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Abstract
We previously reported that nitric oxide (NO) reduces the rate of bacteremia and maternal
mortality in pregnant rats with uterine infection by Escherichia coli expressing the Dr Fimbria
(Dr+). The epithelial invasion of Dr+ E. coli is dependent on the expression level of its cellular
receptor decay accelerating factor (DAF). NO reduces the rate of bacteremia by down-regulating
the expression of DAF. In this study, we elucidated the role of transcription factor Sp1 and RNA
binding protein HuR in the down-regulation of human DAF by NO. We generated a series of
deletion mutant constructs of DAF gene 5′-untranslated region and mapped NO-response region
upstream to the core promoter region of the DAF gene. One of the several Sp1 binding sites in the
DAF 5′-untranslated region was located within the NO-response region. The binding of Sp1 to
this site was inhibited by NO. Furthermore, NO also promoted the degradation of DAF mRNA.
The 3′-untranslated region of DAF harbors an AU-rich element and this element destabilized the
mRNA transcript. The NO promoted the rapid degradation of DAF mRNA by inhibiting the
binding of mRNA stabilizing protein HuR to this AU-rich region. The inhibition of binding of
HuR to AU-rich region was due to the S-nitrosylation of one or more cysteine residues by NO.
Thus, these data reveal the molecular mediators of transcriptional and post-transcriptional
regulation of DAF by NO with implications in pathophysiology related to DAF.
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Introduction
The urogenital microbial infection in pregnancy is an important cause of maternal and
neonatal morbidity and mortality [1–3]. Previous studies in our laboratory have suggested
that NO has a protective role in the urogenital tract against Escherichia coli infection during
pregnancy. We have shown that inhibition of NO synthesis in pregnant rats with an
intrauterine infection increases maternal death [4]. Further, sensitivity of female rat or
mouse urinary tract to E. coli infection increases with inhibition of NO [4;5]. We have also
shown that the expression of inducible NO synthase (NOS II) was up-regulated in response
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to intra uterine infection resulting in a spontaneous, localized increase in NO production [6].
Uropathogenic E. coli strains of the O75 serotype which express Dr adhesins account for
about 40% of pyelonephritis cases in the third trimester and adherence and invasion of these
E. coli in human cervical epithelial cells depends on the presence of Dr adhesins [7–9]. The
epithelial cell entry of Dr-fimbriated E coli was shown to be facilitated by a cellular
receptor, decay accelerating factor (DAF) [10;11]. The binding of Dr+ E. coli to the short
consensus repeat 3 of DAF, expressed in Chinese hamster overy (CHO) cells was found to
be critical for internalization to occur [10]. Recently we have shown that in vitro invasion of
Dr+ E. coli of an epithelial cell line is directly related to NO-regulated expression of DAF
[12]. Elevated NO production significantly decreased DAF protein and mRNA levels in
endometrial epithelial cell line, Ishikawa, in a time- and dose-dependent manner [12].

DAF is a glycosylinositol anchored complement regulatory membrane protein which is
constitutively expressed at high levels on all serum exposed cells including epithelial cells.
DAF protects the cells from autologous complement-mediated injury by accelerating the
dissociation of preformed C3/C5 convertase complexes of both the classical and alternative
pathways of the complement system [13]. The deficiency or over expression of DAF leads
to inefficient complement control and excess complement inhibition respectively.
Deficiency of DAF is linked to many disease conditions like nocturnal hemoglobinuria,
autoimmune diseases and pregnancy loss due to luteal phase defect [14;15]. Very often these
conditions lead to pregnancy related complications such as preeclampsia. In contrast, higher
levels of DAF expression are associated with tumorigenesis, decreased tumor cell lysis and
metastasis of many types of cancers [16;17]. The transcription factors and the post-
transcriptional events that lead to the induced up-regulation of DAF by various factors such
as TNF-α, IL4, IL1β, VEGF, HB-EGF and PGE2 have been characterized [18–21]. But
there is a gap in the knowledge on the mechanism of DAF down-regulation by NO.

In the present study, we elucidated the role of transcription factor Sp1 and RNA binding
protein HuR in the down-regulation of DAF by NO. Human endometrial cell line Ishikawa,
which expresses DAF and susceptible to invasion of Dr+ E. coli was used to elucidate the
mechanism of NO mediated down-regulation of DAF. We identified a NO-regulatory region
in the 5′-UTR upstream to the DAF gene. The binding of transcription factor Sp1 to this
NO-regulatory region was inhibited by NO. Furthermore, we identified an AU-rich mRNA
destabilizing element in the 3′-untranslated region of DAF gene. The binding of mRNA
stabilizing protein HuR to this AU-rich region was inhibited by NO. We found that S-
nitrosylation of one or more cysteine residues of HuR was responsible for its reduced
binding to mRNA.

Results
DAF gene upstream sequence between nucleotides − 437 and − 277 contains NO
regulatory region

To determine whether NO alters the DAF promoter activity, reporter assay was performed.
A 0.734 kb fragment of DAF gene upstream sequence was attached to β-galactosidase
reporter system and transfected into Ishikawa cells. Transfected Ishikawa cells were then
treated with NO donor diethylenetriamine-NO([Z]-1-[2-aminoethyl]-N-[2-
ammonioethyl]amino diazen-1-ium-1,2-diolate (DTNO, 1 mM) or spent DTNO (1 mM) or
the substrate for NOS enzyme L-arginine (0.3 mM) or L-arginine combined with NOS
inhibitor NG-nitro-L-argininemethyl ester (L-NAME, 3 mM). The β-galactosidase activity
in cells treated with DTNO and L-arginine were significantly less compared to that of
control cells (Fig. 1A). Treatment with spent DTNO did not alter the β-galactosidase activity
compared to control. The L-NAME which is a non selective inhibitor of NOS enzyme
reversed the effect of L-arginine. Taken together theses results indicated that NO either
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supplied exogenously in the form of DTNO or produced endogenously by NOS enzyme
utilizing the substrate L-arginine decreased the DAF promoter activity. Next, deletion
mutagenesis was performed to generate a series of 5’-deletions in the DAF gene upstream
sequence in order to identify the regions essential for the regulation of DAF gene (Fig. 1B).
Transfection of these deletion mutant plasmids into Ishikawa cells revealed that the
upstream sequence between the nucleotides − 602 to −437 and −191 to −108 are essential
for DAF gene expression (Fig. 1C). The results also revealed that a negative regulatory
element is present in the DAF upstream sequence between the nucleotides − 437 to − 277.
The transfected cells harboring theses deletion mutants were exposed to DTNO to identify
the region regulated by NO. The results demonstrated that the deletion mutants DAF 0.734,
DAF 0.602 and DAF 0.437 of the 5’-upstream region exhibited reduced β-galactosidase
activity upon exposure to DTNO (Fig. 1C). This indicated that the region between
nucleotides − 437 and − 277 has the sequence regulated by NO.

Binding of transcription factor Sp1 to DAF gene upstream sequence between nucleotides
− 424 and − 416 is altered by NO

NO inhibits the binding of Sp1 to DNA through a cAMP-PKA dependent pathway [22].
Therefore, we analyzed NO-regulated region for the Sp1 binding site and found that a
putative binding site for Sp1 was present between nucleotides − 424 to − 416 (Fig 2A).
Transcription factor ELISA was performed to examine whether NO alters the binding of Sp1
to this site. Nuclear fractions were extracted from control and DTNO treated cells and the
binding of Sp1 was assessed by ELISA. The binding of Sp1 present in the nuclear fraction
of control cells was more compared to that in the DTNO exposed cells (Fig. 2B). The
transcription factor NFκB which lacks a binding site in the NO-regulated region did not
show binding indicating the specificity of transcription factor ELISA. One can interpret this
data in two ways, first, the reduced binding may be due to a decrease in the Sp1 expression
by NO and second, the reduced binding may due to a decrease in Sp1 binding affinity to
DNA because of post-translational modification induced by NO. Western blot analysis of
Sp1 expression in Ishikawa cells exposed to DTNO for 4 h revealed that NO has no effect
on the Sp1 expression (Fig. 2C). Therefore, reduced binding of Sp1 to DNA was due to a
decrease in binding affinity. The inhibition of binding of Sp1 to − 424 to − 416 site was
further confirmed by Chromatin Immunoprecipitation (ChIP) assay. The extent of
association between Sp1 and its binding site in DTNO treated and non-treated cells was
assessed by immuno-precipitation of Sp1 followed by quantitative real time PCR of Sp1
bound DNA fragment of NO-regulated region (− 424 to − 416 region). The results revealed
that the association of this DNA with Sp1 was 7 fold less in DTNO exposed cells compared
to control cells (Fig. 2D). The cAMP can also regulate transcription through cAMP response
element (CRE) [23]. But there was no putative CREB binding site on the NO-regulated
region of DAF gene 5′-UTR. However, there was a CRE site in the core promoter region of
DAF gene between the nucleotides −166 to −127 along with an additional Sp1 binding site
(Fig. 2E). If NO has an effect on the binding of CRE and Sp1 to these sites, was assessed by
transcription factor ELISA. The results indicated that the binding of Sp1 and CRE from the
nuclear extracts of control and DTNO treated cells was not altered (Fig 2F). Taken together,
these data demonstrated that NO inhibited the binding of Sp1 to the NO-regulated region
and thus decreased DAF expression.

DAF 3′-UTR contains destabilizing elements between nucleotides 1860 and 2100
The adenosine/uracil-rich element (ARE), an mRNA sequence of the types
WUAUUUAUW, and WWAUUUAWW has been implicated in mRNA stability [24]. The
3′-UTR analysis of DAF mRNA has revealed a region very rich in AU content between the
nucleotides 1860 and 2100 from the transcription start site. This region harbors three
overlapping nonameric sequences of the type WUAUUUAUW between nucleotides 1909
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and 1928. One more nonameric sequence of the type WWAUUUAWW was found in the
region between nucleotides 2052 and 2061 (Fig. 3A). However, the AU content of a stretch
of 62 nucleotides sequence including the flanking upstream and downstream sequences of
WUAUUUAUW (1909–1928) was high (82%) compared to that of WWAUUUAWW
(2052–2061) with the similar length (76%). These features suggest that the sequence
between the nucleotides 1909 and 1928 may play a major role in the destabilization of DAF
mRNA. To assess the role of this AU-rich region in DAF mRNA expression, a series of
DAF 3′-UTR deletions were generated and attached downstream to β-galactosidase reporter
gene in pβgalcontrol plasmid under the SV40 promoter (Fig. 3B). Transfection of these
plasmids into Ishikawa cells revealed that deletion of ARE in the Δ0.99 plasmid increased
β-galactosidase activity significantly (p < 0.001 compared to UTR 1.35) indicating a
negative role of ARE in DAF gene expression (Fig. 3C). Further, we also observed a
decreased β-galactosidase activity of the plasmid Δ0.72 in which ARE upstream flanking
sequence was deleted suggesting the involvement of additional elements in the regulation.
These data together demonstrate that the ARE region present down-stream to DAF gene
between nucleotides 1860 and 2100 reduces the expression of DAF gene.

DAF mRNA half-life is altered by NO
To examine whether NO promotes the degradation of DAF mRNA, transcription was
arrested in Ishikawa cells by treating them with Actinomycin D and the relative amount of
DAF mRNA was measured as a function of time (the addition of DTNO or L-arg was
considered as 0 hour). The decay rate of DAF mRNA was less in DTNO and L-arginine
treated cells compared to untreated cells (Fig. 4A). The DAF mRNA decay rate in the cells
treated with spent DTNO or L-arginine combined with L-NAME was comparable to that of
untreated cells. In order to quantify the rate of DAF mRNA decomposition, decay curves
were constructed by plotting percentage remaining mRNA versus time (Fig. 4B). The
mRNA half-life calculated using the decay constant derived from decay curves indicated 3
and 2.5 fold decrease in the DAF mRNA half-life with DTNO and L-arginine treatment
respectively (Fig. 4C). The DAF mRNA half-life in the cells treated with spent DTNO and
L-arginine combined with L-NAME did not alter compared to control.

Binding of HuR protein to ARE was inhibited by NO
The human ELAV family protein HuR is an RNA binding protein which binds to ARE at
the 3′-UTR of many mRNA’s and protects them from degradation by competing with
destabilizing proteins for the binding site [24]. To examine whether NO inhibits the
association of HuR with ARE at 3′-UTR of the DAF gene, RNA immunoprecipitation assay
was performed. The HuR protein was immunoprecipitated and then the quantity of DAF
mRNA bound to HuR protein was measured by qPCR. The results demonstrated that
exposure of Ishikawa cells to DTNO for 4 hours resulted in 10 fold decrease in the quantity
of DAF mRNA bound to HuR (Fig. 5A). One can argue that this decrease in the quantity of
DAF mRNA bound to HuR may be because of a decrease in the DAF mRNA itself or a
decrease in expression of HuR protein mediated by NO. To further assess whether NO
significantly reduces the DAF mRNA expression and HuR protein levels, the relative
amount of DAF mRNA and HuR mRNA in Ishikawa cells exposed to DTNO was measured
by qPCR. The results indicated that DAF mRNA was in fact reduced by two fold and HuR
mRNA was reduced significantly only after 8 hours of exposure to DTNO (Fig. 5B, C).
However, HuR protein levels remained same even after 24 hours of exposure to DTNO (Fig.
5D). Although exposure of cells to DTNO for 4 hours reduced DAF mRNA levels by 2 fold,
the magnitude of decrease in the HuR bound DAF mRNA due to DTNO exposure was much
greater (10 fold) suggesting that NO actually inhibits the association between HuR and DAF
mRNA.
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The ability of NO to inhibit the association between HuR and DAF mRNA was further
confirmed by an in vitro binding assay using recombinant HuR and 5’-biotin tagged ARE
sequence derived from DAF mRNA (Fig. 6A). Different amounts of biotin tagged ARE
were allowed to bind to avidin coated wells. A fixed amount of rHuR protein which was
either exposed to DTNO in vitro or not exposed was then allowed to bind to this ARE. The
amount of HuR bound to ARE was measured using HuR antibody and HRP conjugated
secondary antibody. A plot of DAF ARE amount versus optical density at 450nm gave a
hyperbolic curve (Fig. 6B). The hyperbolic curve of rHuR exposed to DTNO shifted to the
right compared to that of control rHuR. This indicated that the amount of untreated rHuR
bound to DAF ARE at any given concentration is more compared to DTNO exposed rHuR
and therefore, the binding of DTNO exposed rHuR is weaker than the control rHuR.

S-nitrosylation of HuR by NO reduces its binding to DAF mRNA
Next, the HuR protein was probed for NO induced posttranslational modification that affects
its mRNA binding behavior. NO is known to activate many protein kinases through cGMP
pathway and phosphorylates a number of target proteins. In order to examine whether
phosphorylation of HuR is the mechanism of NO induced binding inhibition, HuR was
immunoprecipitated from the Ishikawa cell lysate exposed to DTNO. The western blot with
antiphospho amino acid antibody did not show any band corresponding to HuR. Akt, which
is constitutively phosphorylated in Ishikawa cells, was used as positive control (Fig. 7A).
The p38 MAP kinase can phosphorylate HuR and enhance its binding to ARE [25]. In
Ishikawa cells exposed to NO, the phosphorylation of p38 MAP kinase was not enhanced
compared to control cells indicating that p38 MAP kinase pathway is not activated in these
cells (Fig. 7B). The nitrosylation of cysteine residues is another functionally important
posttranslational modification mainly induced by NO. The S-nitrosylation of endogenous
HuR in NO exposed Ishikawa cells was investigated by biotin switch assay in which S-
nitrosylated cysteins in proteins were converted into cysteine-biotin using a biotinylating
reagent (biotin-HPDP). The biotinylated proteins were then isolated using neutravidin
coated agarose beads. The presence of HuR in the neutravidin pull-down fraction was
investigated by western blot. The unbound fraction that was the supernatant left after
neutravidin pull-down, had HuR protein irrespective of DTNO treatment. In contrast, HuR
protein was detected in the neutravidin pull-down fraction only after DTNO treatment along
with positive control β-actin which is known to be nitrosylated by NO in various cells. This
clearly indicated that exposure of Ishikawa cells to DTNO, nitrosylates one or more cysteine
residues in HuR (Fig. 7B). Thus there is a close association between S-nitrosylation of HuR
and its reduced binding to 3′-UTR of DAF mRNA. Taken together, these results
demonstrated that S-nitrosylation of HuR by NO inhibits its binding to DAF-ARE and thus
reduces the mRNA half-life.

Discussion
We have shown that NO down-regulates the DAF gene expression by inhibiting its promoter
activity possibly through a decreased binding of Sp1 to one of its consensus binding sites in
the distal promoter region. Further, decreased association of HuR with the 3′-UTR-ARE due
to the S-nitrosylation of HuR by NO and consequent decrease in the stability of DAF mRNA
also contributes to the down-regulation of DAF expression. The finding that DAF
expression is regulated by NO is of interest, because previous reports describing the
regulation of DAF have focused on cytokines and growth factors. Invariably all these factors
up-regulate the DAF expression [18–21]. However, sodium butyrate has been shown to
down-regulate DAF expression in colonic cancer cells by inhibiting basal promoter activity
of DAF gene [26]. Unlike ubiquitosouly produced NO, butyric acid is produced in the colon
by bacterial fermentation of dieteray fibers [27]. Although butyric acid is readily absorbed in
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to the blood it is rapidly cleared limiting its reach to various tissues and cells [28].
Compared to butyric acid the down-regulation of DAF by NO could be more prevalent in
various cells because the activity of NO is not restricted to the site of its production and NO
production is ubiquitous. The low molecualr weight thiols, S-nitrosylated proteins and the
nitrosyl-metal complexes can carry NO over long distances. In this perspective, the
mechanism of DAF regulation by NO gives further insight in to a number of
pathophysiological conditions involving DAF. To our knowledge, data presented here
provide for the first time a new insight on the mechanism of NO mediated down-regulation
of DAF both at the transcriptional and post-transciptional levels. In addition, a brief
exposure to NO can delocalize and internalize DAF protein from the cell surface lipid rafts,
limiting the availabilty of DAF for bacterial binding [29]. Thus, NO appears to be an
important host defense mechanism against E. coli infection by an immediate delocalization
of pre-existing DAF from the cells surface and a long term down-regulation of DAF
expression.

The regulation of DAF promoter activity by various factors has been studied by different
groups. As mentioned earlier all of these studies described up-regulation of DAF promoter
by various factors. The promoter region present within the first 206 nucleotides upstream of
transcription start point containing binding sites for the transcription factors such as Sp1 and
CRE is the main positive regulator of the DAF gene [13;30]. Results of our transient
transfection studies in Ishikawa cells using a series of DAF gene upstrem deletion constructs
are consistent with these previous reports. The deletion constructs from − 602 to − 191
reduced the promoter activity ~2–3 fold and further deletion down to − 108 reduced the
promoter activity more than 90%. There are conflicting reports on the negative regulatory
elements on DAF gene upstream sequence. Ewulonu et al [30] reported a negative regulator
in the region − 355 to − 286 whereas Thomas et al [13] did not find any negative regulatory
elements. However, with the human DAF promoter, in Ishikawa cells we found a negative
regulator in the region − 437 to − 277 which is consistent to that reported by Ewulonu et al.

We mapped the NO response region on the DAF gene upstream sequence to − 437 to − 277
region. This region in the murine DAF gene contains one binding site each for transcription
factors AP2 and NFκB [31]. However, in human DAF gene this region contains a binding
site for transcription factor Sp1. Infact, we found 11 sites with high similarity to the
consensus Sp1 binding site within − 300 region. Nitric oxide inhibited the binding of Sp1 to
binding site in the − 437 to − 277 region but not to the site in the − 191 to − 108 region
where the core promoter was found to be located. Regulation of gene expression by Sp1
through multiple binding sites is a known phenomenon [32;33]. Discrepancy in DNA
binding activity of Sp1 protein due to its post-translational modification is commonly
observed and is attributed to the variations in Sp1 binding site sequences and flanking
sequences [34]. The data presented here suggest that negative regulatory element and the
NO-response region are present in the same − 437 to − 277 region and NO reduces binding
of Sp1 to its consensus site in this region. Therefore, it is also possible that Sp1 may inhibit
the repressor protein binding in this region and by reducing Sp1 binding NO is enhancing
the repressor binding and thus downregulating the DAF expression. NO can also disrupt the
DNA binding of Sp1, which is a zinc finger protein, by releasing zinc from thiol groups
[35]. Therefore, NO down-regulation of DAF may also involve effects on the binding of
other zinc-finger transcription factors including MZF-1 and GATA2 for which binding sites
are located flanking the Sp1 site in the NO-response region. These scenarios would suggest
that Sp1 is only a part of a larger NO response complex.

About 3275, corresponding to ~ 16% of human protein coding genes have been reported to
have at least one WUAUUUAUW type of consensus sequence at their 3′-UTR [36]. The 3′-
UTR of DAF gene has a class II ARE which is characterized by two or more overlapping
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sequences of the type UUAUUUA (U/A)(U/A). The class II AREs are predominantly found
in rapidly inducible mRNAs such as mRNAs of cytokines whereas class I AREs which are
characterized by dispersed copies of AUUUA motif are predominantly found in the mRNAs
of transcription factors and cell cycle regulatory proteins [24]. The actual physiological
significance of ARE sequence in DAF mRNA is enigmatic. However, because of the
similarity in AREs between cytokine and DAF the regulation of ARE in DAF appears to be
closely related to the activation of cytokines that elicit complement. The factors that control
AREs in cytokines and DAF are not known. Our results presented here suggest that NO is a
regulator of DAF-ARE. When there is a bacterial insult, ARE mediated modulation of
mRNA provides a tool to rapidly decrease the DAF level and thus limits the availability of
receptor for bacterial binding. A rapid response to reduce the DAF level is apparent because
the adhesion of E. coli to endometrial epithelial cells occurs immediately after the contact
and reaches saturation in about 60 minutes [37;38]. In addition to the ARE region, we also
observed a decrease in the reporter activity with the deletion of upstream flanking sequence
of ARE (plasmid Δ0.72) in DAF gene 3′-UTR. This region contains CU rich sequences
similar to the types (C/U) CCA, and CCC(U/A) which are part of the DICE machinery.
Several trans-acting factors bind to DICE and stabilize mRNA by repressing translation
[39;40]. NO can modulate the binding of DICE and trans-factors, resulting in the
translational repression of many transcripts [39–41]. In this context regulation of DAF
mRNA turnover by NO is a complex phenomenon involving several sequence elements on
its 3′-UTR.

Studies have shown that HuR protein binds to ARE at the 3′-UTR of many mRNAs and
stabilizes them [24]. Our studies using RNA immuno-precipitation assay revealed a decrease
in the association between DAF-ARE and HuR protein upon NO treatment. This decrease
was not due to decreases in either DAF mRNA or HuR protein levels with 4 h of exposure
to DTNO. However, HuR protein levels were also down-regulated by prolonged exposure
(24h) to NO. Therefore, the down-regulation of HuR protein may further contribute to the
destabilization of DAF mRNA upon extended NO production. The down-regulation of HuR
by NO has been previously reported [42]. NO can either enhance or inhibit the binding of
HuR to different mRNAs and alters the stability of mRNAs [43]. This discrepancy in
binding of HuR to mRNA could be due to different post-translational modifications induced
by NO. Although, NO can activate several protein kinases through cGMP dependent and
independent pathways, we did not observe any phosphorylation of HuR in this study.
However, phosphorylation of HuR by Chk1 and Chk2 has been reported and implicated in
cytoplasmic accumulation of HuR [44]. On the other hand, studies have shown that NO can
induce direct S-nitrosylation of thiol groups in various RNA binding proteins and therefore,
can alter their binding to RNA [45;46]. Therefore, S-nitrosylation of HuR protein in
Ishikawa cells and reduction in rHuR binding to DAF-ARE upon in vitro NO treatment
suggest that S-nitrosylation of HuR is the probable mechanism of its reduced binding to
DAF mRNA.

In summary, we have shown that DAF gene is down-regulated by NO through the regulation
of its promoter activity and mRNA stability. Transcription factor Sp1 and RNA binding
protein HuR are instrumental in mediating the inhibition effect of NO on DAF gene
expression. Although the present study utilized endometrial cell model to address the role of
NO in the regulation of DAF in the milieu of uterine infection and other pregnancy
complications, such phenomenon may exist in modulating other DAF associated functions
in other systems.
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Materials and methods
Cell culture

Ishikawa cells are a human endometrial cell line derived from a well differentiated
endometrial adenocarcinoma that has been shown to mimic endometrial epithelial cells
[39;47]. Ishikawa cells were routinely cultured in Eagle’s minimum essential medium
(MEM) containing 2 mM L-glutamine, 100 µg of penicillin/streptomycin/ml and 10 mM
HEPES (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FBS)
(Gemini Bioproducts, West Sarcamento, CA, USA) at 37 °C in humidified 5% CO2
atmosphere. When the cells were exposed to NO donor or NOS substrate or NOS inhibitor,
MEM devoid of L-arginine and phenol red (Atlanta biological, Lawrenceville, GA, USA)
but supplemented with 5% FBS was used.

Plasmids
HeLa cell genomic DNA was used to PCR-amplify 0.734 kb of DAF promoter using the
forward primer 5′–AATTGGTACCATGACTCCCACCCGAACAAG–3′, and reverse
primer 5′–CCCCCAAGCTTGGCGCGCCGG–3′. The PCR amplified promoter fragment
was cloned in pβgal-basic β-galactosidase vector (Clontech, Mountain View, CA, USA)
using KpnI and HindIII restriction sites. The resultant plasmid was designated as
pβgalb-0.734 kb (−734 to −1, +1 is A of ATG site). Several 5′-deletions were generated in
the 0.734-kb DAF promoter. The nucleotide sequence of the PCR forward primers for
generation of deletion plasmids were as follows: 5′-
AATTGGTACCGCTGGCCTTTGACAGACCTC–3′ for 0.602 kb, 5′-
AATTGGTACCGGCCTGCGATACTTGAGCAC-3′ for 0.437 kb, 5′-
AATTGGTACCCCTTCCCCTCCCCACTCTC-3′ for 0.277 kb, 5′-
AATTGGTACCCCCCTACTCCACCCGTCTTG-3′ for 0.191 kb, and 5′-
AATTGGTACCGGTATTGCGGAGCCACGAG-3′ for 0.108 kb. The same reverse primer
5′–CCCCCAAGCTTGGCGCGCCGG–3’ was used to generate all deletion plasmids. The
DAF 3’-UTR was analyzed for the presence of adenosine-uracil rich elements (ARE) using
the programme AREsite (http://rna.tbi.univie.ac.at/AREsite) [36]. The human DAF 3′-UTR
sequence was obtained from NCBI accession number, NM_000574. He La cell cDNA was
used to PCR-amplify 1.35 kb of DAF 3′-UTR using the forward primer 5′-
CGCCGGTAAATTCGTAACCATGGGCTTGCTGACTTAG-3′ and reverse primer 5′-
CACCGGCGAAGAAATACACATTAAAGTCTTTACAGTG-3′. The PCR amplified 3′-
UTR fragment was cloned downstream to βgal gene in pβgal-control β-galactosidase vector
(Clontech) using SgrAI restriction sites. The resultant plasmid was designated as
pβgalc-1.35 kb. Three 5′-deletions were generated in the 1.35 kb 3′-UTR and cloned to
pβgal-control β-galactosidase vector using EcoRI and BamHI restriction sites. The resultant
plasmids were designated as Δ0.35, Δ0.72 and Δ0.99. The Δ0.35 and Δ0.99 were generated
using the forward primers 5′-GAATTCCACAAGATCTGTAATGTTATTTCC-3′ and 5′-
GAATTCCTACAAGCAGTTCAGAATGCC-3′ respectively. The same reverse primer 5′-
TCGACGGATCCCTAGAGGATCTG-3′ was used to generate these two deletion plasmids.
Before generating Δ0.72, a “T” was introduced to create an EcoR1 site (GAATTC)
downstream of SgrAI by site directed mutagenesis. The forward primer 5′-
GATTATATATTATTTCTGAATTCGAGATGTCCATAG-3′ and the reverse primer 5′-
TATGGACATCTCGAATTCAGAAATATATAATC-3′ were used to generate Δ0.72
deletion plasmid.

Transient transfection and reporter assay
Ishikawa cells were grown in 6-well cell culture plates. When they achieved 70–80%
confluency, cells were co-transfected with 1 µg each of βgal reporter plasmids and luciferase
reporter plasmid pGL3 (Promega, Madison, WI, USA) using Lipofectamine 2000 reagent
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(Invitrogen). Transfected and treated cells were scraped using rubber policeman with 75 µl
of reporter lysis buffer (Promega). The β-galactosidase activities in the cell lysates were
measured using Luminescent β-gal assay kit (Clontech). The firefly luciferase activities in
the cell lysates were measured using Luciferase assay system (Promega).

Transcription factor ELISA
Biotin tagged duplex DNA fragments were synthesized by Integrated DNA Technologies
(Coralville, IA, USA). The binding assay for transcription factors was performed as follows.
Reacti-Bind NeutrAvidin coated 96-well plates (Thermo Scientific, Rockford, IL, USA)
were blocked using wash buffer (25 mM Tris, 0.15 M sodium chloride, pH 7.2, 0.05%
Tween-20) containing 0.01% acetylated BSA (Promega). Biotinylated DNA duplexes (0.1
pmole) were immobilized on to the neutravidin coated wells by incubating in wash buffer
for 2 h at room temperature. Ishikawa cells were exposed to nitric oxide donor, DTNO (1
mM) for 4 h and nuclear fractions were prepared using NE-PER nuclear and cytoplasmic
extraction kit (Thermo Scientific) according to the manufacturer’s instructions. Nuclear
fraction equivalent to 1.75 µg of protein was added to the immobilized DNA and incubated
for 30 min at room temperature. The wells were washed three times for 5 min each using
wash buffer and incubated with rabbit anti-Sp1 (Millipore, Billerica, MA, USA) or anti-
CREB (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or anti NFΚB (Santa Cruz
Biotechnology) antibodies in wash buffer for 1.5 h at room temperature. After three washes
of 5 min each using wash buffer, goat anti rabbit IgG conjugated to horse radish peroxidase
(1: 1000 dilution, 200 µl) (Southern Biotech, Birmingham, AL, USA) was added and
incubated for 2 h at room temperature. Wells were washed 4 times for 5 min each; 100 µl of
1-step Turbo TMB-ELISA substrate (Thermo Scientific) was added and incubated for 30
min at room temperature. The reaction was stopped by adding 100 µl of 1 M H2SO4 and the
absorbance was read at 450nm.

Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was performed using a kit from Millopore according to the procedure
provided by the manufacturer. Briefly, Ishikawa cells were treated with DTNO (1mM) for 4
h and control and treated cells were fixed in 1% formaldehyde for 15 min. Cells were
scraped, pelleted by centrifugation and re-suspended in SDS lysis buffer (1% SDS, 10 mM
EDTA, 50 mM Tris, pH 8.1). DNA was sheared using a sonicator (QSonica, Newtown, CT,
USA) with four 15-s pulses at setting 3. Sheared chromatin was immunoprecipitated with
anti-Sp1 antibody or control IgG by incubating overnight at 4 °C. The cross-links were
reversed by heating at 65 °C for 4 h, and the chromatin was deproteinated with 10 µg/ml
proteinase K. The relative binding of Sp1 to DAF promoter regions were quantitated by
qRT-PCR using the following set of primers: forward 5′-
ACTCAAGCGCGGGGATGCTC-3′, reverse 5′-TGCGATGACCTGCCTTCTAG-3′ for −
438 to − 399 region and forward 5′-GACCGCACCTCTGACCACAA-3′, reverse 5′-
CCGGAGCGAGTTGCAGTAAG-3′ for − 166 to −127 region.

RNA isolation and quantitative reverse transcription-PCR (RT-qPCR)
Total RNA was isolated from the cells using RNeasy kit (Qiagen, Valencia, CA, USA)
according to the procedure recommended by the manufacturer. RNA extraction was
followed by DNAase 1 (Qiagen) treatment to remove DNA contamination. Total RNA of 1
µg was reverse transcribed into complementary DNA using avian myeloblastosis virus
reverse transcriptiase (Promega) and random oliginucleotide hexamers (Invitogen).
Quantitative real time reverse transcriptase PCR was done with CFX96 system and SYBR
green master mix (Bio-Rad, Hercules, CA, USA). A comparative cycle of threshold
fluorescence (CT) method was used with housekeeping gene as an internal control. The CT
value for the housekeeping gene was subtracted from the CT value of the target gene to
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obtain a ΔCT. The ΔCT of the calibrator (the mean ΔCT of the control cells) was then
subtracted from each sample to give a ΔΔCT value. This was then inserted into 2T

−ΔΔC to
give a final expression relative to the calibrator.

Determination of DAF mRNA half-life
Ishikawa cells grown in 6-well cell culture plates were treated with 1 µg/ml Actinomycin D
for 4 h to arrest the transcription. Cells were then exposed to 1 mM DTNO or spent DTNO
(1mM DTNO kept at 37 °C for 48 h) or the substrate for NOS enzyme L-arginine (0.3mM)
or L-arginine combined with NOS inhibitor L-NAME (3mM) for 0, 4, and 8 h. The relative
amount of DAF mRNA at each time point with respect to the housekeeping gene
glyceraldahyde-3-phosphate dehydrogenase (GAPDH) was determined by RT-qPCR. The
primer pairs for DAF were obtained from SA Biosciences (Frederick, MD, USA). The
forward primer 5′- GGTCTCCTCTGACTTCAACA- 3′ and reverse primer 5′-
AGCCAAATTCGTTGTCATAC -3′ was used for the qPCR of GAPDH. The relative
amount of DAF mRNA remained at each time period was calculated taking relative amount
of DAF mRNA at time 0 as 100%. A decay curve was obtained for the two treatments and
control by plotting % remaining DAF mRNA versus time. From the nonlinear single
exponential regression curves decay constants were determined using GraphPad Prism 3.0
programme (GraphPad Inc, San Diego, CA, USA). The mRNA half-life was then
determined using the formula t1/2 = ln2/kdecay, where t1/2 is DAF mRNA half life and kdecay
is decay constant.

RNA Immuno-precipitation (RIP) Assay
RNA immuno-precipitation assay is used to assess the association between RNA binding
proteins and mRNA [48]. The RNA immuno-precipitation assay was performed using
Ribocluster Profiler RIP-Assay kit (MBL, Woburn, MA, USA) according to the
manufacturer’s instructions. Briefly, Ishikawa cells grown in 15 cm dishes were treated with
1 mM DTNO for 4 h. Control cells and DTNO exposed cells were scraped with nuclease
free PBS, pelleted by centrifuging at 300×g for 5 min at 4 °C and then lysed using lysis
buffer at 4 °C on ice for 10 min. Cell lysates were centrifuged at 12,000×g for 5 min at 4 °C
and the supernatants were collected. The lysates were then pre-cleared by incubating with
50% slurry of agarose G beads (Pierce, Rockford, IL, USA) in wash buffer for 1 h at 4 °C
with constant shaking. The RIP-certified anti HuR antibody or normal rabbit IgG (MBL)
were immobilized on agarose G beads by incubating with 50% slurry of agarose G beads in
wash buffer for 30 min at 4 °C with constant shaking. Precleared cell lysates were incubated
with HuR antibody or IgG coated agarose G beads in separate tubes for 3 h at 4 °C with
constant shaking followed by centrifugation at 2,000×g for 1 min at 4 °C. The supernatants
were carefully removed and the precipitates were washed four times with wash buffer. The
total mRNA from agaroseG-HuR antibody-HuR complex or agarose G- IgG complex was
isolated using RNA isolation reagents provided with the RIP assay kit according to the
manufacturer’s instructions. The relative amount of DAF mRNA was determined by RT-
qPCR. The relative amount of HuR mRNA was determined by RT-qPCR using previously
described primers [49]. GAPDH mRNA was used as internal control.

Preparation of recombinant HuR
Plasmid pTYB11-HuRwt, containing the complete open reading frame of human HuR
subcloned downstream of an intein/chitin-binding domain tag, was described by Fialcowitz-
White [50]. Recombinant HuR was expressed from this vector in E. coli ER2566 cells.
Briefly, cells were grown shaking at 37 °C in SOB medium containing MgCl2 (10 mM) and
ampicillin (50 µg/ml) to OD600 ≈ 0.6 – 0.8. Expression of recombinant HuR was induced
with isopropyl 1-thio-β-D-galactopyranoside (1 mM) in a 25 °C shaker for 5 h. After
induction, cultures were centrifuged at 3300×g for 20 min. Cell pellets were resuspended in
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ice-cold buffer A (500 mM NaCl, 1 mM EDTA in 20 mM phosphate buffer, pH 7.0) with 20
µM phenylmethanosulfonyl fluoride and disrupted by sonication. The lysate was clarified by
centrifugation at 20,000×g for 20 min at 4 °C, then loaded onto a chitin column (New
England Biolabs, Ipswich, MA, USA) equilibrated with buffer A. After lysate was loaded,
the column was washed with 10 column volumes of buffer A followed by 3 column volumes
of buffer A containing 50 mM dithiotheritol (DTT), then capped and stored at 4 °C for 40 h
to permit DTT-induced self-cleavage of the intein tag. The released tagless-HuR protein was
eluted from the column in buffer A. To concentrate the protein and to remove DTT, the
eluent was loaded onto an Amicon Ultra-4 concentrator (10 kDa molecular weight cutoff)
and repeatedly concentrated in buffer A. Concentrated protein was then centrifuged at
20,000×g for 15 minutes to remove any particulates. Purified HuR was quantified against a
titration of bovine serum albumin by Coomassie Blue-stained SDS-polyacrylamide gel
electrophoresis.

DAF 3′-UTR mRNA-rHuR binding assay
Biotin tagged short mRNA sequence, 5′-biotin-
UAAUAUUUAUUUAUAUUUAUUUAUGACAG-3′ containing 3′- ARE of DAF mRNA
was synthesized by Integrated DNA Technologies. The binding assay was performed as
follows. Reacti-Bind NeutrAvidin coated 96-well plates (Thermo Scientific) were blocked
using wash buffer (25 mM Tris, 0.15 M sodium chloride, pH 7.2, 0.05% Tween-20)
containing 0.01% acetylated BSA (Promega). Different amounts of biotin labeled DAF
mRNA (0.01, 0.02, 0.04, 0.06, 0.08, 0.1 and 0.12 pmoles) were immobilized on to avidin
plates by incubating in wash buffer for 2 h at room temperature. The recombinant HuR
(rHuR) was exposed to 1 mM DTNO in binding buffer (Tris HCl, pH 8.0 containing 50 mM
KCl, 2 mM DTT, 0.5 mM EDTA, 0.1 µg/µl acetylated BSA and 1 µg/µl heparin) for 30 min
at room temperature. The DTNO exposed rHuR was purified by passing through Zeba spin
desalting column (Thermo Scientific). The non-exposed (control) or DTNO exposed rHuR
(8.7 nM, 20 µl) was incubated with immobilized DAF mRNA in binding buffer for 30 min
at room temperature. The wells were washed three times for 5 min each using wash buffer
and then incubated with rabbit anti HuR antibody (1: 1000 dilution, 200 µl) (MBL) for 2 h at
room temperature. After three washes of 5 min each using wash buffer, goat anti rabbit IgG
conjugated to horse radish peroxidase (1: 1000 dilution, 200 µl) (Southern Biotech) was
added and incubated for 2 h at room temperature. Wells were washed 4 times for 5 min
each; 100 µl of 1-step Turbo TMB-ELISA substrate (Thermo Scientific) was added and
incubated for 30 min at room temperature. The reaction was stopped by adding 100 µl of 1
M H2SO4 and the absorbance was read at 450nm.

Biotin switch assay
The biotin switch assay was performed according to the published procedure [51]. Briefly,
the protein concentrations in cell lysates were adjusted to 0.8 µg/µl using HEN buffer
(Hepes-NaOH, 250 mM, pH 7.0 containing 1 mM EDTA and 0.1 mM neocuproine). Then 4
volumes of blocking buffer {HEN and SDS (25% w/v in H2O) in 9:1 ratio containing 20
mM MMTS} was added and incubated at 50 °C for 20 min with frequent vortexing. Ten
volumes of pre-chilled acetone was added and incubated at −20 °C for 20 min. The contents
were centrifuged at 2000×g for 10 min at 4 °C and the pellets were resuspended in 0.1 ml of
HENS buffer (HEN buffer containing 1% SDS) per mg of protein in the starting sample.
Then 1:3 volume of labeling solution (4 mM biotin-HPDP) and 1:50 volume of ascorbate
solution (50 mM) were added. After incubation for 1 h at 25 °C, 2 volumes of pre-chilled
acetone was added and incubated at −20 °C for 20 min. The contents were again centrifuged
at 2000×g for 10 min at 4 °C. The pellets were resuspended in 0.1 ml of HENS buffer per
mg of protein in the starting sample and the biotinylated proteins were purified by
precipitation using neutravidin as follows. The resuspended pellets were incubated with 200
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µl of 50% slurry of neutravidin agarose beads for 1 h at room temperature with constant
rotation. The contents were centrifuged at 500×g for 1 min, the supernatants named as
unbound were removed carefully. The pellets were washed once using 200 µl PBS,
centrifuged again at 500×g for 1 min. Supernatants were carefully discarded and to the
pellets named as eluate, 20 µl SDS-PAGE buffer was added, boiled at 100 °C for 10 min,
centrifuged briefly and the proteins in the supernatants were separated by electrophoresis.
The presence of HuR protein and β-actin (positive control for S-nitrosylated protein) was
investigated by western blotting.

Western blotting
Protein concentrations were determined using Pierce BCA protein assay kit (Thermo
Scientific), against BSA standard. Proteins (5 µg) were separated by polyacrylamide gel
electrophoresis. To separate proteins in the immuno-precipitated samples, the sample buffer
was added to the precipitated agarose G beads, boiled for 10 min at 100 °C in a dry bath and
then centrifuged at 10,000×g for 5 min. Equal volumes (20 µl) of supernatants were loaded
on to the polyacrylamide gel. After the electrophoresis, proteins were elctro-transferred to
PVDF membranes. Membranes were blocked with TBST (20 mM Tris, 500 mM NaCl, 1%
Tween-20, pH 7.5) containing 5% fat free milk for 1 h at room temperature and incubated
with the primary antibodies overnight at 4 °C. The antibodies against β-actin and β-tubulin
were purchased from Cell signaling Technology (Danvers, MA USA, USA). Antibody
against HuR which was used for immuno-precipitation and western blot was purchased from
Promega. Antibody against phosphorylated proteins was purchased from Invitrogen. Blots
were then washed with TBST and incubated with horseradish-peroxidase conjugated
secondary antibodies for 1 h at room temperature. The bound antibody was visualized on a
blue sensitive autoradiography film using supersignal west pico chemiluminescence
substrate (GE healthcare, Little Chalfont, UK, USA) according to the instructions provided
by the manufacturer.

Statistical analysis
GraphPad Prism (version 3) software was used for statistical analysis. Comparisons between
the groups were made by analysis of variance for multiple groups or by t test for two groups.
Statistical significance (p < .05) between the groups was determined by Bonferroni’s
multiple comparison method.
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DAF Decay Accelerating Factor

NO Nitric oxide

3′-UTR 3′-Untranslated region

ARE Adenosine-uracil rich element

DTNO diethylenetriamine NONOate

SNAP L-NAME (NG-nitro-L-argininemethyl ester)

MMTS methyl methanethiosulfonate

biotin-HPDP N-[6-(biotinamido)hexyl]-3′-(2′-pyridyl dithio)propionamide.
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FIGURE 1.
DAF promoter fragment between nucleotides − 437 and − 277 harbors NO regulatory
region. (A) Ishikawa cells were transiently transfected with DAF promoter-β- galactosidase
reporter plasmid, treated with DTNO (1 mM) or spent DTNO (1 mM) or the substrate for
NOS enzyme L-arginine (L-arg, 0.3 mM) or L-arginine combined with NOS inhibitor L-
NAME (3 mM) for 24h and the β- galactosidase activity was measured. Vector control (V)
devoid of DAF promoter was also used as negative control. All experiments were performed
three times, and one set of data is presented. Error bars indicate S.E of triplicate samples (*,
**, p < 0.001versus control; *** p < 0.05 versus L-arg). (B) Systematic representation and
cloning strategy of DAF gene promoter into pβgalb reporter vector. (C) DAF promoter
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deletions were cloned into pβgalb reporter vector and transfected to Ishikawa cells. Cells
were treated with DTNO (1mM) for 24 h, and β-galactosidase activity was measured. All
experiments were performed three times, and one set of data is presented. Error bars indicate
S.E of triplicate samples (*, p < 0.0002; **, p < 0.041; ***, p < 0.0027 versus control in
each group).
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FIGURE 2.
Binding of transcription factor Sp1 to DAF promoter between nucleotides − 424 and − 416
is altered by NO. (A) Nucleotide sequence of 5’-biotin tagged DAF promoter fragment
between nucleotides − 438 to − 399 containing one putative Sp1 binding site. (B) Ishikawa
cells were treated with DTNO (1 mM) for 4 h. Nuclear fractions from control and DTNO
treated cells equivalent to 1.75 µg of protein were added to DAF promoter fragment (−438
to −399) attached to streptavidin coated wells in a micro plate. The amount of Sp1 protein
bound to DAF promoter was measured using anti-Sp1 antibody and secondary antibody
conjugated to HRP. (*, p < 0.0003 versus control). (C) Expression of Sp1 protein in nuclear
extracts of control and DTNO treated cells was assessed by western blotting. (D) ChIP and

Banadakoppa et al. Page 18

FEBS J. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



quantitative qRT-PCR. The control and DTNO treated cells were fixed with formaldehyde,
and cross-linked, and the chromatin was sheared. The chromatin was immunoprecipitated
with anti-Sp1 antibody or IgG. The binding of Sp1 to the DAF promoter fragments − 438 to
− 399 was measured by quantitative real time PCR using specific primers and relative
quantitation method. The amounts of immunoprecipitated DNA were normalized to the
inputs and plotted (†, p < 0.0063 versus control). (E) Nucleotide sequence of 5’-biotin
tagged DAF promoter fragment between nucleotides − 166 to − 127 containing one putative
Sp1 binding site and one putative CREB binding site. (F) Nuclear fractions from control and
DTNO treated cells equivalent to 1.75 µg of protein were added to DAF promoter fragment
(−166 to −127) attached to streptavidin coated wells in a micro plate. The amount of Sp1 or
CREB protein bound to DAF promoter was measured using anti-Sp1 or anti-CREB antibody
and secondary antibody conjugated to HRP. All experiments were performed three times,
and one set of data is presented. Error bars indicate S.E of triplicate samples.
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FIGURE 3.
DAF 3’-UTR contains destabilizing elements between nucleotides 1860 and 2100. (A) DAF
3’-UTR was examined for AU rich elements (ARE) using the programme AREsite (http://
rna.tbi.univie.ac.at/AREsite). The AU rich regions are indicated by italicized letters. The
putative binding sites for elav family protein HuR are indicated by underscores and bold
letters. Letters with only underscores indicate WWAUUUAWW type of HuR binding sites.
Letters with underscores and bold indicate WUAUUUAUW type of HuR binding sites. (B)
Systematic representation and cloning strategy of DAF gene 3’-UTR into pβgalc reporter
vector. (C) DAF 3’-UTR deletions were cloned into pβgalc reporter vector and transfected
to Ishikawa cells. Cells were incubated for 48 h, and β- galactosidase activity was measured.
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Experiment was performed three times, and one set of data is presented. Error bars indicate
S.E of triplicate samples (*, **, p < 0.001 versus UTR 1.35).
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FIGURE 4.
DAF mRNA half-life is altered by NO. (A) Ishikawa cells were treated with Actinomycin D
(1 µg/ml) for 4 h and then exposed to DTNO (1 mM) or spent DTNO (1 mM) or the
substrate for NOS enzyme L-arginine (0.3 mM) or L-arginine combined with NOS inhibitor
L-NAME (3 mM) for different time periods. The fold changes in the DAF mRNA were
measured for each treatment by RT-qPCR. Experiment was performed three times and one
set of data is presented. Error bars indicate S. E. of triplicate samples. (B) Log % remaining
DAF mRNA versus time was plotted for control and treated cells. Decay constants were
calculated from non-linear single exponential decay curves. (C) The mRNA half-life was
calculated using the formula t1/2 = ln2/kdecay, where t1/2 is DAF mRNA half life and kdecay
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is decay constant. Error bars indicate S. E. of three experiments. (*, **, p < 0.05 versus
control; ***, p < 0.05 versus L-arg).
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FIGURE 5.
Binding of elav family protein HuR to DAF mRNA is altered by NO. (A) Ishikawa cells
were treated with DTNO (1 mM) for 4 h. Amount of DAF mRNA bound to HuR was
measured by RNA immunoprecipitation (RIP) assay and presented as fold change in HuR IP
versus IgG IP. Experiment was performed three times. Error bars indicate S.E. of triplicate
experiments. (*, p < 0.012). Efficiency of IP was checked by western blot (Inset). (B)
Ishikawa cells were treated with DTNO (1 mM) for 4 h and the expression of DAF mRNA
was measured by RT-qPCR. (**, p < 0.01) (C) Ishikawa cells were treated with DTNO (1
mM) for different periods of time and the relative expression of HuR mRNA was measured
by RT-qPCR. Error bars indicate S.E. of triplicate samples (†, p < 0.01; ‡, p < 0.001). (D)
Ishikawa cells were treated with DTNO (1 mM) for different periods of time and the
expression of HuR protein was measured by western blot (upper panel). Densitometric
measurement of HuR protein relative to β-actin is shown (lower panel).
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FIGURE 6.
Invitro binding of rHuR to DAF mRNA ARE is altered by NO. (A) Nucleotide sequence of
5’-tagged fragment of DAF mRNA in the 3’-UTR-AU rich region containing putative HuR
binding sites. (B) Recombinant HuR (8.7 nM) was exposed to DTNO (1 mM) for 1 h and
excess and spent DTNO was removed by passing through desalting column. Equal volume
(20 µl) of control and DTNO exposed rHuR was added to DAF mRNA fragment attached to
streptavidin coated wells in a microplate. rHuR bound to DAF mRNA was measured using
anti-HuR antibody and secondary antibody conjugated to HRP. Experiment was performed
three times and one set of data is presented.
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FIGURE 7.
S-nitrosylation of HuR by NO reduces its binding to DAF mRNA. (A) Ishikawa cells were
exposed to DTNO (1 mM) for 4 h and the HuR protein was immunoprecipitated.
Phosphorylation status of HuR in the IP sample was examined by western blot using anti-
phosphoaminoacids antibody. Akt, which is constitutively phosphorylated in Ishikawa cells,
was used as positive control. (B) Ishikawa cells were exposed to DTNO (1 mM) for 4, 8 and
12 h, and the expression of p38 MAP kinase and phospho-p38 MAP kinase was assessed by
western blot. Bleomycin exposed cells were used as positive control. (C) Ishikawa cells
were exposed to DTNO (1 mM) for 4 h, S-nitrosylation of HuR was examined by biotin
switch assay. The eluate fraction contains neutravidin pull-down biotinylated proteins in the
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cell lysates including S-nitrosylated proteins that were biotinylated in the presence of biotin-
HPDP. The unbound fraction contains non-biotinylated proteins existing in the supernatant
of neutravidin pull-down. Presence of HuR in both the fractions was analyzed by western
blot. The β-actin was used as positive control for S-nitrosylated protein.
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