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ABSTRACT

Eukaryotic mRNAs contain 3'-untranslated regions (UTR) that are
involved in posttranscriptional control of gene expression. AU-rich oc
tanucleotide repeats, UUAUUUAU, present in the 3'-UTR of mature

lymphokine and other cytokine transcripts, have been implicated in the
regulation of mRNA stability and translational efficiency. For example,
previous evidence suggests that the AU-rich element (ARE) present in the
3'-UTR of murine tumor necrosis factor-a (TNF-a) can affect the post
transcriptional regulation of murine TNF-a gene expression in hemato
poietic cells. Although cytokines are produced in epithelial cells, little is

known about the regulation of TNF-a and other cytokine gene expression
by 3'-UTR elements in human malignant epithelial cells. To better under
stand the function of the 3'-UTR of the human TNF-a gene in the
regulation of TNF-a protein production in human epithelial cancer cells,
a series of luciferase reporter constructs with portions of the 3'-UTR of
human TNF-a was transfected into human breast carcinoma cell lines
ZR-75-I and ZR-75-1R (which overexpresses TNF-a). The 3'-UTR of
TNF-a markedly suppressed luciferase activity in both cell lines, and the
suppression of activity was reversed by deletion of the AU-rich sequences.
This suppression was quantitative, with six repeats causing more inhibi
tion than two repeats. Increased levels of luciferase activity were observed
3 h after TNF-a stimulation in ZR-75-1 cells transfected by constructs
containing AU-rich repeats. In addition, cytoplasmic extracts from both
cell lines were assayed for factors that bind to the 3'-UTR of human
TNF-a mRNA. RNA-protein binding activities were found in both cell
lines. Competition studies showed that these proteins specifically bound to
AU-rich repeats present in the 3'-UTR of TNF-a. No binding activity was
observed when the AU-rich repeats were deleted. TNF-a exposure mark
edly increased activity ofseveral RNA-binding proteins, especially a novel
Mr 50,00055,000 RNA-binding protein. The binding activity in untreated
ZR-75-IR was higher than that in untreated ZR-75-I cells, suggesting that
the level of RNA-protein binding correlates with the expression level of
TNF-a in human epithelial cancer cells and that the RNA-binding pro
teins may control expression of TNF-a in ZR-75-1 cells. We conclude that
the AU-rich repeats in the 3'-UTR of human TNF-a mRNA may regulate
gene expression in human epithelial cancer cells by binding to AU se
quence-specific proteins, including a previously undescribed Mr 50,000
55,000 protein not observed in hematopoietic cells.

INTRODUCTION

There is growing evidence that some regulation of gene expression
may occur through cytosolic posttranscriptional mechanisms, which
are important in the level of expression of many eukaryotic genes
(1â€”3).These mechanisms of regulation are particularly important for
proteins that are active for brief periods, such as growth factors,

transcriptional factors, and proteins that control cell cycle progression
(4). Transcripts from many transiently expressed genes, including
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mature lymphokine and other cytokine genes and the proto-oncogenes

c-myc and c-fos, contain AU-rich sequences in their 3'-UTRs.3 5ev
eral studies have demonstrated that the presence of AU-rich sequences
in the 3'-UTR of eukaryotic mRNAs correlates with rapid mRNA
turnover and translational control (3, 5â€”7). The studies of 3'-UTR

regulation of gene expression have focused primarily on hematopoi
etic cells, and the posttranscriptional regulation of gene expression in

epithelial cancer cells is poorly understood. Sequences rich in A and
U residues are present in the 3'-UTR of many short lived mRNA and
appear to regulate gene expression. The ARE consists of multiple
copies of the AUUUA or UUAUUUAU sequences. These repeats are
thought to either interfere with translation or target mRNA for rapid
degradation by binding to proteins involved in RNA turnover; several
AU-specific RNA-binding proteins have been reported previously
(8â€”13)in hematopoietic cells. In human T cells, Bohjanen and col
leagues (8, 9, 14) reported that T-cell antigen (T-cell receptor)-
mediated signals induced three AU-specific RNA-binding proteins:
AU-A (Mr 34,000), AU-B (Mr 30,000), and AU-C (Mr 43,000).

TNF-a is an example of a cytokine message that may be regulated
by 3'-UTR elements. TNF-a is a Mr 17,000 cytokine produced by
monocytes, other leukocytes, and epithelial cells (15). TNF-a expres
sion is observed in some types of unstimulated epithelial tumor cells

and in many other tumor cell lines following stimulation (16, 17).
Stimuli that induce TNF-a expression in epithelial cancer cells in
dude tissue plasminogen activator, Ca2@, and TNF-a itself (18â€”20).
Autocrine production of TNF-a by epithelial cells is frequently asso
ciated with acquired resistance to TNF-a cytolysis (19, 21). The
ZR-75-l human breast cancer cell parent line is sensitive to TNF-a
cytolysis, whereas a derived subline ZR-75-lR is resistant to TNF

action (19). In the unstimulated state, the parent line has no expression
of TNF-a mRNA, whereas the ZR-75-lR line produces a significant
amount of both TNF-a mRNA and protein (19). In ZR-75-l human
breast cancer cells, this expression appears to associated with in
creased levels of TNF-cx gene transcription (19).

TNF-a is produced by some human cancers in vivo. For example,
studies of human ovarian cancer have demonstrated the presence of

TNF-cs protein and mRNA in up to 80% of surgical specimens (22).
Although the importance of this TNF-a expression remains unknown,

TNF-a has also been reported to be a mitogen for cultured human
ovarian cancer cells (23). The regulation of TNF-a in human epithe
hal cancer cells is incompletely understood.

Caput et a!. (24) identified an octanucleotide, TFA1TFAT, in the
3 â€˜-UTRof human and murine TNF-a and the genes of several capable
other cytokines. This sequence is associated with both accelerated
degradation of mRNA and interference with translation (3, 6, 25, 26).
Through the use of chloramphenicol acetyltransferase reporter con
structs, Beutler and colleagues (27) showed that the 3'-UTR of murine
TNF-a markedly suppressed chloramphenicol acetyltransferase trans
lation in quiescent macrophages while substantially enhancing trans
lation in lipopolysaccharide-stimulated macrophages.

3 The abbreviations used are: UTR, untranslated region; TNF, tumor necrosis factor;

ARE, AU-rich element.

5426

Posttranscriptional Regulation of Protein Expression in Human Epithelial
Carcinoma Cells by Adenine-Urkilne-Rich Elements in the 3'-Untranslated
Region of Tumor Necrosis Factor-a Messenger RNA1

Enhong Wang, Wei-Jun Ma, Carol Aghajaman, and David R. Spriggs2

Developmental Chemotherapy Sers'ice. Department of Medicine. Memorial Sloan-Kettering C'ancer @2enter,New York. New York 10021

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/23/5426/2465273/cr0570235426.pdf by guest on 19 M

ay 2023



TNF-a 3'-UTR REGULATED PROTEIN EXPRESSION

The vast majority of studies to date have examined the regulation of
the murine TNF-a gene in hematopoietic cells. The human epithelial
cell regulatory systems for TNF-a are not known. In particular,
virtually nothing is known about the effects of the 3'-UTR of the

human TNF-a gene in human epithelial cancer cells. Here we report
that the 3'-UTR of human TNF-a inhibits luciferase reporter gene
expression in ZR-75-l human breast cancer cells, and TNF-a stimu
lation markedly increases the binding activity of previously described
AU-specific RNA-binding proteins as well as a novel Mr 50@000
55,000 protein, all of which are capable of binding to the ARE within
the 3'-UTR of human TNF-a. This family of proteins may alter gene
expression in malignant epithelial cells for a variety of genes.

MATERIALS AND METHODS

Cell CUltUre. Human ZR-75-l breast cancer cells were obtained from the
American Tissue Culture Collection (Rockville, MD) and cultured in DMEM
containing 0.3 mg/mI L-glutainine, 100 units/ml penicillin, and 100 @tg/ml
streptomycin (Life Technologies, Inc., Gaithersburg, MD) supplemented with
10% heat-inactivated fetal bovine serum (Hyclone Laboratories, Inc., Logan,
UT) and insulin 0.24 units/mi (Eli Lilly, Indianapolis, IN). TNF-ct-resistant

ZR-75-lR cells were derived by progressive exposure to TNF-a, as described
previously (19).

Plasmid Construction. A set of reporter gene constructs was prepared by
the sequence of steps outlined below (Fig. 1). The luciferase vector pGL2-
Control (Promega Corp., Madison, WI) was cut with EcoNI, followed by

treatment with Kienow fragment to yield a blunt end. The linearized plasmid

was then cut with BainHI to remove the SV4O 3'-UTR and enhancer. The
deleted stop codon was reconstructed by ligation of a synthetic, double

stranded, 69-bp oligonucleotide (TNF oligo #1, AAAGG CCAAG AAGGG
CGGAA AGTCC AAATF GTAAA ATGAA CTGCA GAACC AATGC
ATFGG GACTA GTCG) beginning at the blunt end of EcoNI and terminating
at the BamHI site after the stop codon. The resulting plasmid (pGL2-EB) was
then cut by PstI and treated with T4 DNA polymerase to yield blunt ends. The
linearized plasmid was then cut with SpeI to yield the appropriate luciferase

vector.
The pHGE plasmid containing the human genomic TNF-a coding sequence

(generously provided by Asahi Chemical Industry America, Inc., Shizuoka
Ken,Japan)was cut at the uniqueHindu! site 2716 bp fromthe startsite. The
2.8-kb HindU! fragment from pHGH-l (Asahi) was isolated separately and
ligated into the pHGE plasmid. The entire plasmid (pHGE-l) was then cut with
Avrll and AccI, followed by treatment with Klenow fragment to yield a
blunt-ended 950-bp segment containing a small portion of the fourth exon and
the entire 3'-UTR of TNF-a (to +3510). The segment included the poly
adenylation site and the TFATTTAT repeats sequence. The 950-bp segment
was then ligated into SmaI-digested pBluescript SK(+) (Stratagene Cloning
Systems), yielding pBlue3prime950. The 950-bp segment was then excised
from the plasmid with EcoRV and SpeI for insertion into the linearized
luciferase vector prepared above. The resulting construct, which contained the
3'-UTR of human TNF-a, was named pGL2-TNF/3'.

For construct pGL2-TNF/3'(-AU), pBlue3prime95Owas cut with NcoI and
PpuMIto removethe ll3-bp AT-richfragmentandbluntendedwith Klenow.
The linearized fragment was self-ligated to become a circled plasmid
(pBlue3prime950(â€”)).The circled vector was then cut with EcoRV and SpeI
to yield the sequence containing specifically the 3'-UTR of TNF-a minus the
AT-rich fragment for insertion into the linearized luciferase vector prepared
above.

For construct pGL2-Control(â€”),pBlue3prime950 was cut with EcoRV and
BIpI and treatedwith Klenow fragmentto removemost of the 3'-UTR of
TNF-a cDNA but retaining its poly(A) sequence. The resulting 3l46-bp
linearized fragment was self-ligated (pBlue3prime95O-EB#1) and cut with
HincII and SpeI to yield a 239-bp fragment for insertion into the linearized
luciferase vector prepared above.

For constructspGL2-TNFI2AUand pGL2-TNF/6AU, the 3l46-bp frag
ment of pBlue3prime95Owas cut with EcoRV and BlpI and then ligated with
each oftwo synthetic double-stranded oligonucleotides (TNF oligo #2 and #3),
beginning at the blunt end of EcoRV and terminating at the BlpI site after

either two (TNF oligo #2) or six (TNF oligo #3) repeats of AT octamer. The
resulting plasmids (pBlue3prime950-EB#2 and #3) were then cut with Hind!
and Spe! to yield a 269-bp fragment and a 287-bp fragment, respectively. for
insertion into the linearized luciferase vector prepared above.

Transfections. Aliquots (5 @g)of luciferaseiTNF-a reporter constructs or
unmodified pGL2-SV4O/3' were mixed with 5-pg aliquots of the (3-galacto
sidase producing plasmid pCMV a-Gal, which served as a control for trans
fection efficiency. The plasmid mixtures were transfected into ZR-75-l and
ZR-75-lR cells by using the transfection reagent DOTAP (Boehringer Mann

heim Co., Indianapolis, IN) and DMEM supplemented with 5% fetal bovine
serum, following the supplier's recommended procedure. After overnight
exposure to exogenous DNA, the supernatant medium was replaced with
DMEM supplemented with 10%fetal bovine serum and allowed to recover for
48 h to allow for expression. The ZR-75-l cells were either left untreated or
were stimulated with human recombinant TNF-a (Asahi Chemical Industry
America, Inc., Shizuoka-Ken, Japan) at a final concentration of 1000 units/mI
for 3 h. The cells were harvested by washing with PBS, scraping into I ml of
PBS, resuspending in 1X Reporter Lysis Buffer (Promega), and incubating for
15 mm at room temperature. Luciferase activity was measured by using the
Promega luciferase assay reagent in a Lumat LB95OI luminometer (Berthold,
Germany). f3-Galactosidaseactivity was measured by using the FluoReporter
lacZlgalactosidase quantitation kit (Molecular Probes, Inc., Eugene, OR)
and the CytoFluor 2350 fluorescence microtiter plate reader (Millipore Co.,
Bedford, MA). All of the experiments were performed in triplicate and ad
justed for transfection efficiency.

Preparation of Cytoplasmic Extracts. Cytoplasmic extracts were pre
pared from unstimulated ZR-75-l and ZR-75-lR cells and TNF-a-stimulated
ZR-75-l cells. A protocol derived from Dignam et a!. (28) and developed by
Bohjanen et a!. (8) was used with some modifications. Briefly, cells were
collected, washed with ice-cold PBS, lysed in two packed volumes of buffer A
110mMHEPES (pH 7.9) at 4Â°C,1.5mMMgCl2, 10mistKC1,0.5 mMDli', and
0.2 mz@iphenylmethylsulfonyl fluoride), and sonicated. Nuclei were removed
by centrifugation at 14,000 X g for 2 mm in an Eppendorf microcentnifuge,
and supernatant cytoplasmic extracts were mixed with 0.11 volume of buffer
B [0.3 mMHEPES (pH 7.9) at 4Â°C,1.4 M KC1,and 0.03 M MgCl2] and
centrifuged for 60 mm at 38,000 rpm at 4Â°C.The high-speed supernatants from
this step were dialyzed against buffer D [20 msi HEPES (pH 7.9) at 4Â°C, 20%

glycerol, 0. 1 MKCI, 0.2 mt@iEDTA, 0.5 mMD'Vf, and 0.5 mMphenylmeth
ylsulfonyl fluoride] and designated as the S 100 fraction. The extracts were
frozen on dry ice and stored at â€”80Â°C.The protein concentration was deter
mined by the Bradford assay method (Bio-Rad Laboratories, Hercules, CA).

In Vitro Transcription. The following DNA fragments were subcloned
into the polylinker region of the pGEM-3Z vector (Promega) and used as
templates for in vitro transcription reactions: (a) 3'-RNA, a 794-bp fragment
of human TNF-a cDNA beginning at the internal Hindlll site and containing
most of the 3'-UTR; (b) 3'(-AU)-RNA, a 681-bp fragment of TNF-a cDNA
beginning at the internal HindIlI site and containing most of the 3'-UTR with
the deletion of the I l3-bp AT-rich fragment; (c) 2AU-RNA and (d) 6AU
RNA, both of which are synthetic double-stranded oligonucleotides. TwoAU
RNA contains the sequence 5'-ATCflAmA11@A1TFATCTGCA-3' (two
repeats), whereas 6AU-RNA contains the sequence 5'-ATCTFATVFAT
TAmAmATfAmAmA1TrACTGCA-3' (six repeats). Both se
quences existed in the TNF-a 3'-UTR; and (e) pGEM-RNA, prepared from the
Riboprobe Positive Control Template (Promega) by using SP6 polymerase.

In vitro transcription reactions were performed by using Riboprobe in vitro
Transcription Systems (Promega) in accordance with the manufacturer's pro
tocol. Labeled RNA transcripts with a specific activity of 2.0â€”4.0 X l0@
cpm4@gwere produced by inclusion of 800 Ci/mmol [a-32P]UTP (Du Pont
NEN, Boston, MA) in the reaction. Unlabeled RNAs used in the competition

assays were synthesized by using 2.5 mMunlabeled nucleotides.
RNA-Protein UV Cross-Linking and Gel Retardation Assay. Binding

reactions were carried out by using SlOOcytoplasmic extracts (20â€”40@.&g)and
32P-labeledRNA probes (1â€”2X l0@cpm) in a binding buffer containing 10
mM HEPES (pH 7.9), 3 mM MgCl2, 40 mM KC1, 5% glycerol, and 1 mM Dli'

in a volume of 10â€”15p3. After incubation at 25Â°C for 30 mm, a final
concentration of 1 unit4@L RNase Tl (Boehringer Mannheim) was added for
10 mm to cleave unbound RNA, followed by a final concentration of 5 mg/mI

heparan sulfate (Sigma Chemical Co., St. Louis, MO), which was added for an
additional 10 mm to reduce nonspecific binding. Both additions were made at
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the temperature of the binding reaction. The reaction mixtures were then
cross-linked in ice for 3 mm with 254 nm of UV irradiation (250 mJ/cm2) by

using a Stratalinker UV cross-linking apparatus (Stratagene Cloning Systems,

La Jolla, CA). The resulting samples were boiled for S mm in the presence of

an equal volume of 2X SDS sample buffer and then separated by electro
phoresis on 10% SDS-polyacrylamide gels. An electrophoresis buffer contain

ing 25 mM Tris, 250 m'vi glycine, and 0.1% SDS was used under reducing

conditions. Gels were dried and exposed to Kodak film at â€”80Â°C.

Northwestern Blot Analysis of the TNF/3'-UTR Binding Protein. Pro
tein samples were denatured in 1X SDS loading buffer at 70Â°Cfor 10 mm,
electrophoresed on 10% acrylamide/SDS gel, and transferred to nitrocellulose

membrane (MSI, Westboro, MA). The blot was incubated with [32PITNF/3'-
UTR RNA probe in 1X binding buffer supplemented with 100 @.tg/m1yeast
RNA at room temperature for I h. The blot was washed twice in 1X SSC, once
in 0.5X SSC, and once in 0.1 X SSC for 15 mm each. The TNF/3'-UTR

binding protein was detected by autoradiography. Total protein immobilized

on the blot was stained with 0. 1% Ponceau S. 1.5% trichloroacetic acid, and
I .5% sulfosalicylic acid.

RESULTS

Effect of TNF-a 3'-UTR on Luciferase Activity in Epithelial
Cells. To examine the regulationof gene expression in humanepi
thelial cells mediated by TNF-a 3'-UTR, we constructed a series of
reporter plasmids that used an SV4O early promoter-driven luciferase

gene with portions of the 3'-UTR of human TNF-cs gene (Fig. 1).
Construct pGL2-SV4O/3' was a control and contained only the 3'-

UTR of SV4O, with no added sequences from TNF-a. Construct
pGL2-Control(â€”) was another control that contained no 3'-untrans
lated sequences from either 5V40 or TNF, except the polyadenylation
signal of TNF-a.

The reporter constructs were cotransfected with pCMV (3-Gal, a
f3-galactosidase-producing plasmid, into ZR-75-l and ZR-75-lR cells
and assayed for luciferase activities 48 h later. As shown in Fig. 2, the
expression of luciferase protein in ZR-75-l cells transfected with
pGL2-TNF/3' (which contained the whole 3'-UTR of human TNF-a)
was 50â€”70%lower than that in ZR-75-l cells transfected with pGL2-
SV4O/3' or pGL2-Control(-). However, when the AU-rich sequence
in the 3 â€˜-UTR of TNF-a was deleted, no suppression of luciferase

expression in ZR-75- 1 cells was found. Moreover, the suppression
was restored when the synthetic AU-rich octamer TTA1TFAT (six
repeats) was inserted, whereas two repeats of the synthetic AU-rich
octamer showed partial suppression on luciferase expression. This
suggests that the luciferase expression in human epithelial cancer cells
was suppressed in the presence of the AU-rich sequence within
3'-UTR of TNF-a, and the number of octamer repeats may alter the
level of suppression.

The ZR-75-lR breast carcinoma cells have high basal levels of

SV4O/3'
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Fig. 2. Luciferase activities in ZR-is-I cells transfected with 3'-UTR constructs. The
reporter constructs were cotransfected with a @3-galactosidase-producing plasmid (pCMV
/3-Gal) into ZR-75-l cells. Transfections were performed in triplicate, and luciferase
activity was determined as described in â€œMaterialand Methods.â€•Reporter gene expres
sion is expressed as luciferase activity normalized by (3-galactosidase activity. Bars, SE.

TNF 3' untranslated region

TNF/3'

TNF/3'(-AU) I SV4O Promoler I

TNF/2AU I SV4OPromoter@ LUC }â€”j 2xAU lâ€”lTNF@oIyAl

TNF/6AU F SV4OPromoter@ LUC@jâ€”@ 6xAU Iâ€”{TNFpolyAl

Control (-)@ SV4OPromoterJ LUC 7 IJNFpolyAl

Fig. 1. Reporter constructs of TNF-cs 3'-UTR. The 5V40 early promoter and the
luciferase coding sequence are shown as open bars. The TNF 3'-UTR is also shown as an
open bar, whereas the SV4O 3 â€˜-UTRis shown as a solid bar. Locations of the AU-rich
sequence and the poly(A) signal sequence are indicated for each construct.
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Fig. 3. Luciferase activities in TNF-resistant ZR-75-1R cells transfected with 3'-UTR
constructs. The reporter constructs were cotransfected with a @-galactosidase-producing
plasmid into ZR-75-l cells. Transfections were performed in triplicate. Reporter gene
expression is expressed as luciferase activity divided by f3..galactosidase activity. Bars,
SE.

TNF-a mRNA transcripts (19). When the same reporter constructs
were introduced into these cells, a similar result was observed (Fig. 3).

The construct containing the TNF-a 3'-flanking region reduced lu
ciferase activity by nearly 2-fold, compared to the SV4O 3'-UTR
containing control vector. Deletion of the 1 13-bp AU-rich region

eliminated this suppression effect. The substitution of two synthetic
octameric repeats was insufficient to restore suppression in this cell
type. However, insertion of six repeats decreased luciferase activity to
levels observed in the TNF-a 3'-UTR vector.

TNF-a 3'-UTR Regulated Gene Expression Is Responsive to
TNF-a Stimulation of ZR-75-1 Cells. TNF-a exposure in epithelial
cells induces a variety of gene expression changes, including the
autocrine induction of TNF-a (19). Noting that the 3'-UTR of TNF-a
strongly suppressed expression of luciferase, we sought to determine
whether this regulated protein expression could also be affected by
TNF-a exposure in ZR-75-l cells and to identify which part of the
3'-UTR of TNF-a was responsive to TNF-a stimulation. Luciferase
activity was measured in lysates prepared from cells transfected with
construct pGL2-TNF/3' and from cells transfected with construct

pGL2-TNF/3'(-AU) for both untreated cells and cells stimulated by
TNF-a for 3 h (1000 units/mi). Luciferase expression was strongly
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posttranscriptional regulation plays a important role in the cellular

response to TNF-a.

The AU-rich sequences present in the 3'-flanking regions of other
cytokines alter gene translation by binding with specific proteins. This

suggests that the regulatory effect of AU-rich sequences observed in
both ZR-75-l and ZR-75-lR cells may be due to factors interacting
with the AU-rich sequence, rather than to the formation of secondary
structure between the sequence and another part of the mRNA (3). To
determine whether such factors exist in ZR-75-l and ZR-75-lR cells,

we used the RNA gel mobility shift assay.
Novel RNA-binding Activity to 3'-UTR of TNF-a RNA. Be

cause TNF-a 3'-UTR-involved gene expression is highly regulated in
epithelial cancer cells at the posttranscriptional level and is important
for cellular response to TNF-a exposure, we postulated that such a
posttranscriptional regulatory event depends on the interactions be

tween TNF-a 3'-UTR and trans-acting factors in epitheial cancer
cells. To test our hypothesis in human epitheial cancer cells, cyto
plasmic extracts were prepared from ZR-75-l and ZR-75-1R cells.
The extracts were incubated with a 32P-labeled riboprobe consisting
of 794 bases present in the 3'-UTR of human TNF-a mRNA, as
determined in â€œMaterials and Methods.â€• Following successive incu

bations with RNase Tl and heparan sulfate, the reaction mixtures
were cross-linked with UV radiation and separated by electrophoresis
on 10% SDS-polyacrylamide gels. RNA-binding activity in the cx
tracts was identified as radiolabeled bands displaying altered mobility.

Although multiple bands were detected with the probe, only a major
complex (M1 50,000â€”55,000) was consistently detected in extracts
from TNF-a-resistant ZR-75-lR cells (Fig. 5). However, a compara
ble complex was also observed in extracts from ZR-75-l cells, but it
was much less abundant than that in ZR-75-1R cells. Similar results
were observed when substitute 32P-labeled TNF/3'-UTR riboprobe

cJ â€”

tâ€” @p.

Fig. 4. Effect of TNF-a stimulation on reporter gene expression in breast cancer cells.
ZR-75-lcellsweretransfectedwithreporterconstructscontainingeitherthe wholeTNF
3'-UTR or TNFI3'-UTR(-AU), which lacks the ARE, and then exposed to TNF-a for 3 h
at 1000 units/mI before harvesting. ZR-75-1 cells transfected with same plasmid but with
no l'NF-a treatmentwereusedto set the basallevel.Bars,SE.

increased in cells containing pGL2-TNF/3', with 75% induction (Fig.

4). Whereas pGL2-TNF/3'(-AU)-transfected cells had higher basal
levels of luciferase activity, they exhibited little response to TNF-a
(demonstrating less than 25% induction). Much greater increased
expression in pGL2-TNF/3'-transfected cells, compared with pGL2-
TNF/3'(-AU), indicated the involvement of TNF-a 3'-UTR mediated
a posttranscriptional event. Because the suppressive effect of TNF-a
3'-UTR on luciferase expression in ZR-75-l cells can be partially
reversed by extracellular treatment of TNF-a, we suggest that such a

Fig. 5. Identification of an RNA-binding activity (Mr
50,000â€”55,000)that bindsto humanTNF-a 3'-UTR.
Cytoplasmic extracts (20 @sgof protein) from ZR-75-l
(untreated or treated with TNF-a at 1000 Units/mI for
6 h) and ZR-75-lR cells were incubated with 2 X l0@
cpm of [32PJUTP-labeledtranscripts consisting of se
quences present in the 3'-UTR ofTNF-a mRNA, in the
absence of competitor transcripts or in the presence of a
100-fold (X 100) molar excess ofthe unlabeled compet
itor transcripts consisting of only the AU-rich sequence
(six repeats of UUAUUUAU). Following successive
RNase Tl digestion and UV cross-linking, the reaction
mixtures were separated by electrophoresis on 10%
SDS-polyacrylamide gels. Right. the migration of pro.
tein molecular weight standards (in thousands). Arrows,
position of the major RNA-binding complex (Mr
50,000â€”55,000) and two complexes (Mr 43,000 and Mr
30,000).

Ii 2@3 @ll@ 6

ZR-75-1 ZR-75-1 ZR-75-1 A

â€”+

5429

â€” 208 kD

- 144kD

â€” 87kD

â€”44.1kD

â€”32.7 kD

@ 17.7 kD

t.I
50-55 kD @.
NovelComplexâ€”@@ 4

43 kDComplexâ€”@c,

30 kD Complex â€”.

Free Probe â€”.@

Extract +
TNF-a (6h)

ColdTNF/6AU(1OOx) â€” + â€” +

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/23/5426/2465273/cr0570235426.pdf by guest on 19 M

ay 2023



TNF-a 3'-UTR REGULATED PROTEIN EXPRESSION

Fig. 6. Specificity of the novel RNA-binding activity. A,
32Pl@led â€˜FNF/3'-UTRRNA (1 x 10@cpm) were incu
bated with cytoplasmicextracts(20 @.tgof protein)from
ZR-75-l cells. Novel binding activity of Mr 50,00055,000
in cytoplasmic extracts isolated from ZR-75-l wild-type
cellsuntreatedandstimulatedwith1'NF-afor6 h is shown
in Lanes I and 2. For the competition experiments, the
cytoplasmic extracts from TNF-a-stimulated ZR-iS-I cells
were incubated with probe in the presence of a 100-fold
molar excess of unlabeled TNF/3'-UTR RNA (Lane 3) or
500-fold molar excess of unlabeled RNA transcribed from
the nonspecific control sequence (pOEM-Control RNA,
Lane 4). B, 32P-labeledTNF/3'(-AU) RNA (1 X l0@cpm)
consisting of sequences present in the 3'-UTR of TNF-a
without the ARE was incubated with cytoplasmic extracts
(20 @sgof protein) from ZR-75-l cells. In Lanes 1 and 2,
extracts were from ZR-75-I wild-type cells. Lane 1, un
treated;Lane2, stimulatedwithTNF-a for 6 h; Lane3,
untreatedTNF-resistantZR-75-1Rcells.

with 32P-labeled riboprobe consisting of only two or six repeats of
UUAUUUAU sequence. In addition to this Mr 50,00055,000 band
present in ZR-75-1R cells (and less abundantly in ZR-75-l cells), we
also found two other shifted bands with approximate molecular
weights of Mr 30,000 and Mr 43,000. These bands are similar to the
AU-B and AU-C proteins, respectively, previously identified in hu
man T cells by Bohjanen et al. (8, 9). In the competition assay, an
unlabeled riboprobe consisting of six repeats of UUAUUUAU octa
mer can compete the binding with 32P-labeled 3'-UTR RNA of
TNF-a as a riboprobe (Fig. 5), suggesting that the binding factor binds

to the ARE present in the 3'-UTR of TNF-a.
TNF-a Increased the Novel AU Sequence-specific Binding Ac

tivity. Although unstimulated ZR-75-1 cells do not express TNF-ca
gene, stimulation of ZR-75-1 cells with TNF-a induces expression of
the gene (19). Cytoplasmic extracts from unstimulated ZR-75-l cells
or from ZR-75-l cells that had been stimulated for 6 h with TNF-a
were assayed for RNA-binding activity. We found that TNF-a stim
ulation dramatically increased the level of a Mr 50,00055,000 bind
ing factor, which bound to the 3'-UTR of TNF-cx riboprobe (Figs. 5
and 6A). When labeled 3'-UTR of TNF-a riboprobe was used, the Mr
30,000 and Mr 43,000 binding complexes, which are similar to the
AU-B and AU-C binding factors, respectively, also increased but to a
much lesser extent (Figs. 5 and 6A). This binding activity can be
completely blocked by an excess of cold TNF/3' RNA, whereas
comparative nonspecific competitor RNA had no effect (Fig. 6A).

A mutated form of the 3'-UTR of TNF-a riboprobe with the
AU-rich sequence deleted did not bind to cytoplasmic protein from
ZR-75-1 (unstimulated or TNF-stimulated) and ZR-75-lR cells (Fig.
6B), confirming specificity. These data imply that those factors may
be involved in the regulationof TNF-a gene expressionin human
breast cancer cells.

Novel TNF-a ARE Binding Activity Indicates the Existence of
a PrOtein Factor. If this novel Mr 55,000 factor is a cytoplasmic
factor that regulates TNF-a gene expression at the posttranscrip
tional level, it is expected that it predominantly exists in the
cytoplasm. Therefore, cytoplasmic and nuclear extracts from
TNF-a stimulated ZR-75-l cells were assayed for this novel factor
RNA-binding activity. It was found that this novel binding factor
activity was only in cytoplasmic extracts but not in nuclear extracts
(data not shown). To define the composition of this novel factor,
cytoplasmic extracts from unstimulated and TNF-a-stimulated ZR
75-1 cells were incubated with proteinase K following a binding
reaction with the labeled TNF-a/3'-UTR riboprobe. The novel
binding activity was eliminated by proteinase K treatment (Fig. 7).
This indicates that the novel factor is at least partially composed of
protein but does not exclude the possibility that it may also contain
nonprotein components.

To demonstrate this protein factor after electrophoresis separation
of the cell extract on acrylamide/SDS gel under denaturing condition
and to measure its molecular weight, Northwestern blot analysis was
used to transfer proteins to mtrocellulose membrane and probed with
32P-labeled TNF/3'-UTR RNA. Among all of the proteins immobi
lized on the membrane (Fig. 8, Lane 2), only one protein band shows

strong affinity to [32P]TNF/3-'UTR RNA (Fig. 8, Lane 3). Several
other bands are present, but their intensity is much lower. The major
TNF/3-'UTR RNA binding protein factor has a molecular weight of
Mr 51,000, consistent with previous observations of Mr 50,000

55,000 binding activity.
Furthermore, the observation that the protein synthesis inhibitor,

cycloheximide, does not block the occurrence and enhancement by
TNF-a of the novel factor binding (Fig. 9) demonstrates that the
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effects including increased metastatic potential and alterations in
adhesion molecules may also provide the TNF-a-producing cancer

cell with additional proliferative advantages.
The regulation of the human TNF-a gene in human epithelial cells

remains largely unknown. In mouse hematopoietic cells, both tran
scriptional and posttranscriptional mechanisms are necessary. Mobi
lization of ceramide by sphingomyelinase and ceramide syntheses by
a variety of stimuli induces activation of transcriptional factors such
as nuclear factor-KB (30). This Ca2tdependent increased transcrip
tion of the TNF-cagene is essential for TNF-a production. However,
stabilization and increased translation of TNF-a mRNA may be

quantitatively more important. We have examined the posttranscrip
tional regulation of gene expression mediated by the human TNF-a
3'-UTR with RNA-binding assay and DNA transfection/protein pro
duction in TNF-a-sensitive and -resistant breast carcinoma cells.

To isolate the element in human TNF-a 3'-UTR involved in the
regulation of gene expression at the posttranscriptional level, we
constructed a series of luciferase expression vectors, using specific
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Fig. 8. Northwestern blot analysis of the TNF/3'-UTR binding protein. Whole-cell
protein (50 @gIlane)extracted from TNF-a stimulated ZR-75-l cells (1000 units/mI,
6 h) was used in the Northwestern blot assay described in â€œMaterialsand Methods.â€•
All of the proteins immobilized on the membrane are shown in Lane 2 by Ponceau S
staining. Lane 3 was probed with 32P-labeled TNF/3'-UTR RNA to demonstrate the
TNF/3'-UTR RNA-binding protein with autoradiography. Its molecular weight was
determined by comparing its migration distance with that of the protein molecular
weight marker (Lane 1).

2

ProteinaseK â€” +
Fig. 7. Composition OfMr 50,00055,000 RNA-binding activity. Cytoplasmic extracts

(20 @sgof protein) from ZR-75-l cells that had been stimulated with TNF-a for 6 h were
incubated with 2 X l0@cpm of [a-32PJUTP-labeled TNF-a 3'-UTR riboprobe. The
reaction mixtures were treated sequentially with RNase Tl and heparan sulfate and then
were incubated at 37Â°Cfor 15 mm in the absence of proteinase K (Lane 1) or in the
presence of 100 @sgproteinase K per ml (Lane 3). Lane 2 contained unlabeled TNF-a
3'-UTR riboprobe as competitor.

occurrence and enhancement of the novel factor activity following

TNF-a stimulation does not require new protein synthesis.

DISCUSSION

The regulation of gene expression within the cell depends on both
transcriptional and posttranscriptional mechanisms. Posttranscrip

tional regulation may be particularly important for short-lived proteins

such as cytokines and regulators ofcell proliferation. The ARE system
has been implicated in hematopoietic cell regulation of TNF-a and
other cytokines, but its role in epitheial cells is unknown. Because
TNF-a expression appears to be related to the regulation of cell
growth and death, the ARE system may be important in epithelial
cancer cell proliferation.

Although the role of TNF-a in immune system cytolysis is well
established, the role of TNF-a production in epithelial cells is uncer
thin. In ovary epithelium, it appears that TNF-a is produced following
ovulation and may be a crucial step in the menstrual cycle (29).
Following transformation, the vast majority of ovarian cancers still
retain the capacity to produce TNF-a protein. This capacity may
provide a certain growth advantage to the malignant cell population.

TNF-a has been shown to be mitogenic for some ovary cancer cells
in vivo (23), providing additional proliferative advantage through an
autocrine loop and possibly by paracrine induction of other growth

factors from pentoneal monocytes. The subsequent resistance of TNF

a-producing cells to the cytolytic and growth-inhibitory effect of
TNF-a may also be important in the monocyte rich i.p. milieu. Other
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In human epithelial breast cancer cells, a different, previously
undescribed protein appears to be present. This cytoplasmic RNA
binding protein of Mr 51,000 15highly specific for the UUAUUUAU
sequence, binding to both the natural human TNF 3'-UTR and the

synthetic RNA containing two repeats of the UUAUUUAU and the
RNA containing six copies of the sequence. The binding to RNA is
blocked by specific RNA sequences but not by nonspecific sequence
competition. Very little of the Mr 50,00055,000 binding activity is
present in unstimulated, wild-type ZR-75-1 cells, which have very
low TNF-a expression. However, stimulation by TNF-a will activate
the binding activity. It is important to note that cycloheximide pre
treatment does not prevent the induction of TNF-a, suggesting that
new protein synthesis is not required.

In TNF-resistant ZR-75-lR cells, the Mr 50,00055,000 bmding
activity is also present in the unstimulated state. TNF-a mRNA,
containing multiple copies of the UUAUUUAU repeat, is easily

detected in these cells, which also secrete TNF-a protein. Because we

have previously shown that the ZR-75-1 cells treated with cyclohex
imide have TNF mRNA, the presence of the Mr 50,00055,000

binding activity may play an important role in the enhanced protein
production by these cells (17). Enhanced message stability and trans
lation of the TNF message or other coregulated messages may also
play a role in resistance to TNF growth inhibition. Studies are pres
ently ongoing to examine these cells for overexpression of other
proteins that may depend on the UUAUUUAU octamer for posttran
scriptional regulation.

In conclusion, posttranscriptional regulation of gene expression mcdi
ated by the UUAUUUAU octamer repeat present in the human TNF-a
3'-UTR appears to play an important role in the epitheial cancer cell
regulation of TNF-a. The epitheial cancer cells express a novel Mr
51,000 RNA-binding protein following stimulation with TNF-a. The
ZR-75-lR cells resistant to TNF-a cytolysis express this RNA-binding
activity, even in the absence of stimulation. Efforts to further characterize

this RNA-binding activity are presently underway.
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sequence deletions. The deletions were chosen to evaluate the post

transcriptional effects of certain known RNA-binding protein motifs.

The best known of these sequences is the UUAUUUAU repeating
octamer present in the 3'-UTR of a variety of cytokine mRNAs. Six
repeats of this binding site are present in the human TNF-a mRNA.
When the 113-base sequence containing this element were removed,
the basal suppression of luciferase activity was abolished, and the
luciferase activity was similar to SV4O/3'-UTR control construct.

Reconstitution of the binding sites by the introduction of synthetic
TTA1TFAT octamers into the luciferase vectors resulted in a de
crease in luciferase activity proportional to the number of octamers
added in ZR-75-l wild-type cells. This same suppressive effect was
observed in the ZR-75-1R breast carcinoma cell line, confirming that
the TTA1TFAT sequence is also served as a target element for
posttranscriptional regulatory factors in the resistant phenotype cells.

RNA-binding proteins that appear to be specific for the

UUAUUUAU sequence on mRNA have been described previously.
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AU-B and AU-C are cytoplasmic factors that are not active in un
stimulated T cells. Following T-cell receptor stimulation, these factors
bind AUUUA sequences with high affmity. On gel mobility shift
assay, these proteins appear as proteins of Mr 30,000 and Mr 43,000,
respectively. Although these proteins appear to be present in epitheial
cells as well, they are not the most prevalent ARE-binding proteins.
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