrophils). Our data show that the edFAS
was mainly expressed in human T cells. As shown in Fig. 3C, we were able to detect edFAS
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expression in SLE patient CD3* T cells. On the other hand, almost no edFAS protein could
be detected in the CD3* T cells from a typical normal control donor (Fig. 3B). CD3* T cells
from SLE patients expressed significantly more edFAS protein than those from normal
controls (Wilcoxon Signed Rank Test, P < 0.05) (Fig. 3D). We also observed that both
CD4" and CD8™ T cells express edFAS in SLE patients (Supp. Figure S3).

The edFAS inhibits FAS-mediated apoptosis in human T cells

Since the edFAS was mainly expressed in human T cells, we examined the influence of
edFAS in FAS-mediated apoptosis in human Jurkat T cells. Jurkat T cells endogenously
express high levels of FAS (data not shown). We transfected Jurkat T cells with edFAS or
the wild-type FAS (WtFAS) expression constructs. The Jurkat T cells were selected with
G-418. Fig. 4C (left panel) shows that FAS expression levels were almost the same between
the cells transfected with edFAS and wtFAS. The stable Jurkat T cells transfected with
edFAS expressed the detectable amount of the edFAS protein (right panel, Fig. 4C). In
contrast, no edFAS protein could be detected in the T cells transfected with wtFAS (middle
panel, Fig. 4C). Treatment with anti human FAS antibody (activating mAb, clone CH-11)
induced significantly less apoptosis in the Jurkat T cells expressing the edFAS as compared
to the T cells transfected with wtFAS, suggesting that edFAS is capable of attenuating the
endogenous FAS-mediated apoptosis in T cells (Fig. 4A). Similarly, treatment with
SuperFAS ligand induced significantly less apoptosis in the Jurkat T cells expressing edFAS
as compared to the T cells expressing WtFAS (Fig. 4B). Collectively, our data demonstrate
that the generation of edFAS inhibits the FAS-mediated apoptosis in T cells.

T cell receptor (TCR) engagement up-regulates the FAS mRNA editing

Our earlier data demonstrated that the edFAS protein was mainly detected in human T cells.
To investigate the role of cell activation in FAS mRNA editing in T cells, we stimulated
human Jurkat T cells with IFNy, IFNa, and anti CD3 mAb. As shown in Fig. 5, treatment
with either IFNy (Fig. 5C) or IFNa (Fig. 5D) failed to induce the edFAS production. On the
other hand, treatment with anti CD3 mAb significantly increased the edFAS production in T
cells (Fig. 5B) compared to the non-treated cells (Fig. 5A). To verify the effect of TCR
stimulation on FAS mRNA editing, we cloned and sequenced FAS cDNAs from T cells.
Table 2 shows that the untreated Jurkat T cells maintain a low level of constitutive FAS
MRNA editing (6%). However, after cross-linking of TCR with anti-TCR antibody (OKT3)
for 48 hours, Jurkat T cells significantly increased the FAS mRNA editing. The percentage
of the mutant FAS cDNA clones accounted for 24% of total FAS cDNA clones (Table 2).
Our data suggest that persistent TCR engagement is an important signal leading to the FAS
mRNA editing in human T cells. Our data imply that the FAS mRNA editing is a regulated
process.

Discussion

Activation-induced cell death (AICD) is a major mechanism to maintain immune
homeostasis. AICD occurs in mature T lymphocytes to limit antigen-specific response
(Stranges, et al., 2007). After the clearance of antigens and/or pathogens from the host,
activated T cells are deleted mainly via the FAS-dependent apoptosis (Alderson, et al., 1995;
Brunner, et al., 1995; Dhein, et al., 1995; Zhang, et al., 1999). The apoptosis is initiated by
FAS engagement, which triggers the death-inducing signaling complex formation by
recruiting FAS-associated death domain (FADD), caspase 8, and caspase 10 proteins. The
assembled molecular complex cleaves and activates several downstream proteins in a
cascade that leads to apoptotic cell death characterized by structural changes such as DNA
fragmentation and chromatin condensation.
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The inherited loss-of-function mutations in FAS are directly associated with the human
autoimmune lymphoproliferative syndrome (Rieux-Laucat, et al., 1999; Sneller, et al.,
1997). The significance of FAS-mediated apoptosis in the maintenance of immune tolerance
and prevention of autoimmune disease has been illustrated in animal models as well. The
mice carrying mutations in FAS (Ipr/Ipr mice) or FASL (gld/gld mice) spontaneously
develop various SLE-like features including lymphadenopathy, vasculitis,
glomerulonephritis, and autoantibody production (Takahashi, et al., 1994; Watanabe-
Fukunaga, et al., 1992a). Although rare FAS or FASL mutations have been documented in
human SLE (Vaishnaw, et al., 1999; Wu, et al., 1996), no obvious qualitative or quantitative
defect due to FAS mutations has been identified in most SLE patients. Therefore, the role of
FAS and FAS-mediated apoptosis in the pathogenesis of SLE is not clear.

However, several lines of evidence indicate that FAS may be involved in the defective
apoptosis of T cells in SLE. It has been shown that T-cells from SLE patients were resistant
to the FAS-mediated apoptosis (Budagyan, et al., 1998). Similarly, CD3-mediated cell death
is significantly lower in T cells from SLE patients compared to the cells from normal
controls. CD3-mediated AICD could be blocked by anti-FAS mADb, indicating that activated
T cells from patients with SLE are relatively resistant to FAS-mediated apoptosis (Kovacs,
etal., 1996). Furthermore, T cells from SLE patients have an alteration in the FAS-mediated
signal transduction pathway, which leads to the survival of T-lymphocytes in SLE patients
(Sakata, et al., 1998). Collectively, these published evidences support the notion that the
deficiency in FAS-mediated apoptosis may contribute to the increased numbers of activated
autoreactive cells in lupus patients.

In the current study, we uncovered a novel FAS mRNA mutation that occurs mainly in SLE
patients. We demonstrate that the distinctive FAS frameshift mutation was a result of FAS
MRNA editing. In addition, the FAS mRNA editing mutation leads to the production of a
novel defective FAS receptor (edFAS). Most importantly, we observed that the FAS mRNA
editing products were significantly increased in SLE patients compared to those in the
normal controls. Therefore, FAS mRNA editing mutation may be one of the key
mechanisms underlying the abnormal FAS functions in lupus T cells. Because the edFAS
with truncated death domain is unable to mediate apoptosis, the expression of edFAS protein
may be responsible for the defective apoptosis of autoreactive T lymphocytes observed in
SLE patients (Budagyan, et al., 1998; Kovacs, et al., 1996; Sakata, et al., 1998).
Consequently, our data support a role for FAS mRNA editing mutation in the pathogenesis
of SLE and in the development of autoimmunity.

A single human gene can produce a variety of protein products with related yet distinct
functions, which may allow cells of different types or at different developmental stages to
perform different tasks. Alternative splicing of pre-mRNAs and alternative polyadenylation
site selection are two established forms of intracellular fine-tuning of MRNA as both
processes generate diverse gene products from a single gene. Recently, it has become clear
that human cells possess yet another mechanism, mRNA editing, to create RNA sequence
diversity. Messenger RNA editing is a process defined as the post-transcriptional
modifications of mMRNA through nucleotide substitutions, insertions, and deletions.
Transcript alterations caused by mRNA editing have been described in organisms from
unicellular protozoa to humans (Gott and Emeson, 2000). However, aberrant mRNA editing
could cause the cells to synthesize dysfunctional proteins or to make an otherwise useful
protein at the wrong time. Therefore, the mRNA editing process is tightly regulated.
Nevertheless, abnormal mRNA editing is frequently associated with human diseases. For
example, the NF1 (Neurofibromatosis type I, a tumor suppressor) mRNA editing results in a
truncated NF1 protein lacking tumor-suppressor function (Skuse, et al., 1996). In individuals
with a constitutive NF1 mutation, loss of heterozygosity (LOH) that exposes the single
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mutant allele would lead to tumor formation (Cappione, et al., 1997). The mRNA editing
mutations are also associated with some forms of Alzheimer’s disease (van Leeuwen, et al.,
1998). Furthermore, the abnormal editing of glutamate receptor GIuR-B mRNA is
implicated in human malignant gliomas (Maas, et al., 2001).

Our data indicate that FAS mRNA mutation is caused by a site-specific editing process, in
which an adenine is inserted at a defined location. In addition, our data suggest that the
nucleotide insertion mutation is a FAS gene specific event because no similar mutations
were found in other TNFR family members such as DR5, DR6, and TNFR1. Most
importantly, FAS mRNA editing results in the production of a defective FAS receptor,
which is unable to mediate apoptosis signal. To our knowledge, our current study is the first
to report the adenine insertion type of mMRNA editing in a human gene. Although the
nucleotide sequence of murine FAS cDNA has a high sequence identity (58.5%) to that of
human FAS cDNA (Watanabe-Fukunaga, et al., 1992b), we failed to detect the similar type
of editing in murine FAS (Table 2). Therefore, it appears as that the adenine nucleotide
insertion editing is a site-, gene-, and species-specific event for human FAS (Supp. Figure
S1).

We speculate that FAS mRNA editing may be a feedback response to protect cells from
ongoing FAS-mediated AICD in the activated T cells since the persistent TCR engagement
enhances the FAS mRNA editing. The emergence of edFAS may interfere with the FAS-
mediated apoptosis signal through the alteration of AICD threshold in the activated T cells.
Therefore, the initiation of FAS mRNA editing may be a critical step in the breakdown of
the peripheral immune tolerance. Accordingly, it will be of great interest to investigate
whether the FAS mRNA editing plays a universal role in the pathogenesis of various
autoimmune or inflammatory diseases.

Although the adenine insertion type of mMRNA editing has never been reported with human
genes, the adenine insertion mMRNA editing has been described in Ebola virus (EBOV)
(Volchkov, et al., 2001). The editing site, which consists of seven consecutive adenine
residues (AAAAAAA), resembling the EBOV polyadenylation signal (poly(A) signal).
Similar to EBOV GP, the human FAS mRNA editing site contains six consecutive adenine
residues (AAAAAA) (Fig. 1A). Genes encoding polyadenylated mRNAs depend on their
poly(A) signal for the termination of transcription. The poly(A) signal could direct RNA
polymerase 11 to pause and to release partially from the template (Orozco, et al., 2002).
Consequently, slippage of the gene transcriptional complex on the RNA template may cause
insertion of extra nucleotide. Therefore, we speculate that human FAS uses the poly(A)
signal-controlled slippage of the gene transcription complex to generate the edited mMRNA
products. However, further experiments are required to define the mechanism of human FAS
MRNA editing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Adenine insertion in FAS mRNA leads to the production of novel FAS protein. A).
Sequence tracings show an adenine insertion in FAS cDNA. The upper panel shows that the
wild-type FAS (WtFAS) cDNA contains a stretch of six adenines (underlined) while the
lower panel shows edited FAS (edFAS) cDNA containing seven adenines (underlined) in the
same region. B). Schematic representation of nucleotide insertion mutation in FAS mRNA at
position 1114 (GenBank accession number X63717). Partial sequences (nucleotide and
peptide) of wild-type FAS (wtFAS) and the edited FAS (edFAS) are shown. The peptide
sequences are different between wtFAS and edFAS after amino acid codon 285 in FAS
cytoplasmic tail. The a6 region of the FAS death domain and the signal regulatory region
are absent in the edFAS protein. The frame-shift mutation also creates a novel 19 amino acid
peptide in the edFAS. The extra adenine is indicated by A sign. C). Detection of mutated
FAS (edFAS) protein in SLE patients. Total FAS proteins were immunoprecipitated from
cell lysates with anti-human FAS mAb as described in “Materials and Methods”. Rabbit
anti- edFAS antibodies failed to react with the wild-type FAS expressed in 293 cells (293
WtFAS). The anti edFAS antibodies reacted with the edFAS expressed in 293 cells (293
edFAS, left upper panel). The edFAS protein was detected by anti-edFAS antibodies in two
SLE patients (SLE1 and SLE?2). Little or no edFAS protein could be detected in normal
control donors (CTL1, CTL2, CTL3, and CTL4). Both edFAS and wtFAS were detected by
anti-FAS antibody recognizing FAS extracellular domains (lower panels).
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Fig. 2.

The edFAS is deficient in FAS-mediated apoptosis. A). Similar levels of edFAS and wtFAS
were expressed on 293 cell surface as detected by the anti-FAS mAb. B). Intracellular flow
cytometry assay shows that anti-edFAS mAb (1D4) reacted with edFAS but not with wtFAS
expressed in 293 cells. C). The edFAS protein expressed on 293 cells (293 edFAS) could
also be detected by anti edFAS mAb (1D4) in a Western blotting assay. No edFAS was
detected in 293 cells expressing the wtFAS (293 wtFAS). D). Defective FAS-mediated cell
death in 293 cells expressing edFAS. Cell viability was determined with ATPLite
Luminescent ATP detection assay. Significant cell death was observed in 293 cells
expressing wild-type FAS (WtFAS) after cells were treated with SuperFAS ligand (20 ng/
ml) for 4, 6 and 18 hours. No significant cell death occurred in 293 cells expressing edFAS
with the same treatment. All experiments have been repeated three times.
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Fig. 3.

Increased FAS editing mutation products in SLE patients. A). Quantification of edFAS
MRNA in SLE patients and normal controls. The percentages of edFAS mRNA relative to
the total FAS mRNA were calculated as described in “Materials and Methods”. The
percentages of edFAS mRNA were significantly increased in SLE patient groups compared
to normal control group (P < 0.01). B). The edFAS protein was undetectable in CD3* T
cells from a normal donor in intracellular flow cytometry using anti edFAS mAb (1D4). C).
The edFAS was detected in CD3* T cells from an SLE patient. D). Different edFAS
expression in CD3* T cells between SLE patients and normal controls. The edFAS protein
ratios were calculated as the MFI (mean fluorescence intensity) of anti edFAS mAb (1D4)
over the MFI of the migG1 isotype control. The edFAS protein production was significantly
enhanced in SLE patient groups compared to normal control group (P < 0.05).
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Fig. 4.

edFAS inhibits FAS-mediated apoptosis in T cells. Jurkat T cells, stably expressing FAS
constructs, were established by transfection with either the edFAS/pcDNA3 expression
construct (edFAS T cells) or the wild-type FAS/pcDNA3 expression construct (WtFAS T
cells). Cell viability was determined as described in the section of “Materials and Methods”.
All experiments have been repeated at least three times. A). Jurkat T cells were treated with
anti FAS mAb (2 pg/ml of CH-11) for 4, 8, and 18 hours. Bars (means £ S.D. of three
experiments performed in triplicates) show the percentages of surviving cells after anti FAS
antibody treatment. T cells expressing edFAS had significantly higher survival rates than
those of the cells expressing only the wtFAS at respective time points (*, P < 0.05). B).
Stable T cells expressing edFAS were treated with SuperFAS Ligand (20 ng/ml) for 4, 8,
and 18 hours and expression of edFAS significantly inhibited SuperFAS Ligand-induced
cell death in Jurkat T cells at respective time points (*, P < 0.05). C). Surface FAS levels
detected with extracellular staining were comparable between cells tranfected with edFAS
and those with wtFAS (left panel). The edFAS was undetectable in T cells transfected with
WtFAS by anti edFAS mAb (1D4) (middle panel). The edFAS expression was detected in T
cells transfected with edFAS (right panel).
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Up-regulation of FAS mRNA editing after TCR engagement. Jurkat T cells were treated
with anti CD3 mADb (5 pg/ml), or IFNy (100 U/ml), or IFNa (100 U/ml) for 48 hours. A).
Very little edFAS could be detected in non-treated T cell. B). Treatment with anti CD3 mAb
for 48 hours significantly increased the edFAS production in T cells. C). Treatment with
IFNy for 48 hours failed to increase the edFAS protein production in T cells. D). Treatment
with IFNa for 48 hours did not increase the edFAS protein production in T cells. All

experiments were repeated at least three times.
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Table 2

Distribution of adenine insertion FAS cDNA clones in human and murine T cells

Cells Edited clones/Total clones  Editing (%)
Untreated Jurkat T cells 2/34 6%
TCR Stimulated Jurkat T cells 8/34 24%
Primary murine T cells 0/71 0%
TCR Stimulated murine T cells 0/67 0%
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