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Retinoic acid enhances the gene expression of human polymeric immunoglobulin
receptor (pIgR) by TNF-o
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SUMMARY

In this study, the detailed mechanisms for the effects of vitamin A on the expression of polymeric immu-
noglobulin receptor (pIgR) were examined. Expression of the pIgR by tumour necrosis factor (TNF- )
was enhanced by the addition of all-trans retinoic acid (ATRA) or 9-cis retinoic acid (9CRA). This
enhancement was mediated mainly by RAR ¢, and regulated at the transcriptional level. Transcription
factor nuclear factor-xB (NF-xB) binding and activation were not influenced by addition of ATRA.
These data imply that RA, in combination with TNF-¢, could up-regulate the expression of pIgR. In
addition, we hypothesize that up-regulation of pIgR by RA is controlled through the RAR-dependent
signalling pathway and that it plays a role in enhancement of mucosal immunity.
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INTRODUCTION

Vitamin A, or retinol, is a polyisoprenoid compound containing a
cyclohexenyl ring, and found in various foods including liver, cod-
liver oil, eggs and vegetables. In vegetables, vitamin A exists as a
provitamin in the form of the yellow pigment -carotene, which is
cleaved by a deoxygenase to generate two molecules of retinal.
Within the intestinal mucosa, retinal is then reduced to retinol by
a specific retinaldehyde reductase utilizing NADPH. Approxi-
mately 90% of the vitamin A in the body is stored in the liver as
retinyl esters. Retinol is released from the liver in a molar com-
bination with retinol binding protein and transthyretin, and
enters certain target cells via specific receptors. A small fraction of
retinal is oxidized to form retinoic acid (RA) in the cytosol. In the
nucleus, RA influences gene activation via specific retinoic acid
nuclear receptors, RARe, f3, y for all-trans-RA (ATRA) and 9-
cis-RA (9CRA), and retinoid X receptors, RXRe, B, yfor 9CRA
[1].

It has been suggested that vitamin A is essential for immunity.
For example, vitamin A deficiency is associated with increased
morbidity and mortality from infectious diseases, which are pre-
ventable or reversible by vitamin A supplementation or fortifica-
tion [2,3]. In the intestine, disruption of intestinal chondroitin
sulphates within the extracellular matrix is responsible for various
inflammatory diseases. One of the mediators of this effect is nitric
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oxide [4], the release of which is enhanced by vitamin A deficiency
[5], suggesting an important role of vitamin A in the mucosal
inflammatory reaction. Vitamin A deficiency is also associated
with exacerbation of immunodeficiency, diminished numbers of
circulating lymphocytes, atrophy of lymphoid organs with
decreased levels of antibodies and an impaired delayed-type
hypersensitivity reaction [6,7]

Within the mucosal immune system, protein-energy malnutri-
tion has been shown to result in decreased secretory Ig concen-
tration due most probably to reduced transport of mucosal Ig
onto epithelial surfaces [8,9]. Nikawa et al. have described that
the administration of retinyl acetate to mice prevents the decline
of IgA levels caused by protein deficiency [10]. Administration of
high-dose vitamin A to influenza virus-infected mice enhances the
Th-2 mediated immune response and secretory IgA production
[11]. It has been reported that S-IgA levels in the intestinal fluid
in vitamin A-deficient rats were significantly low resulting from a
decrease of secretory component (SC) [12]. pIgR is present on
glandular epithelial cells as a type I transmembrane protein of the
immunoglobulin superfamily and extracellular domain is cleaved
by unknown protease and released as SC.

In addition, ATRA-treated HT-29 cells constitutively express-
ing pIgR showed a significantly high expression of pIgR in the
presence of IL-4 and/or IFN-y, compared to ATRA-untreated
cells [13], suggesting that vitamin A may be required for the
proper regulation of IgA transport in response to mucosal infec-
tion. It is therefore important to examine the effect of vitamin A
on plgR expression and elucidate the detailed mechanisms by
which these effects occur.
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In order to determine whether RA absorbed by intestinal epi-
thelial cells can affect the expression of the pIgR gene in vitro,
HT-29 cells were treated with TNF-or and ATRA or 9CRA. We
report here that the expression of the human pIgR gene by
TNF-o is enhanced by ATRA or 9CRA. Furthermore, this up-
regulation is mediated through the RARo dependent pathway
and controlled at the mRNA level without a redundant activation
of NF-«B.

MATERIALS AND METHODS

cDNA

Human pIgR [14] cDNA was kindly provided by Dr P.
Brandtzeag (LIIPAT, Institute of Pathology, National Hospital,
University of Oslo, Oslo, Norway). As a probe for Northern blot
analysis, Pst I [668 base pairs (bp)] fragments were used for the
detection of pIgR mRNA.

Reagents

Recombinant human TNF-a (specific activity = 1 x 107 U/mg) was
purchased from Genzyme Corporation (Cambridge, MA, USA).
ATRA,9CRA,4-[E-2-(56,7,8-tetrahydro-5, 5, 8, 8-tetramethyl-2-
naphthalenyl)-1-propenyl] benzoic acid (TTNPB), a RAR agonist
[15] (+)-2E, 4E-11-methoxy-3, 7, 11-trimethyl-2, 4-dodecadienoic
acid (methoprene acid, MA), a RXR agonist [16], were purchased
from Sigma (St Louis, MO, USA). 4-((5,6,7,8-tetrahydro-5, 5, 8, 8-
tetramethyl-2-naphthalenyl) carboxamido]-benzoic acid (AM-
580), a RARa selective agonist [17] and N-(4-hydroxyphenyl)
retinamide (4-HPR), a RARfS and RARY selective agonist [18],
were purchased from Calbiochem (La Jolla, CA,USA).

Cell culture

Human colonic adenocarcinoma cell line, HT-29 cells were main-
tained in RPMI-1640 medium (Nissui Pharmaceutical Co., Tokyo,
Japan) supplemented with 10% fetal calf serum (FCS) (Cansera
International Inc., Ontario, Canada), 1 mM glutamine (Life Tech-
nologies Inc., Gaithersburg, MD, USA), 25mM of glucose,
amphotericin B and penicillin/streptomycin (Sigma) at 37°C in an
atmosphere of humidified 5% CO,. Another human colon adeno-
carcinoma cell line, Caco-2 cells were cultured in Eagle’s mini-
mum essential medium containing 20% FCS, 2 mM of glutamine
and 0-1 mM of nonessential amino acid (Life Technologies Inc.,
Gaithersburg, MD, USA). Both cell lines were checked the infec-
tion of Mycoplasma using a polymerase chain reaction (PCR)
Mycoplasma detection kit (Takara). Prior to treatment, both cells
were plated at 1 x 10° cells/ml with a fresh medium and then cul-
tured. The next day, human recombinant TNF-« at the concen-
tration of 10 ng/ml and ATRA (1 um) or 9CRA(1 um) was added
to the medium without FCS and cultivation was allowed to con-
tinue for 48 h. Then, cultured cells were harvested and 2 ml of
Solution D was added [19] for RNA extraction. The supernatants
were also collected and concentrated 20 times using Vivapore 5
(Sartorius AG, Germany) and subjected to enzyme-linked immu-
nosorbent assay (ELISA) as described previously [20,21]. Briefly,
polyclonal anti-human SC antibody was coated on microtitre
plates at 4°C for 16 h. Then wells were washed three times with
PBS(-) and then incubated with 1% bovine serum albumin
(BSA)/PBS (-) at 37°C for 1 h. After washing with PBS(-) three
times, samples were loaded and incubated at room temperature
for 1 h. After wells were washed with PBS-Tween-20 three times,
horseradish peroxidase-labelled polyclonal antihuman SC

antibody was loaded onto the well and incubated at room tem-
perature for 30 min. Then wells were washed with PBS-Tween-20
three times and colour reaction was developed by incubation with
substrate solution containing phenylenediamine/H,O,. The reac-
tion was stopped by adding H,SO, and measured the absorbance
of 495 nm. The concentration of SC in the culture supernatants
was calculated using purified SC protein as a standard. All exper-
iments were performed in triplicate and statistical analysis of the
results was performed by Student’s r-test.

Northern blot analysis

Total RNA from HT-29 cells was prepared by the acid guanidin-
ium thiocyanate—phenol—chloroform (AGPC) extraction method
[19]. Ten ug of total RNA was mixed with loading buffer [50%
formamide, 6% formalin, 1x Goldberg buffer (40 mm Na-MOPS
{pH 7-2}, 5 mM sodium acetate, 0-5 mM EDTA)], denatured at
65°C for 15 min and cooled on ice. Then, RNA was electrophore-
sed through a 1:0% agarose gel containing 6% formalin. After
electrophoresis, the gel was neutralized by incubation with 0-25 M
ammonium acetate solution for 5 min and the RNA was trans-
ferred onto Hybond-N (Amersham, Buckinghamshire, UK). The
RNA was fixed to the membrane by using an UV-crosslinker.
Before hybridization, the membrane was incubated with prehy-
bridization solution [50% formamide, 0-65 M NaCl, 5 mM EDTA
(pH7-5), 0-1% sodium dodecyl sulphide (SDS), 0-1 M PIPES
(pH 6-8), 5x Denhardt’s solution] at 42°C for 6 h. The hybridiza-
tion probe was prepared by using a random prime DNA labelling
kit (Takara Shuzo Co., Shiga, Japan) and purified by Sephadex G-
50 (Pharmacia Biotech, Uppsala, Sweden). For hybridization,
dextran sulphate (Pharmacia Biotech) was added to the prehy-
bridization solution at a final concentration of 10%. After hybrid-
ization, the membrane was washed four times with washing buffer
(2x SSC, 0-1% SDS, 0-2% sodium pyrophosphate) at 55°C for
30 min and exposed to X-OMAT film (Kodak, Rochester, NY,
USA) at —80°C.

Preparation of nuclear extracts

Nuclear extracts were prepared by the method of Natarajan et al.
[22]. Briefly, 5 x 10° HT-29 cells were stimulated with TNF-¢ and
ATRA or 9CRA. Then, cells were resuspended in 400 ul of lysis
buffer [10 mM Hepes (pH 7:9), 10mM KCIl, 0-1 mM EDTA,
0-1 mM EGTA, 0-5mM DTT, 0-5 mM phenylmethylsulfonyl flu-
oride (PMSF), 2-0 ug/ml leupeptin, 2-0 ug/ml aprotinin]|, and
placed on ice. After 15 min, 12-5 ul of 10% NP40 was added and
mixed for 10 s, and the suspension was centrifuged at 700 g at 4°C
for 1 min. Pellets were resuspended in 50 ul of nuclear extraction
buffer [20 mM Hepes (pH 7-9), 0-4 M NaCl, 1 mM EDTA, 1 mMm
EGTA, 0:5mMm DTT, 1 mm PMSEF, 2-0 ug/ml leupeptin, 2-0 ug/ml
aprotinin] and placed on ice for 30 min with an intermittent mix-
ing. The samples were centrifuged at 12 000 g at 4°C for 30 min
and the supernatants were used as nuclear extracts. Protein con-
centration was measured by use of Bio-Rad protein assay kit
(Bio-Rad, Hercules, CA, USA).

Electrophoretic mobility shift assay (EMSA)

For preparation of the probe, synthetic oligomers [«B2, corre-
sponding to —461~-440; 5-GATCGTCGGAGGGGATTCCA
GAGCAA-3", 3-CAGCCTCCCCTAAGGTCTCGTTCTAG-5']
were annealed and radiolabelled with the Klenow fragment of
DNA polymerase I and [-**P] dCTP (Amersham). For the bind-
ing reaction, 20 ug of nuclear extract were incubated with 22 ul of
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buffer containing 25 mM HEPES (pH 7-9),2 mm EDTA (pH 8-0),
50 mM KCl, 10% glycerol, 2 ug of poly-dI-dC (Pharmacia Bio-
tech), 1% BSA and 10 counts per minute (cpm) of radiolabelled
probe for 30 min at 30°C. After the reaction, 1 ul of loading buffer
[5% glycerol, 50 mM EDTA (pH 8:0), 0:05% bromophenol blue,
0-05% xylene cyanol] was added and separated through a 6%
native polyacrylamide gel in TAE buffer [67 mM Tris, 33 mM
sodium acetate (pH 6:0), 10 mM EDTA] at room temperature.
The gel was then dried and exposed to Kodak X-OMAT film
at —80°C for 12 h.

Transfection

HT-29 cells were seeded at a concentration of 6:25 x 10* cells/well
of the 48-well microplates in RPMI-1640 containing 10% FCS.
Cells were transfected by liposome-mediated transfection
method. Briefly, 2-5 ul of lipofectamine (Life Technologies Inc.)
and 625 ng of pNF-«B-luc (Promega) were mixed in 25 ul of Opti-
MEM (Life Technologies Inc.) at room temperature for 15 min.
Cells were washed three times with PBS(-) and 100 ul of Opti-
MEM was added. Then, the liposome-DNA complex was added
into the medium and cultured at 37°C for 6 h. After transfection,
the medium was aspirated and RPMI-1640 medium containing
10% FCS was added into the transfection medium and cultured at
37°C for 24 h. Subsequently, TNF-o (10 ng/ml) and/or ATRA
stimulation were performed and cultured for further 24 h. Trans-
fection efficiency was normalized to the Renilla luciferase activity
by cotransfection of pRL-TK vector (Promega).

RESULTS

Effect of RA for the release of SC

To assess the effect of ATRA or 9CRA on expression of the pIgR,
ATRA or 9CRA was added to the culture medium with or with-
out TNF-« and then amounts of SC were measured by ELISA.
Figure 1 shows that the amount of SC secreted into the culture
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Fig. 1. Production of SC stimulated with TNF-¢ and/or RA. HT-29 cells
were treated with TNF-a and 1 uM of ATRA (*P <0-:004) or 9CRA
(*P < 0-003). Controls represent that HT-29 cells were treated with neither
TNF-a nor RA. After 48 h cultivation, the culture supernatants were
concentrated and SC amounts were determined by ELISA as described in
Materials and methods. Experiments were performed in triplicate.

medium was increased by addition of ATRA or 9CRA in
combination with TNF-o compared to the addition of TNF-«
alone. The release of SC was not increased by addition of ATRA
or 9CRA alone.

Enhancement of SC release by addition of RA is regulated at the
mRNA level

It has been reported that the pIgR gene is up-regulated by TNF-
o treatment. To assess the effect of ATRA or 9CRA on expres-
sion of the pIgR gene, HT-29 cells were treated with ATRA or
9CRA in combination with or without TNF-a. The expression of
pIgR gene was increased by addition of ATRA or 9CRA in the
presence of TNF-« (Fig. 2).

Enhancement of pIgR gene expression by RA is mediated

by RAR

To confirm whether the effect of ATRA or 9CRA is specific for
retinoic acid receptor, HT-29 is treated with 1 uMm of TTNPB, a
specific agonist of RARs, or 1 uM of MA, an agonist of RXRs,
with or without TNF-¢ for 48 h and then the amount of SC was
measured. The release of SC was increased by addition of TTNPB.
However, the release of SC was not increased by addition of MA
(Fig. 3). To test which RAR receptor mediates these effects, HT-
29 cells were treated with TNF-or and AM-580, a RAR « selective
agonist. Co-treatment of HT-29 cells with TNF-o and 1 uM of
AM-580 also up-regulated the release of SC. Co-treatment with
TNF-o and 4-HPR, a RAR- and -¥specific agonist, the expres-
sion level of SC was not significantly increased (Fig. 3).

Effect of RA on the binding of NF-xB

To determine whether NF-xB binding to kB2 is directly involved
in pIgR gene expression, HT-29 cells were co-stimulated with
TNF-o and 1 uMm of ATRA or 9CRA for 90 min, and nuclear
extracts were isolated. Analysis of NF-xB binding protein by
EMSA using a kB2 probe showed that NF-xB binding to the pIgR
S’-flanking region was not enhanced by ATRA and 9CRA
(Fig. 4a). We also checked the activity of NF-xB change in HT-29
cells by ATRA using transfection method (Fig. 4b). The activity of

pigR
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Fig. 2. Expression of the pIgR mRNA by RA and TNF-« or no treatment
(control) in HT-29 cells. HT-29 cells were treated in the same manner as
Fig. 1. Ten ug of total RNA was separated by 1-0% agarose gel containing
formalin, transferred onto nylon membrane and hybridized with Pst 1
fragment of human pIgR cDNA.
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NF-«xB did not change by addition of ATRA. Because Schjerven
et al. indicated that cooperation with intronic NF-«B/Rel site and
proximal promoter is involved in TNF-o~induced pIgR transcrip-
tion [23], we also tested whether the binding to the intron NF-xB
site is up-regulated or not. The binding of intron NF-xB was not
affected by addition of ATRA (data not shown).

Enhancement of SC release by RA is also observed in another
human colon cancer cell line, Caco-2

To confirm that the effect of RA in combination with TNF-¢ is
specific for intestinal epithelial cell lines, an additional human
colon adenocarcinoma cell line was used. It has been described
that when Caco-2 cells were treated with IFN-7, the amount of SC
was increased [24], but the effect of TNF-a on SC release is
unknown. Treatment with 10 ng/ml TNF-o or ATRA alone did
not increase expression levels of SC significantly compared to
controls. However, co-treatment of Caco-2 cells with TNF-o and
ATRA together enhanced SC secretion significantly (Fig. 5).

DISCUSSION

The human pIgR is a ~100 000 MW glycoprotein present on
glandular epithelial cells and functions as a receptor for plg. It
transports polymeric IgA (pIgA) into external secretions as
secretory IgA (S-IgA), which is critical for the defence of
mucosal tissues [25]. It has been reported that IFN-y [26], TNF-
o [27], IL-4 [28] and IL-1f [20] can up-regulate release of the
SC into the culture supernatant of the human colonic adenocar-
cinoma cell line, HT-29. In addition, IL-4 and IFN-7 increased
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Fig. 3. The effect of ATRA or 9CRA on HT-29 cells is an RAR specific
reaction. HT-29 cells were co-stimulated with TNF-oc and 1 um of TTNPB
(*P < 0:01) or 1 umM of MA or AM-580 (*P < 0-04) or 4-HPR for 48 h. After
cultivation, culture supernatants were subjected to ELISA as described in
Materials and methods. Experiments were performed in triplicate.

(b)
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Fig. 4. (a) Effect of ATRA or 9CRA on the NF-«B binding to the human
pIgR NF-xB binding site. Nuclear extracts were prepared from TNF-«
treated (10 ng/ml) HT-29 cells with or without 1 uM of ATRA or 9CRA,
or neither TNF-o nor RA (control) as described Materials and methods.
Ten ug of nuclear extract was incubated with a kB2 probe for the detection
of NF-xB. Arrow indicates the NF-xB. (b) Cellular NF-kB activity by
ATRA treatment. Reporter plasmid pNF-xB-luc was treansfected into
HT-29 cells, and then TNF-o and/or ATRA were added and incubated for
24 h. Luciferase activity was measured as indicated in Materials and
methods.
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Fig. 5. Production of SC by TNF-a is also enhanced by ATRA in Caco-2
cells. Cells were treated with 10 ng/ml TNF-« and 1 um ATRA or neither
TNF-anor ATRA (control) for 48 h and then supernatants were subjected
to ELISA. Asterisk indicates the significant differences between TNF-o
stimulation and TNF-a plus RA stimulation (P < 0-01). Experiments were
performed in triplicate.

synergistically the release of SC in HT-29 cells [28]. These data
indicate that the pIgR expression is regulated by cytokines, par-
ticularly inflammatory cytokines. In the case of IFN-y stimula-
tion, the interferon-stimulating response element (ISRE)
located at intron 1 and 5’-flanking region is involved in up-
regulation of pIgR gene expression [29]. Blanch et al. showed
that the expression levels of transcription factor IRF-1 and
plgR mRNA by TNF-¢, IFN-y and IL-1f are regulated coordi-
nately in HT29 cells [30]. Recently, it has been suggested that
intron 1 is important for the regulation of pIgR gene transcrip-
tion. In addition, the signal transducer and activator of tran-
scription (STAT)-6 binding site located at intron 1 is important
for the up-regulation of pIgR gene expression by IL-4 [31], and
this expression is required for cooperation of STAT-6 and tis-
sue specific factor, HNF-1, whose binding site is located
upstream of STAT-6 binding site [32]. Because the release of SC
was not enhanced by ATRA or 9CRA alone, up-regulation of
SC release by TNF-o and RA may not be caused by enhance-
ment of basal expression. pIgR gene expression by TNF-¢ has
also been suggested to be regulated by NF-«B located upstream
of the transcription initiation site [33,34].Moreover, NF-xB
binding site located at intron 1 is strongly involved in TNF-«
induced pIgR gene expression [23]. Local up-regulation of pIgR
may result in the promotion of external transport of polymeric
IgA, and consequently contribute to mucosal defenses.

In this study, we report that up-regulation of SC release and
pIgR gene expression by TNF-« is enhanced further by the addi-
tion of 1 umM of ATRA or 9CRA (Fig. 1), respectively. The contri-
bution of ATRA to the up-regulation of the pIgR gene by IL-4
and IFN-yhas been reported [13]. Our results showed that ATRA
or 9CRA in combination with TNF-¢ has a similar effect on up-
regulation of the pIgR gene as that reported for IL-4 and IFN-y.

The effect of ATRA on the growth of human colon cancer
cell lines has been reported. In HT-29 cells, treatment with

ATRA, 13CRA and 9CRA for 10 days causes anchorage-
independent growth inhibition mediated by RAR ¢, without evi-
dence for the induction of cellular differentiation [35]. On the
other hand, Lee et al. showed that ATRA did not affect the
growth of HT-29 and DLD-1 by using an MTT assay [36]. In
other cell lines, such as HCT-15 and colo201, treatment with
ATRA induced inhibition of cell growth and apoptosis [36].
This growth inhibition was mediated by RARJ. It has also been
shown that treatment of HT-29 cells with 1 um of ATRA
induced elevated levels of the RARo and RARY, but not
RARS [37].

The expression of RXRo and RXRy mRNA in HT-29 cells
was increased by treatment with 9CRA [37]. In this study,
HT-29 cells were co-treated with TNF-o and MA, and no signif-
icant enhancement of SC release was observed (Fig.3). In con-
trast, our results using RAR agonists such as TTNPB, AM-580
and 4-HPR indicate that the enhancement of pIgR expression
by RA is mediated mainly by RARa (Fig.3). It has been
reported that the ICAM-1 expression was induced synergisti-
cally by TNF-o and 9CRA mediated by the interaction of retin-
oid receptor and NF-xB [38]. However, our structural analysis,
as well as others [39] of the 5-flanking region of the human
pIgR gene, indicates that putative RA response elements do
not exist, at least within 3-5 kb upstream from the transcription
initiation site. Enhanced binding of NF-xB and activation of
NF-xB by treatment with RA were not observed in this study
(Fig.4). Our data indicated that in intestinal mucosal epithelial
cells, RA can increase the pIgR expression without excessive
increase of NF-xB. If anything, the possible mechanism by
which RA contribute to increase TNF-o-stimulated pIgR
expression is mRNA levels, such as increase of mRNA stability.
In addition, up-regulation of SC by TNF-¢ in combination with
ATRA could be detected in another colon cell line, Caco-2
(Fig.5). It has been indicated that free SC is important for
enhancing the immune response. For example, degranulation of
eosinophils by binding of S-IgA or SC [40,41] is mediated
through the 15000 MW SC receptor expressed in eosinophils
[42]. Free SC can also bind to some bacterial protein such as
colonization factor antigen 1 [43], Clostridium difficile toxin A
[44] and Streptococcus pneumoniae protein SpsA [45,46]. The
expression of pIgR is rate-limiting step for transport of pIgA
indicating the possibility for the therapeutic value of vitamin A
for inflammatory diseases in mucosal tissues by increase the
production of SC.
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