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Abstract

Although much progress has been made in identifying the signaling pathways
that mediate viral RNA-induced apoptosis and activation of interfe-
ron-stimulated genes, the role that bacterial RNA plays in regulating these
Apoptosis-Regulating Genes. American ~ Yesponses has remained undetermined. Herein, we identified bacterial RNA
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as a novel inducer of the apoptotic cell death. Unlike the parental cells,

STATI and STAT2 mutants display apoptotic defects which were reversed by
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tyrosine-701 or a functional SH2 domain were effective as the wild-type pro-
tein in restoring the apoptotic response, the mutant carrying a point mutation
at serine-727 of STAT1 was resistant to bacterial RNA-induced apoptosis. We
also determined that the lack of apoptosis in the STAT1 and STAT2 mutants
was correlated with the constitutive and inducible activation of apoptosis re-
gulating proteins. Furthermore, we show that bacterial RNA induces tran-
scriptional activation of STAT1, STAT2, IRF1, and ISGF3, which was im-
paired in STAT1 or STAT2 mutants. These observations suggested that the
participation of STATSs in regulating the apoptotic response is independent of
their downstream functions as cytokine-induced transcriptional activators. In
addition to bacterial immunity, the results presented here may also have im-
plications in cellular pathophysiology and RNA-based therapy.
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1. Introduction

Discriminating self from foreign is crucial to innate immunity that employs pat-
terns recognition receptors (PRRs) to sense molecular patterns associated with
pathogenic invaders. Evidence that has accumulated recently indicated that dis-
tinct PRRs sense nucleic acids released from infectious organisms, resulting in
activation of intracellular signaling cascades [1] [2] [3] [4]. Of considerable in-
terest are the recent findings that natural bacterial RNA and synthetic oligori-
bonucleotides can induce antigen-specific immunity, secretion of proinflamma-
tory cytokines and type I interferons (IFNs) [5]-[18].

To exert their biological effects on targeted cells, IFNs bind to their receptors
which results in the activation of intrinsic receptor tyrosine-kinase activity or
receptor-associated kinases such as the Janus kinases (JAK) family of kinases
[19]. The activated JAKs in turn phosphorylate specific tyrosine motifs in recep-
tor endodomains to recruit specific monomeric signal transducer and activator
of transcription (STATSs) [20]. Type I IFNs phosphorylates STAT1 and STAT2
form IFN-stimulated gene factor-3 (ISGF-3), a ternary complex that also in-
cludes interferon regulatory factor 9 (IRF9). This multimeric transcription factor
translocates into the nucleus and regulates gene expression by binding to inter-
feron stimulated response element (ISRE) in the promoters of regulated genes
[21] [22]. IFN-y induces the formation of STAT1 homodimers which in turn
translocates into the nucleus, where they bind to distinct yp-activated sequence
(GAS) in the promoters of target genes.

From a standpoint of the innate immunity, both bacterial and viral RNA share
several immunostimulatory potential. For example, recognition of either bacterial
or viral RNA induces antigen-specific immunity and secretion of proinflamma-
tory cytokines [4]-[9]. Bacterial RNA also shares certain structural elements with
viral RNA such as the 5'-triphosphate RNA which has been identified as a ligand
for the retinoic acid-inducible gene I (RIG-I) and protein kinase R (PKR) [16]
[23]. Both RNA ligands can also stimulate the same immuoreceptor such as
NACHT, LRR and PYD domains-containing protein 3 (NALP3) inflammasome
and toll-like receptor (TLR)7 [12] [13]. It is well established that innate immu-
nity-mediated detection of viral dsSRNA can modulate the JAK/STAT signaling
and trigger apoptotic response. However, to our knowledge there have been no

reports describing the contribution of bacterial RNA in these processes.

2. Materials and Methods

2.1. Cell Lines and Treatments

The human fibrosarcoma cell line 2fTGH was derived from HT1080. The
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2fTGH and its deficient variants: UlA (TYK2-/-), U2A (IRF9-/-), U3A
(STAT1-/-), U4A (JAK1-/-), USA (IFNAR2-/-) and U6A (STAT2-/-) were pre-
viously described [24] [25] [26]. U3A-R and U6A-R cells are U3A and U6A cells
reconstituted with STAT1 and STAT2 respectively by stable transfection with
expression vectors. We also employed several STAT1 mutants including Tyr 701
mutant (U3A-701); Ser 727 mutant (U3A-727); SH2 domain mutant (U3A-SH2),
and the truncated variant of STAT1 (STAT1p). Cells were grown to 70% conflu-
ence in DMED medium supplemented with 10% fetal bovine serum and 1% pe-
nicillin/streptomycin and then the growth medium was replaced with un-
supplmented base DMED for 18 h before treatment. Approximately 2 x 10° cells
were stimulated with or without 100 pg/ml bacterial total RNA or digested total
RNA for 24 h or 48 h.

2.2. Preparation of Bacterial Total RNA

Pathogenic isolates of E. coli (O18:K1:H7; ATCC #700973) were used for this
study. A modified hot phenol combined with enzymatic lysis was carried out to
isolate bacterial total RNA. Exponentially growing bacteria were harvested in ice
cold 5% phenol/ethanol solution and then resuspended in a fresh lysis buffer of
TE and 2 mg/ml lysozyme (Sigma Aldrich, St. Louis, USA). Samples were
brought to 2% SDS and a volume of 850 ul water-saturated phenol was added to
each tube and incubated for 5 minutes at 64°C. Following centrifugation at
13,000 X g, the aqueous phase was transferred to a fresh tube and equal amounts
of chloroform were added and centrifuged for 10 minutes at 4°C. The RNA was
precipitated by 0.1 vol 3 M sodium acetate and 2.5 vol ethanol. The RNA pellets
were washed with 70% ethanol and resuspended in DEPC-treated water. The in-
tegrity and purity of RNA species were determined by electrophoresis on agarose
gels and A260/A280 ratios. Extracted crude RNA was treated with RNase-free
DNase I (Roche, Indianapolis, USA) to remove contaminant genomic DNA and
further purified by the Qiagen method (Qiagen, Valencia, USA) as per the

manufacturer’s instructions.

2.3. RNA Digestion

Aliquots of RNA samples were incubated in the presence of a heterogeneous
mixture of ribonucleases (1 U per 2 ul of RNA at 1 pg/pl for 1 hr) (Roche, Indi-
anapolis, IN). RNA samples were analyzed by denaturing agarose or poly-
acrylamaide gel electrophoresis for quality assurance. Aliquots of digested total
bacterial RNA were added to the media to yield a final concentration of 100

pg/ml.

2.4. Immunoprecipitation and Immunoblotting

Cells were challenged with bacterial RNA to test their ability to induce apoptosis.
The treated and non-treated cells were washed three times with cold PBS, and
then the cell pellets were resuspended in Radioimmunoprecipitation assay
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(RIPA) lysis buffer (PBS, 1% Igepal, 0.5% sodium deoxycholate, 0.1% SDS) plus
a protease inhibitor mixture and incubated on ice. For immunoprecipitation,
500 pg of the cellular lysates were first precleared with the addition of 50 pl of
50% protein G-Sepharose beads (Santa Cruz) for 1 h at 4°C under rotation and
recovered. The supernatants were incubated with 5 pl of antibodies specific for
the target proteins for 30 min on ice and then 50 pl of 50% suspension of protein
G-beads in RIPA were added, and incubation was continued overnight with ro-
tation. The beads were washed twice with RIPA, collected, and immunoprecipi-
tates were subjected to electrophoresis. For detection of tyrosine phosphorylated
proteins, membranes were probed with the anti-phosphotyrosine monoclonal
antibodies PY20 (Signal Transduction Laboratories) and 4G10 (Upstate Bio-
technology Incorporated). For Western blot analysis, cellular proteins were re-
solved by SDS-PAGE gels and transferred to PVDF membranes. The membranes
were blocked and subjected to immunoblotting analysis using antibodies specific
for STAT1, STAT2, JAK1, caspase-2, caspase-8, BCL2 (Cell Signaling). Cas-
pase-3, IRF1, and p53 antibodies were from Santa Cruz. When required,
mmembranes were stripped of previous antibody and reprobed for total protein

forms or co-immunoprecipitation experiments.

2.5. Electrophoretic Mobility Shift Assay (EMSA)

Cytoplasmic extracts were prepared and assayed for EMSA as described pre-
viously [27]. Briefly, 6 ug of proteins were subjected to EMSA in a binding reac-
tion containing 200,000 cpm of [ y-p*’] ATP-end labeled oligonucleotides probes
to measure the binding activity for STAT1, STAT2, IRF1, and ISGF3. The oli-
gonucleotides used were: the high affinity ISG15 sequence

(5-GATCCATGCCTCGGGAAAGGGAAACCGAAACTGAAGCC-3") for the
ISRE, the GAS sequence 5-TTCCGGGAA-'3 for binding to STAT1, IR element,
(5-GTGATTTCCCCGAAATGACG-3'), for binding to STAT2, and the hexamer
sequence (5-AAGTGA-3') for IRF1. For supershift experiments, the protein ex-
tracts from bacterial RN A-treated cells were incubated with 1 pl of antibody
against STAT1, STAT2, (from cell signaling) and IRF1 (from Santa Cruz Bio-

technology) for 10 min at room temperature before adding the probe.

2.6. Analysis of Genomic DNA Fragmentation

For isolation of genomic DNA fragments, we followed the method described by
Hermann et al with few modifications [28]. Briefly, cells from 10-cm plate (2 x
10°) were challenged with 100 pg/ml total bacterial RNA or digested RNA, col-
lected, and the pellets were resuspended in lysis buffer (1% Nonidet P-40 in 20
mM EDTA, 50 mM Tris-HCI, pH 7.5) for 15 minutes and centrifuged. The su-
pernatants contained fragmented DNA were brought to 1% SDS and treated for
30 minutes with RNase A (final concentration 0.5 mg/ml). Proteinase K was
then added to a concentration of 1 mg/ml and incubation was continued for 2 h
at 50°C. The DNA was precipitated and resuspended in TE buffer and genomic
DNA was fractionated by 1% agarose electrophoresis.
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3. Results

Bacterial RNA shares certain structural and signaling features with viral RNA. It
is well established that viral RNA can trigger apoptosis. However, there have
been no reports describing the contribution of bacterial RNA in the apoptotic
response. Because DNA fragmentation is consistently used as a hallmark of
apoptosis, we evaluated the potency of bacterial RNA to trigger genomic DNA
fragmentation in HT1080 cells. Comparing to the untreated cells, we found that
stimulation of these cells with total RNA derived from E. coli induced genomic
DNA laddering (Figure 1, lane 4). To rule out the possibility that the apoptotic
effects on HT1080 cells were induced by potential contaminants in the RNA
preparations, we subjected bacterial RNA to enzymatic digestion with RNase
and challenged the cells. Genomic DNA laddering was not apparent in cells in-
cubated with RNase-digested bacterial RNA, confirming that bacterial RNA is
the active inducer of apoptosis (Figure 1, lane 3).

Although JAK/STAT signaling is considered as a principal player in cytokine
signaling, its contribution to bacterial RNA-induced apoptosis has not been re-
ported. To determine the role of different JAK/STAT signaling components in
bacterial RNA-induced apoptosis, we treated mutant cell lines lacking a single
protein of JAK/STAT signaling pathway with bacterial RNA. Unlike the parental
cell line 2fTGH, STAT1 mutant (U3A) and STAT2 mutant (U6A) cells were re-
sistant to apoptosis induced by bacterial RNA in comparison to non treated cells
(Figure 2(a) vs Figure 2(c), lanes 2, 5, and 8). Although the mutant cell lines
lacking TYK2 (U1), p48 (U2), JAK1 (U4), IFNAR2 (U5), and JAK2 (j2A), are
defective in IFN signaling, the apoptotic response of these mutants was similar
to 2fTGH and 2C4 cells (the parental cell line for )2A). RNase-digested bacterial
RNA failed to trigger DNA fragmentation confirming that bacterial RNA is the
actual inducer of apoptotic cell death (Figure 2(b)). The apoptotic defects in
U3A and U6A cells were reversed by reintroducing these cells with full-length
STATI1 and STAT2 cDNAs respectively, excluding the possibility that a muta-
tion in another gene was responsible for these effects (Figure 3 lane 7 vs. 10 and
lane 13 vs. 16).

STAT]I transcriptional activity is essential for cytokine signaling. Therefore,
we tested whether the role of STAT1 in bacterial RNA-induced apoptosis re-
quires its transcriptional activity. STAT1 dimerization, DNA binding, and gene
regulation require its phosphorylation at the tyrosine 701. Furthermore, en-
hancing the transcriptional activity of STATI also requires its phosphorylation
at the conserved domain 727 [29] [30]. Similarly, dimerization of STAT1 and
recognition of cytokine receptors requires the SH2 domain of STAT1 [31]. In
contrast to IFN-induced transcriptional regulation, we found that the STAT1
mutants U3A-701 and U3A-SH2 were not essential for apoptosis signaling and
effective as the wild-type protein of 2fT'GH to restore the apoptotic response
(Figure 4, lanes 4 and 10). Interestingly, the apoptotic response was reduced in
STATI that carrying a point mutation at the serine 727 (U3A-727) as shown in
Figure 4, lane 7. The STAT1a and STAT1p are two alternative truncated ver-
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sions of STAT1 that vary only in the occurrence of COOH terminal domain [21]
[32]. We found that the alternative spliced versions STAT1a and STAT1 were
similarly able to restore apoptosis in U3A cells (Figure 4, lane 13).

HT1080

2 3 4

Figure 1. Bacterial RNA induces genomic DNA laddering in fibroblasts. The
HT1080 cells were treated with 100 ug/ml intact E. coli RNA (ERNA, lane 4)
or RNase-digested E. colif RNA (DERNA, lane 3) for 48 hrs or left untreated
(NT, lane 2). Small molecular weight DNA fragments were extracted and frac-
tionated by 1% agarose gel electrophoresis. M: DNA marker.
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Figure 2. Analyses of genomic DNA laddering in mutants of JAK/STAT sig-
naling pathway. The parental cell lines 2fTGH and 2C4 and their mutant ver-
sions were left untreated (panel a), treated with 100 pg/ml RNase-digested E.
coli RNA (panel b) or challenged with 100 pg/ml intact E. coli RNA (panel c)
for 48 hrs. 1% agarose gel electrophoresis performed to visualize the small mo-
lecular weight DNA fragments. M: molecular DNA marker.
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Figure 3. STAT1 null (U3A) and STAT2 null (U6A) cells are resistant to apoptosis
induced by bacterial RNA. The parental cell line 2fTGH, STAT1 mutant (U3A),
STAT2 mutant (U6A), U3A stably transfected with STAT1 cDNA (U3A-R), and
U6R were left untreated (NT), treated with 100 pg/ml digested E. coli RNA
(DERNA), or challenged with 100 pug/ml intact bacterial RNA (ERNA) for 48 h. 1%
agarose gel electrophoresis performed to visualize the small molecular weight DNA
fragments. M: molecular DNA marker.
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Figure 4. Transcriptional activity of STAT1 in apoptosis. STAT1 null cells (U3A)
were transfected with different mutant versions carrying a mutation in STAT1 tyro-
sine 701 (U3A-701), serine 727 (U3A-727), SH2 domain (U3A-SH2) or the trun-
cated version of STAT1 (STATIf). Genomic DNA fragments from untreated cells
(NT), cells treated with either RNase-digested E. co/i RNA (DERNA), or intact E.
coliRNA (ERNA) were analyzed by 1% agarose gels. M: DNA marker.

In certain cells lines, cytokines and IFNs induce apoptosis through transcrip-
tional induction of interferon-mediated regulation of apoptotic genes. This
apoptotic response was correlated with activation and DNA binding activity of
STAT proteins [29] [33] [34]. In addition, it has been recently shown that bac-
terial RNA induces the secretion of inflammatory cytokines and interferons.
However, the underlying mechanism remains unexplored. Therefore, we sought
to test the potential role of STAT activation in the apoptotic response induced by
bacterial RNA. Because tyrosine phosphorylation is the major determinant of
STAT1 and STAT?2 activation, we first immunoprecipitated STAT1 and STAT2
from bacterial RNA-treated- and -untreated cells and then we probed the puri-
fied proteins with phosphotyrosine specific antibody. Immunoblotting analyses
show that bacterial RNA induces both tyrosine phosphorylation of STAT1 and
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STAT?2 in the parental HT1080 and 2fTGH cells (Figure 5(a) and Figure 5(b),
third panel, lanes 1 and 2). The defects in tyrosine phosphorylation induced by
bacterial RNA in U3A and U6A cells were reversed by restoring these cells with
STAT1 and STAT? respectively (Figure 5(a) and Figure 5(b), third panel, lanes
3 vs.5 and 6 vs. 7). Interestingly, in the mutant human cell line U6A, the tyrosine
phosphorylation of STATI is defective (Figure 5(a), third panel, lane 6). This
result contrasted with the U3A cells in which STAT2 phosphorylation was nor-
mal which suggested the dependence of STAT1 phosphorylation on STAT2
(Figure 5(a), third panel, lane 6 vs. Figure 5(b), third panel, lane 3). We also
observed a reduction in STAT]1 tyrosine phosphorylation in STAT1 serine mu-
tant U3A-727 suggesting interdependence of one phosphate on the other
(Figure 5(a), third panel, lane 4). Again, RNase digestion of total bacterial RNA
reversed the effects on tyrosine phosphorylation of both STAT1 and STAT2
(Figure 5(a) and Figure 5(b), second panel). STAT1 and STAT2 are substrates
of JAK1 which is an obligatory kinase in mediating the biological responses to
the major classes of cytokine receptors including both type I and II interferon
receptors [35] [36]. Thus we tested whether tyrosine phosphorylation of STAT1
and STAT?2 corresponds to endogenous JAK1 activation. We first immunopre-
cipitated JAKI from cell lines treated with or without bacterial RNA and then
subjected the purified JAK1 to immunodetection with phosphotyrosine specific
antibody. The results from this assay revealed that the purified JAK1 was effi-
ciently tyrosine phosphorylated in the parental cell lines but not in U3A and
U6A cells (Figure 5(c), third panel, lanes 1and 2 vs. lanes 3 and 6). The amount
of phosphotyrosine JAK1 protein in the mutant U3A-727 was also reduced sug-
gesting the positive effects of serine phosphorylation on tyrosine of STAT1
(Figure 5(c), third panel, lane 4). We next performed EMSA to assess DNA
binding activity of transcriptional factor STAT1 and STAT2 to proteins from
bacterial RNA-treated and non treated cells. Consistent with our previous re-
sults, EMSA results show that bacterial RNA induced STAT1 and STAT2 tran-
scriptional activation in the parental cell lines (Figure 6(a) and Figure 6(b),
third panel, lanes 1 and 2). Consistent with previous Western experiments,
EMSA results show that STAT1 activation was defective in both U3A and U6A
(Figure 6(a), third panel, lanes 3 and 6). In contrast to Western blot results, we
observed that STAT2 activation was not only defective in U6A, but also in U3A
and U3A-727 (Figure 6, third panel, lanes 3, 4, and 6). Again, restoring STAT1
and STAT?2 reverses the deficiencies in both U3A and U6A (Figure 6(a) and
Figure 6(b), third panel, lanes 5, and 7). Digested bacterial RNA failed to acti-
vate STAT1 or STAT2 (Figure 6(a) and Figure 6(b), second panel). Although
bacterial RNA uses components common to IFN signaling, the above results
suggested that the essential role of STAT1 and STAT2 for bacterial
RNA-mediated apoptosis appears to be partially independent of their function as
cytokine induced transcription effectors. The transcription factors STAT1 and
STAT?2 are known to combine with p48 (IRF9), a DNA-binding protein, to as-
semble the heterotrimeric ISGF3 which binds to ISREs distinct from the IR
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Figure 5. Induction of tyrosine phosphorylation of STATI, STAT2, and
JAKI by bacterial RNA. The parental and mutant cell lines were not stimu-
lated [NT] (top panel a, b, ¢) or stimulated for 24 h with either 100 ug/ml
RNase-digested E. coli RNA [DERNA] (second panel a, b, ¢) or intact E. coli
RNA [ERNA] (third panel a, b, ¢). STAT1 (a), STAT2 (b), and JAK1 (c)
were first immunoprecipitated from the cells, resolved by SDS-PAGE, and
Western blots were probed with phosphotyrosine specific antibodies.
Membranes were stripped and reprobed with antibody for STAT1 (bottom
panel a), STAT2 (bottom panel b), or JAK1 (bottom panel c). Positions of
phosphotyrosine STAT1, phosphotyrosine STAT2, and phosphotyrosine
JAK]1 are indicated by arrows.
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Figure 6. U3A, U3A-727, and U6A mutant cells are defective in bacterial
RNA-induced activation of STAT1, STAT2, and ISGF3. EMSAs were per-
formed with protein extracts prepared from the parental and mutant cell lines
that were not treated [NT] (top panel, a, b, and c) or treated for 24 h with ei-
ther 100 pg/ml RNase-digested E. coli RNA [DERNA] (middle panel a, b, and
¢) or intact E. coli RNA [ERNA] (bottom panel, a, b, and c). The DNA binding
activities of STAT1 (a), STAT2 (b), and ISGF3 (c) were determined by using
P**-labeled regulatory elements as probes for these transcriptional factors. Ex-
tracts of bacterial RNA-treated 2fTGH cells incubated with STAT1 (a, bottom
panel, lane 8), STAT2 (b, bottom panel, lane 8), or bacterial RNA-treated U2A
cells (¢, bottom panel, lane 8) were used to identify these proteins.

of the /RF-I gene [22]. Furthermore, it has been shown that ISGF3 mediate
apoptosis induced by different stimuli [37] [38]. We examined whether bacterial
RNA induces ISGF3 activation and whether its transcriptional activity is im-
paired in the U3A and U6A cells (Figure 6(c)). Our results clearly demonstrated
the activation of ISGF3 in both HT1080 and 2fTGH cells (Figure 6(c), third
panel, lanes 1 and 2). While its activation in U3A and U6A is defective, comple-
mentation of these mutants with constructs for STAT1 and STAT?2 restored the
response to bacterial RNA and the ability to form ISGF3 (Figure 6(c), third
panel, lanes 3 vs. 5 and lane 6 vs. 7). These results suggested that U3A and U6A
are resistant to bacterial RNA induced apoptosis due to the deficiency in the
ISGF3-mediated gene regulation of apoptosis genes.

The IRF1 gene responds to IFN-a/f through utilizing AAF to activate
GAS-like elements or activated by IFN-y through GAS elements. The induction
of IRF1, which has been implicated in the regulation of apoptosis, is defective in
both STAT1 and STAT2 mutants [21] [29] [39]. Thus; we first tested the basal
level of IRF1 protein in the parental and mutant cell lines. Although the IRF1
protein expressed normally in U3A and U3A-727 cells, its level U6A cells de-
creased as determined by Western blots (Figure 7(a), lane 6). To investigate
whether the lack of IRF-1 expression might be involved in the apoptotic pheno-
type of U3A cells, we tested the mutant U3A-IRF1 (a stable transfectant of U3A
in which IRF1 expression is comparable to that of 2fTGH cells). Our results
show that expression of IRF1 can restore the DNA fragmentation of apoptotic
response in U3A, suggesting that STAT1-regulated expression of IRF1 must be
required for bacterial RN'A-induced apoptosis (Figure 7(b)).
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Figure 7. Analysis of IRF1 expression in STAT mutants and involvement of IRF1 in
STATI1-mediated apoptosis. (a) Protein extracts from untreated parental and mutant
cell lines were analyzed by Western blotting using antibody to IRF1. (b) U3A cells
were stably transfecetd with IRF1 expression vector and challenged without (NT), or
with RNase-digested E. co/f RNA (ERNA) or intact E. coli RNA. Post-treatment, ge-
nomic DNA laddering was performed on 1% agarose. M: DNA marker.

In IFN-induced apoptosis, transcriptional induction of many apopto-
sis-regulating genes is mediated by tyrosine phosphorylation and DNA binding
activity of STAT1 or STAT2. In contrast, microarray studies of gene expression
in U3A cells and Y701F mutant (STAT1 mutant that cannot be phosphorylated
on tyrosine) revealed that expression of many genes can also be regulated by
unphosphorylated STAT1 [24] [40] [41]. To further understand why bacterial
RNA-induced apoptosis depends on STAT1 and STAT?2, we tested a number of
proteins known to mediate apoptosis. The p53, a tumor suppressor transcription
factor, plays central roles in regulating a wide range of biological processes in-
cluding cell cycle arrest, DNA damage stress, and promoting apoptosis. Western
blot analysis demonstrated that both the basal and induced levels of p53 are
greatly reduced in U3A but not in U6A or the STAT-727 mutants (Figure 8,
lane 3 vs. lanes 4 and 6). Reconstitution of U3A with STAT1 rescues the sensi-
tivity of these cells to bacterial RNA-induced apoptosis and restored the expres-
sion of p53 protein to levels comparable to those in parental cell line indicating
that STAT1 is a positive regulator for p53 (Figure 8, lane 5 vs. lanes 1 and 2).
Co-immunoprecipitation results indicated that STATI is physically associated
with p53 in non-stimulated cells and this interaction is enhanced by treatment
with bacterial RNA (Figure 8(b), lanes 1 and 2). The STAT1 mutant U3A con-
firms the specificity of STAT1 association with p53 (Figure 8(b), lane 3). This
result suggests the involvement of post-transcriptional events of STAT1 control
in regulating bacterial RNA-induced apoptosis. The basal level of the an-
ti-apoptotic protein BCL2 was lower in U6A cells only and increased by chal-
lenging these cells with bacterial RNA which partially may explain the resistance
of these cells to apoptosis (Figure 8(c), top and third panels). Similarly, diges-
tion of bacterial RNA fails to exert any effects on p53 or BCL2 (Figure 8(a) and
Figure 8(c), second panel).
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Figure 8. STAT1 and STAT?2 regulate p53 and BCL2 proteins. Parental and mutant cell
lines were not treated [NT] (top panel a, c) or treated for 48 hrs with either 100 pg/ml di-
gested E. coli RNA [DERNA] (second panel a, ¢) or intact E. co/f RNA [ERNA] (third
panel a, ¢). Cellular proteins were separated by SDS-PAGE and probed for p53 (a) and
BCL2 (c). (b) STATI physically associates with p53. After stimulation of 2fTGH with [+]
or without [-] E. coli RNA for 48 hrs, STAT1 was first immunoprecipitated, separated on
SDS-PAGE, and probed with p53 antibody (top panel). Membrane was stripped and re-
probed with STAT1 antibody (bottom panel). U3A was used as a negative control.

To further explore the mechanism underlying the resistance of U3A,
U3A-727, and U6A cells to bacterial RNA-induced apoptosis, we studied the
basal levels and cleavage of some caspase family proteins as key regulators of
apoptosis. We found that the basal level of caspases-2 was lower in U3A cells and
restored when the cells reintroduced with STAT1 (Figure 9(a), top panel, lane 3
vs. lane 5). However, treatment with bacterial RNA failed to induce any cleaved
products suggesting STAT1-independent mechanism for activation of caspase-2
(Figure 9(a), bottom panel). Comparing to 2fTGH, the expression of caspase-3
protein in U3A was defective, however, transfecting these cells with STAT1
cDNA, restores the expression of the protein (Figure 9(b), top panel, lane 3 vs.
5). The basal level of caspase-3 in U3A and U3A-727 were not different from the
parental cell lines. However, treatment with bacterial RNA induced caspase-3
activation in 2fTGH, HT1080, U3A-R, and U6A-R cells which may explain the
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resistance of U3A, U3A-727 and U6A cells to apoptosis induced by bacterial
RNA (Figure 9(b), bottom panel, lanes 1 and 2 vs. lanes 3, 4, and 6). We next
tested the initiator caspase-8. The data from this experiment indicated that the
constitutive levels of procaspase-8 were decreased in U3A and U3A-727 cells,
but comparable to 2fTGH in U6A (Figure 9(c), top panel). Treatment with bac-
terial RNA failed to induce activation of caspase-8 in both U3A and U3A-727
cells (Figure 9(c), bottom panel). The above results suggested that the lack of
programmed cell death induced by bacterial RNA in the STAT1 and STAT2
mutants do not only correlate with lack of the constitutive but also with the in-
ducible levels of caspases. Therefore, the mechanism that sends downstream
signaling to regulate constitutive and inducible expression of STAT1 and STAT2
targeted genes seems to be distinct.
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Figure 9. STAT1 and STAT?2 regulate the constitutive and inducible levels of caspases.
Protein extracts from parental or mutant cell lines were not teated [NT] (top panels) or
treated with either 100 pg/ml RNase-digested E. coli RNA [DERNA] (middle panels)
or E. coli RNA [ERNA] (bottom panels) for 48 h were resolved on SDS-PAGE and
analyzed by Western blotting using antibodies to caspase-2 (a), caspase-3 (b), or cas-
pase-8 (c). The procaspases forms and their cleaved fragments are indicated.
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4. Discussion

Nucleic acids are not only essential genetic elements, but sensing their molecular
patterns is also an important quality control mechanism which has evolved to
maintain the integrity of human genome. In addition to bacterial cell wall com-
ponents and toxins which are considered as the principal pathogenic signatures
responsible for programmed cell death, herein we identified bacterial RNA as a
novel inducer of apoptosis. Bacterial RNA and modified ssSRNA are potent im-
munostimulatory agents characterized by induction of proinflaimmatory cyto-
kines such as IL-1p, IL-6, IL-12, TNF-q, IFNs, reactive oxygen/nitrogen species
and thus implicated in a range of diseases [7] [8] [9] [10] [11]. We previously
demonstrated that bacterial DNA and RNA derived from S. aureus and E. coli
and poly I:C induce cardiac cell dysfunction and implicated this response in sep-
tic shock [42]. We also reported that sera derived from septic patients predis-
posed to bacterial infections induces apoptosis, activates transcriptional factors
STATI, NFkB, IRF1, and differentially regulates the apoptosis related genes [27]
[43] [44] In vivo and in vitro studies demonstrated that natural bacterial DNA
and synthetic CpG oligonucleotides induce the secretion of TNF-q, IL-15, IL-6,
iNOS, trigger apoptosis and thus are linked to septic shock [45] [46]. It has been
shown that bacterial RNA can activate cytosolic immunoreceptors similar to
those reported for DNA recognition [47] [48]. Thus, both bacterial DNA and
RNA can trigger antiviral-like state characterized by programmed cell death.
Loss of cellular functions by apoptosis is clearly identified as a serious and fre-
quent complication in patients suffering from microbial infections, multiorgan
failure and septic shock. These observations therefore support the concept that
bacterial RNA of itself can elicit a lethal inflammatory response.

We show that STATI and STAT2 null cells display apoptotic defects which
were reversed by restoring the expression of wild type proteins. To understand
whether STAT1 is acting as a cytoplasmic signaling adaptor or a nuclear tran-
scription factor, we examined the participation of different STAT1 subdomains
in apoptosis signaling. Although the functional SH2 domain and tyrosine-701
are absolutely critical for STAT1 transcriptional activity induced by IFNs, our
results indicated they were actually not required for apoptotic function since
mutants of these domains were effective as the wild-type proteins in restoring
the apoptotic response. Lacking the COOH-terminal region in STAT1/ did not
protect these cells from bacterial RNA-induced apoptosis; however, a point mu-
tation at serine-727 in the COOH-terminal region of STAT1 greatly decreased
the apoptotic response. The 38 COOH-terminal amino acids segment of STAT1
is essential for transcription activation induced by IFNs through recruitment of
coactivators and chromatin remodeling complexes. However, both STAT1a and
STATI1p dependent transcription was also stimulated by the TIRAP/Mediator
co-activator complex on a naked DNA template [29] [49]. Our results suggest
that the COOH-terminal domain is not the only effector domain in apoptotic
STAT function. We next linked the lack of apoptosis in the STAT1 and STAT2

DOI: 10.4236/ajmb.2020.103012

178 American Journal of Molecular Biology


https://doi.org/10.4236/ajmb.2020.103012

F. Bleiblo et al.

mutant cells to the constitutive and inducible expression of caspases and other
apoptosis-regulating proteins. STAT1 was initially considered as a latent tran-
scriptional factor translocates into the nucleus to regulate gene expression only
when phosphorylated and activated by cytokines and other ligands. Our findings
suggested that STAT1 might function as a nuclear transcriptional factor in the
absence of phosphorylation. We found that the basal expression of caspases 2, 3,
and 8 proteins is defective in U3A cells and its activation is induced only in
2fTGH and U3A-R following bacterial RNA treatment. In contrast, the expres-
sion of these caspases was normal in the STAT2 mutant U6A. Thus, it seems
likely that the requirement of STAT1 for bacterial RNA-mediated apoptosis acts
in the absence of any phosphorylation of tyrosine 701. These results are in
agreement with our previous results that demonstrated U3A cells reconstituted
with the Y701F mutant of STAT1 are also sensitive to TNFa-mediated apoptosis
and normal for caspase 1, 2, and 3 gene expressions [24]. Analysis of gene ex-
pression in U3A cells and U3A-701 cells revealed that constitutive expression of
many genes such as LMP2, MHC II, HSP70, and Bcl-xL are also regulated by
unphosphorylated STAT1 [40]. Subsequent studies demonstrated that STAT1 is
constitutively shuttling between the cytoplasm and nucleus prior to cytokine
induction. Furthermore, it has been shown that tyrosine-phosphorylated and
unphosphorylated STAT1 proteins are shuttled via independent pathways to
distinct sets of target genes. Further support for the possibility that STATs might
function as nuclear transcription factor without phosphorylation came from
studies showed compelling evidence that unphosphorylated STAT1 (U-STAT1)
and U-STAT2 molecules are detected in the nucleus of unstimulated cells and
predominantly in dimeric structure prior to activation [50] [51] [52] [53] [54].
Our findings also suggest that promoters of the tested genes may contain recog-
nition sites for STAT1 or STAT2. In agreement with this model, it has been
demonstrated that the human caspase-8 promoter region which regulates the
constitutive and IFN-inducible gene expression has multiple GAS and ISRE
transcription factor-binding sites.

Our results show that U3A-727 mutant cells were resistant to apoptosis and
suggested that the serine-phosphorylation of STAT1 differentially regulates the
basal and induced expression of the caspases proteins. In response to IFNs and a
wide variety of stress and immunological signals, STAT1 is phosphorylated on
serine 727 by MAP kinases. Serine phosphorylation of 727 is essential for max-
imal transcription activation and biological functions of STAT1 [30] [55]. It has
been demonstrated that serine 727 phosphorylation of STAT1 is preferentially
associated with some chromatin complexes and recruits histone acetyltransfe-
rases and other coactivators of transcription to the promoter of target genes.
Mutations of STAT1 serine 727 differentially affect the expression of target genes
at both basal and inducible levels [30] [56] [57]. In agreement with these find-
ings, it has been indicated that serine 727 rather than tyrosine 701 of STAT1 is
required for Fas-induced apoptosis and caspases-8 expression [58]. The biologi-
cal significance of serine-phosphorylated STAT1 in mediating innate immunity
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and microbial infections has been also established in studies carried out in cul-
tured cells or animal models [57] [59].

One of the best studied STAT1 activated genes is the transcriptional factor
IRF1 which has been implicated in the regulation of apoptosis. We found that
both U3Aand U6A cells were defective in IRF1 induction which suggested the
involvement of IRF1 in regulating apoptotic response in these mutants. We ob-
served that IRF1 expression reversed the apoptotic phenotype of U3A cells sug-
gesting the importance of STAT1-regulated expression of IRF1 in apoptosis. It
has been demonstrated that U-STAT1 monomers or dimers can bind to DNA by
contacting one half of a palindromic GAS or GAS sequences respectively. How-
ever, the affinity of binding increases with P-STAT1 [40]. The IRF-1 protein is a
good interacting partner for STAT1 to regulate the basal and inducible gene ex-
pression. For example, it has been demonstrated that STAT1 interacts with IRF1
as a dimer for binding the overlapping ICS2/GAS site on the LMP2 promoters to
regulate its gene transcription [40]. Both STAT1 and IRF1 are essential for basal
transcription of the LMP2 gene. Furthermore, the STAT1/IRF1 pathway is in-
volved in regulation of caspases gene expression and induction of apoptosis be-
cause the promoter of these genes contains recognition sites for both STAT1 and
IRF1 [60] [61] [62]. We also show that the basal and induced expression of p53
protein is defective in U3A and determined a physical association between the
STAT1 and p53. This result suggested that STAT1 might function as a
co-activator, a non-DNA binding transcriptional regulator, through a pro-
tein-protein interaction with a DNA-bound partner. Consistent with this possi-
bility, it has been shown that STAT1 in MEF cells directly interacts with p53 in
association that enhanced by DNA damaging stress. The induction of p53 res-
ponsive genes, such as Bax, Noxa, and Fas, was reduced in STAT-1-deficient
cells [63]. The cooperation between the two proteins to induce apoptosis de-
pends on p53 protein rather than p53 transcriptional activity [64].

The induction of apoptosis and the transcriptional regulation of caspase genes
in certain cell lines have been linked to tyrosine phosphorylation and DNA
binding activity of STATSs [29] [30]. These observations suggested that the me-
chanisms that regulate the constitutive and inducible expression of STATSs are
distinct. Our results show that the U6A are resistant to apoptosis induced by
bacterial RNA and we linked this response to the constitutive and inducible ac-
tivation of some apoptosis regulating proteins. While the phosphorylation of
STAT2 in U3A cells occurs normally, we found that the phosphorylation of
STATI is decreased in U6A cells. We further show that the induction of IRF1
and formation of ISGF3 are also impaired in U6A cells. In U6A cells, it was re-
ported that STAT?2 is required for STAT1 activation and ISGF3 formation. All
mutations that block STAT2 phosphorylation were also able to block STAT1
phosphorylation [65] [66]. The dependence of STAT1 phosphorylation on
STAT2 suggested that in the formation of ISGF3, these two proteins may be
phosphorylated sequentially and phosphorylated STAT2 may be required to al-
low unphosphorylated STAT1 to bind to the activated IFN-a receptor. In
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agreement with our results, it has been shown that the induction of IRF1 by
IFN-a is also impaired in U6A cells and restored by STAT2. STAT2 is distinct
among the STATSs because it can constitutively bind to the IRF-9 which sug-
gested that STAT?2 localization may be regulated differently from STATI. This
hybrid can recapitulate the type I IFN biological response and producing a cel-
lular antiviral response. Most important, the antiviral state generated by
IRF9-STAT?2 hybrid protein is independent of autocrine IFN signaling and inhi-
bits both RNA and DNA viruses [66] [67]. It has been shown that the unphos-
phorylated STAT2 molecule constitutively shuttles in and out of the nucleus via
association with IRF-9, but a functional nuclear export signal (NES) in the car-
boxyl terminus of STAT2 results in localization of the STAT2-IRF-9 complex to
the cytoplasm (55). In agreements with our results, it was reported recently that
STAT2-deficient human Jurkat and Daudi lymphoma cell lines are resistant to
IFNa- and chemotherapy-induced apoptosis due to the deficiency in the caspas-
es-dependent cell death and ISGF3-mediated gene activation. Tyrosine phos-
phorylation and nuclear localization of STAT2 are essential events for type I
IFNs-induced apoptosis. Furthermore, the basal expression of a number of genes
in STAT2 mutant cells that are known ISGs (PKR, STAT1, PML, and MCL1) is
lower than that of the parental cell line [41] [68]. In addition to activation of
STATI and STAT?2, we show that stimulation with bacterial RNA also induces
tyrosine phosphorylation of JAK1 in 2fTGH and HT1080 cells. Interestingly, this
response was not only impaired in U3A and U6A cells, but also in serine 727
mutant of STAT1 which suggesting the positive impact of serine phosphoryla-
tion on tyrosine phosphorylation. Cell culture and knockout studies established
the essential nonredundant role of JAK1 in mediating the biological responses to
the major classes of cytokine receptors including both type I and II interferon
receptors [35] [36]. Maximizing the transcription by serine phosphorylation was
potentially explained by positive effects of serine phosphorylation on STAT1 ty-
rosine phosphorylation through increased affinity for activated receptors and/or
JAKSs [69]. However, interdependence of serine and tyrosine phosphorylation is
not clear and involves a different subset of protein kinases. Serine 727 phospho-
rylation of STAT1 requires the phosphorylation of tyrosine 701 in response to
IEN-y; while under treatment with UV or lipopolysaccharide stimulation, it is
independent of it. Furthermore, it has been shown that IFN )~-dependent induc-
tion of STAT1 serine-727 phosphorylation requires either JAK1 or JAK2 [57]
[70].

5. Conclusion

We identified bacterial RNA as a novel inducer of apoptotic cell death. Our
results indicated that the signaling pathways for the IFNs and bacterial RNA
share common enzymes and transcription factors. However, STAT functions
did not require tyrosine phosphorylation or dimerization for regulating
apoptosis and maintenance of apoptosis-regulating protein expression, sug-

gesting non-cytokine-dependent roles for STATSs in these cells. In addition to
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bacterial immunity, the results presented here may also have implications in

cellular pathophysiology and RNA-based therapy.
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