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We have demonstrated that intracellular forms of NOTCHI transactivate two major Epstein-Barr virus
(EBV) latent promoters, the LMP1 and Cpl promoters in an EBV-negative B-cell line, BJAB. Truncated
intracellular NOTCH]1 associated with the nuclear membrane (AE) transactivates the LMP1 promoter fivefold;
however, the intranucleus localized form of NOTCHI (ICN) transactivates this promoter approximately
twofold in chloroamphenicol acetyltransferase (CAT) reporter assays in BJAB cells. Additionally, AE activated
the major Cpl promoter 12-fold, whereas the ICN form of NOTCH]1 activates at only about half that level when
compared to that of AE membrane-bound NOTCH]I. This result differs from previously observed data, where
intracellular NOTCHI bound to the nuclear membrane, AE, and nucleus-localized NOTCH]1, ICN, all had
similar levels of activation in 293 cells. This suggests distinct transcriptional activities in different cell types.
Moreover, in Jurkat cells, a T-cell line, intranucleus localized NOTCHI molecules demonstrated a repressive
activity against the two EBV major latent promoters. Only AE activated the Cpl and LMP1 promoters at a
level slightly above background, whereas intranucleus localized NOTCH]1 ICN, or the form of NOTCH1 lacking
the ankyrin repeats, AE™X, surprisingly resulted in the repression of these promoters in Jurkat cells.
Similarly, another truncated form of NOTCH]I, referred to as ICNW, which contains the tryptophan residue
W'7%7 within one of the RBP-Jk interacting domains, repressed the LMP1 promoter approximately twofold.
Further analysis of the truncated NOTCH1I molecules on the LMP1 promoter element, lacking the two RBP-Jk
binding sites, suggests that repression in Jurkat cells may be affected by the presence of the two RBP-Jk
binding sites. These studies indicate that intracellular NOTCH]1 can activate the EBV major latent promoters
in BJAB cells. However, in Jurkat cells, intracellular truncated forms of NOTCH]1 lacking the RBP-Jk binding
sites repress these EBV latent promoters. Only the membrane-bound form of NOTCH1, AE, activated the EBV
major latent promoters in Jurkat cells, albeit at a lower level than that seen in BJAB cells. Our data suggest
that EBNA2 and truncated intracellular nuclear localized forms of NOTCHI may be functionally similar in
their interactions with RBP-Jk; however, these molecules may have distinctly different transcriptional partners
in BJAB and Jurkat cells. Moreover, these truncated NOTCHI molecules may not represent the normal
processed forms of NOTCHI in cells and may exhibit dominant negative phenotypes in the absence of the
required posttranslational modifications. Further investigations are necessary to determine the similarity and

differences occurring with intracellular NOTCH]1 in other B- and T-cell lines.

Human NOTCHI is associated with T-cell acute lympho-
blastic leukemia/lymphoma, with a recurrent translocation oc-
curring between chromosomes 7 and 9 at locus q34;q34.3 and
with homology to Drosophila melanogaster NOTCH1 (7). The
wild-type (wt) human NOTCH] is expressed in most tissues but
is present in high levels in the thymus and brain. It encodes a
2,555-amino-acid type I transmembrane receptor protein
larger than 300 kDa with a domain architecture similar to that
of the Drosophila homologs (Fig. 1) (6). The chromosomal
translocation results in overexpression of the intracellular 3’
end of the NOTCH1 gene. The truncated molecules lacking the
external epidermal growth factor-like and lin-12-like repeats
range from approximately 100 to 125 kDa in size (1, 2, 6).
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Truncated forms of intracellular NOTCHI vary in their intra-
cellular localization. The AE form contains the transmembrane
domain of the NOTCH1I molecule, lacks most of the extracel-
lular domain, and is localized to the nuclear membrane. The
ICN form of NOTCH1 has most of the amino-terminal end, to
amino acid 14 of the intracellular domain, deleted and local-
izes to the nucleus of cells (2, 3). Another truncated NOTCH!
molecule, ICNW, contains the tryptophan residue W*7¢7 im-
portant for binding to RBP-Jk (see Fig. 1 for a schematic
diagram of the different truncated forms of intracellular acti-
vated NOTCHI) (3, 26). In transient transfections, activated
NOTCHI molecules transactivate the Epstein-Barr virus
(EBV) latent Cpl promoter to similar levels in 293 cells and
have similar oncogenic properties in mouse bone marrow cells
(3, 20).

RBP-Jk, the human homolog of the Drosophila Suppressor
of Hairless (SuH), is a known transcriptional repressor capable
of regulating transcription through numerous cellular and viral
promoters by binding to its cognate sequence at these pro-
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FIG. 1. Schematic diagram showing the full-length NOTCH1 protein with the identified extracellular and intracellular domains. The epidermal growth factor-like
repeats and the lin-12-like repeats are positioned extracellular to the transmembrane domain. Two cysteine repeats are potentially involved in the formation of disulfide
bridges. The cdc10 (ankyrin) repeats, the two nuclear localization signals (N1 and N2), and the PEST (P) and OPA (O) sequences are intracellular domains (6). The
AE construct contains the leader peptide, the transmembrane domain, and the intracellular region of NOTCHI and localizes to the nuclear membrane. The ICN
construct lacks the leader peptide and the transmembrane region and localizes to the nucleus. The AETAR construct contains the same sequence as AE but lacks the
ankyrin repeats (3). ICNW contains the entire intracellular domain, including W'7%7 that is crucial for RBP-Jk association (3).

moter sites (4, 7, 9, 15, 19, 30). The activation of these pro-
moters requires interactions with other cellular and viral tran-
scription factors (24, 25, 27-29). The EBV transcription factor
EBNALZ2 is a potent activator of transcription and is tethered to
these promoters by its interaction with RBP-Jk (9, 15, 33).
Another cellular molecule capable of activating viral and cel-
lular promoters through RBP-Jk is NOTCH1 (3, 12, 13). The
interaction of RBP-Jk with NOTCHI occurs through two re-
gions. One region is immediately downstream of the trans-
membrane domain (referred to as the RAM23 domain) and
contains the essential tryptophan residue at amino acid posi-
tion 1767; the other region lies within the ankyrin repeats (see
Fig. 1) (3, 26). Constructs without the critical W'”®” domain
activate promoter elements as efficiently as constructs with the
entire cytoplasmic domain intact (3, 13), suggesting that the
association with RBP-Jk can occur without the presence of
W'7%7 within the RAM23 domain. The second region of intra-
cellular NOTCH1 without the ankyrin repeats, AET*R, acti-
vates at a rate approximately threefold less than NOTCH1 with
intact ankyrin repeats but without the W'”®” residue. This
indicates a requirement for the ankyrin repeats to achieve
maximum transactivation of the RBP-Jk-responsive promoters
3).
The EBV transactivator EBNAZ2 is incapable of binding to
DNA by itself and requires association with RBP-Jk for tar-
geting and activating promoter elements (9, 17). EBNA2 is
essential for EBV immortalization of human primary B lym-
phocytes, and the association of RBP-Jk and EBNA2 is a
critical component of the immortalization process (5, 8, 32).
Viral recombinants mutated in the RBP-Jk binding site of
EBNAZ2 do not transform human primary B cells in vitro (5, 8,
32). In addition, EBNA2 also associates with numerous com-
ponents of the basic transcriptional machinery, including PU.1
and AMLI (14, 24, 25). However, its interaction with RBP-Jk
is essential for EBV-induced immortalization of primary B
lymphocytes (32).

The similarities between EBNA2 and NOTCH1 are primar-
ily due to their respective involvement in induction of B- and
T-cell proliferation and transactivation of cellular and viral
promoters through their association with RBP-Jk (3, 12, 23).
Is EBNA2 a functional viral homolog to NOTCH1, usurping
the role of NOTCHI in the immortalization of primary B
cells? The association of EBNA2 and NOTCH]I with RBP-Jk

prompted us to compare the activity seen in 293 cells to that in
T and B cells. This may provide an explanation as to why EBV
can efficiently immortalize human primary B cells and, to a
lesser extent, human primary T cells (16, 21). Specifically, we
were interested in whether or not the activated intracellular
forms of NOTCH1 can transactivate the EBV major latent Cp1
promoter in B and T cells at levels similar to those in previous
studies of this promoter in 293 cells. Our studies showed that
the intracellular form of NOTCHI, AE, associated with the
nuclear membrane and activated the EBV Cpl and LMP1
promoter elements. However, mutants lacking any of the
RBP-Jk binding sites, ICN and AE™*R, were less potent in
their transactivation activity, as determined by transient chlor-
amphenicol acetyltransferase (CAT) reporter assays in BJAB
cells.

In Jurkat cells, the nucleus-localized, intracellular form of
NOTCHI, ICN, had a surprising effect in repressing the Cpl
and —512/+40 LMP1 promoters. Only AE, localized to the
nuclear membrane, activated these promoters in Jurkat cells.
We tested this observation on a larger LMP1 promoter ele-
ment lacking the RBP-Jk binding sites (18). Our observation
suggests that these NOTCHI molecules require the interaction
with RBP-Jk for activation. However, the demonstrated re-
pressive activity may be dependent on interactions with RBP-
Jk, as well as other cellular factors in the transcriptional milieu,
expressed in Jurkat cells but not in BJAB cells.

MATERIALS AND METHODS

Cell lines. Cell culture reagents were obtained from Gibco-BRL Life Tech-
nologies. All cell lines were cultured at 37°C under 5% CO,. The Jurkat cell line
(obtained from David Gutsch) is a clonal human lymphoblastic T-cell line, and
the BJAB cell line (obtained from Elliott Kieff) is an EBV-negative Burkitt’s
lymphoma cell line. These cell lines were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum purchased from Gemini Bio-Prod-
ucts, Inc. All media were supplemented with gentamicin (20 pg/ml) (Gemini
Bio-Products), penicillin-streptomycin (Gibco-BRL) at concentrations of 5 U/ml
and 5 pg/ml, respectively, and glutamine at a final concentration of 2 mM.

Expression constructs. The cDNA constructs NOTCHI (codons 1 to 2555),
AE (codons 1 to 22, fused to codons 1673 to 2555), AETAR (a subclone of AE
with a deletion removing the ankyrin repeats; codons 1858 to 2206), and ICN
(codons 1770 to 2555) were cloned into pCDNA3 vector and were described
previously (20). ICNW, also cloned in pCDNA3, contains the entire intracellular
domain of NOTCHI and includes the W77 residue important for RBP-Jk
binding (codons 1761 to 2555) (3). All constructs were checked for expression of
the appropriate truncated NOTCHI molecules. The EBNA2 construct is a
c¢DNA construct carrying the entire EBNA2 open reading frame under the
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control of the simian virus 40 promoter element in the pSGS5 vector and has been
described previously (29). The multimerized Cpl CAT reporter construct was
obtained from Paul Ling and Diane Hayward (17). The —512/+40 LMP1 CAT
reporter construct was obtained from Elliott Kieff (31). The —2350 wt and
—2350-Jk (lacking the RBP-Jk binding sites) CAT reporter constructs were a gift
from Clare Sample (18).

CAT assays. The various NOTCHI cDNAs and EBNA2 were used in cotrans-
fections of BJAB and Jurkat cells along with CAT reporter constructs containing
a promoter element from the EBV major latent promoters, the —512/+40 LMP1
promoter element (31), or the EBNA major latent Cp1 promoter (17). An LMP1
promoter, —2350, with and without the RBP-Jk binding sites GTGGGAA (18)
was also used in transient reporter assays in Jurkat cells.

For the efficient transfection of Jurkat and BJAB cells, cells were cultured in
medium diluted to a density of 250,000 cells per ml and incubated at 37°C and
5% CO, until they achieved a density of 800,000 to 1 million cells per ml. The
medium was then aspirated and the cells were resuspended in fresh medium and
further incubated for 24 h. Cells were transfected more efficiently when more
than 95% of the cells were actively dividing. Ten million Jurkat cells were
electroporated at 260 V and 1,000 pF in 400 pl of medium and were then
resuspended in 10 ml of medium followed by incubation for 22 h. BJAB cells
were electroporated similar to Jurkat cells, except for the voltage, which was
changed to 210 V and 975 pF. Ten micrograms of CAT reporter construct with
20 pg of the various expression constructs were mixed with B-galactosidase
expression construct and empty vector (to normalize the total amount of DNA
per transfection) in 400 wl of medium. Cells were resuspended in the DNA
mixture and allowed to sit for 10 min in a 0.4-pm gap electroporation cuvette at
room temperature before electroporation.

All transfections were done with the cDNA encoding -galactosidase driven by
the glucokinase housekeeping promoter as an internal control. Cell extracts were
routinely prepared 22 h posttransfection and were analyzed for B-galactosidase
and CAT activity according to previously described protocols (22). CAT activity
was determined with respect to B-galactosidase activity and quantitated by arbi-
trary counts on a Molecular Dynamics PhosphorImager system. All transfections
were repeated multiple times, and the results were plotted as a mean of multiple
experiments.

Immunolocalization. Transfected cells were harvested and washed in phos-
phate-buffered saline (PBS). Cells were spread on slides and fixed with metha-
nol-acetone (1:1) for 15 min at —20°C. Cells were incubated with NOTCHI
rabbit polyclonal antibody at a 1:500 dilution, followed by goat anti-rabbit anti-
body linked to fluorescein isothiocyanate (1:1,000) in the presence of 0.1%
Triton X-100, as described previously (3). Microscopy was performed with an
Olympus epifluorescence microscope and captured with a charge-coupled device
cooled digital camera with the Esprit software program. All images were
mounted with the Coreldraw8 software program.

Western blotting. Transfected cells were collected and washed once in PBS.
One million cells were then harvested, resuspended in lysis buffer, fractionated
by electrophoresis on a sodium dodecyl sulfate-6% polyacrylamide gel, and then
transferred to a 0.45-pwm nitrocellulose membrane. All buffers were supple-
mented with 2 mM sodium thioglycolate. Membranes were then incubated with
rabbit anti-NOTCH1 polyclonal serum at a 1:100 dilution in PBS for 24 h at 4°C,
washed, and incubated with goat anti-rabbit horseradish peroxidase secondary
antibody at a 1:5,000 dilution. The signals were detected by using standard
chemiluminescence protocols from the manufacturer.

RESULTS

Intracellular forms of human NOTCHI activate two EBV
major latent promoters in B cells. In an effort to determine the
ability of activated intracellular forms of NOTCH]I to activate
latent EBV promoters in B cells, we performed transient CAT
reporter assays with two EBV major latent promoters, the
LMP1 —512/+40 and Cpl promoter regions containing
RBP-Jk binding sites in an EBV-negative Burkitt’s lymphoma
cell line, BJAB. Characterization of the ability of the different
intracellular forms of NOTCH1 to activate the LMP1 promoter
containing the RBP-Jk binding sites showed a distinct differ-
ence between nucleus-localized NOTCH1, ICN, and the mem-
brane-associated form of NOTCHI, AE. The AE construct
activated the promoter at a level approximately twofold higher
than the ICN expression construct. The AE™*F construct, lack-
ing the ankyrin repeats, activated the promoter to an extent
similar to that of ICN, indicating that since the AE construct is
the strongest activator, the ankyrin repeats and the RAM23
domain which contains the critical W'”®” amino acid deleted in
AET*R and ICN, respectively, may provide similar or equiva-
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FIG. 2. Intracellular forms of NOTCHI activate the major latent EBV pro-
moters in BJAB cells. The CAT gene was used as the reporter for activity on the
Cpl (A) and —512/+40 LMP1 (B) promoter regions. Ten micrograms of each
reporter construct and 20 g (each) of the constructs cloned into pCDNA3.1
were transfected into BJAB cells to measure the level of transactivation of each
reporter construct. Levels labelled LMP1 and Cpl indicate transfection with
reporter alone for basal activity. PCDNA3.1 vector DNA was used to normalize
the amount of DNA in each transfection, and 2.5 pg of an expression plasmid
containing the B-galactosidase gene was used as an internal control for transfec-
tion. Activity was counted on a Molecular Dynamics PhosphorImager and values
are expressed as arbitrary units.

lent levels of activation through interaction with RBP-Jk (Fig.
2B).

Expectedly, the NOTCHI1 AE construct activated the —512/
+40 LMP1 promoter construct, albeit to a lesser extent than
that seen on the multimerized Cpl promoter in BJAB cells
(Fig. 2) and previously seen in 293 cells (3). However, it was
surprising to find that the NOTCHI ICN construct did not
activate the promoter to an extent similar to that seen in the
same report about 293 cells where NOTCHI AE and ICN had
similar activation levels (3). It is possible that both regions of
NOTCHI capable of associating with RBP-Jk have additive
transactivation activity on this LMP1 promoter element. These
results indicate that although similar activation was seen on
other major latent EBV promoters (e.g., the Cpl promoter), it
is possible that the RAM?23 region, which contains the critical
W76 amino acid, has some additive effects on the ability of
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the intracellular forms of NOTCHI1 to activate viral and cellu-
lar promoters. Comparably, the NOTCHI AE™F® construct,
lacking the ankyrin repeats, has similar activities on the —512/
+40 LMP1 promoter, indicating that the two regions impor-
tant for the association with RBP-Jk each provide similar lev-
els of transactivation activity for the NOTCHI molecules in
BJAB cells (Fig. 2A).

Intracellular NOTCHI molecules lacking either of the
RBP-Jk interacting domains repress major EBV promoters in
Jurkat cells. We decided to test these constructs in Jurkat cells,
to compare the results obtained in BJAB cells. Previous trans-
activation experiments with the oncogenic forms of human
NOTCHI were done not in T or B cells but in epithelial cells.
Therefore, it was critical to demonstrate whether or not the
activation seen in BJAB cells was similar to that seen in a
T-cell line. In these studies, we demonstrated that both
NOTCHI ICN and AE™W® lacking the RBP-Jk interacting
regions at the critical W77 and ankyrin repeats, respectively,
repressed the reporter activity from both the Cpl and the
—512/+40 LMP1 promoters (Fig. 3). The ICN form of
NOTCHI] repressed activity approximately 2.5- and 5-fold on
the Cpl and —512/+40 LMP1 promoters, respectively (Fig. 3).
The NOTCHI AET™*® construct repressed the basal promoter
activity in Jurkat cells about fourfold and eightfold on the Cpl
and —512/+40 LMP1 promoter elements, respectively (Fig. 3).
Intracellular NOTCH 1, AE, localized to the nuclear membrane
and transactivated the Cpl promoter approximately 1.5-fold
and the —512/+40 LMP1 promoter approximately 1.2-fold
(Fig. 3).

The results of these transient CAT reporter assays in Jurkat
cells were surprising and demonstrated that intracellular forms
of NOTCH1, localized to the nucleus lacking the RBP-Jk bind-
ing RAM23 domain that lacked the critical W*7%” amino acid,
function as repressors of transcription in Jurkat cells. Addi-
tionally, the construct lacking the ankyrin repeats which con-
tains the second RBP-Jk interacting domain, AE™*R (1, 3, 13),
had a greater repressive effect, as demonstrated on both the
Cpl and —512/+40 LMP1 promoters (Fig. 3). The increase in
transactivation activity of AE when bound to the nuclear mem-
brane indicates that interaction with RBP-Jk is important for
activation. However, the levels seen were much less than those
observed in BJAB cells. This suggests that RBP-Jk may not be
the only factor required for the maximum activation of the
promoters and that other transcriptional factors may be critical
for intracellular NOTCH]1 activity on these promoters. How-
ever, these factors may not be expressed in the Jurkat cells,
resulting in a reduced level of transactivation activity. It is
possible that this observed effect, functionally similar to a dom-
inant negative phenotype, could be specific to Jurkat cells. It
would be important to perform these experiments with other
T-cell lines. However, transfection of other T-cell lines is dif-
ficult and so far we have not been able to efficiently transfect
other T cells.

These experiments suggest that in Jurkat cells, intracellular
activated forms of NOTCH] that localize to the nucleus are
repressive on RBP-Jk-responsive promoters. However, intra-
cellular forms of NOTCH1 which localize to the nuclear mem-
brane do not function as dominant negative molecules and may
be processed in ways similar to wt-activated NOTCHI. We
therefore decided to determine if the source of activation or
repression by the intracellular forms of NOTCHI on EBV
major latent promoters is through interaction with RBP-Jk at
the promoters.

Intracellular forms of NOTCHI repress the —2350 LMP1
major latent promoter lacking the RBP-Jk binding sites in
ways similar to that seen on the —512/+40 LMP1 promoter in
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FIG. 3. Intracellular nucleus-localized forms of NOTCH1I repress the major
latent EBV promoter elements in the Jurkat cells. Transient CAT reporter assays
with the EBV Cpl promoter (A) and transient transactivation activity on the
EBV —512/+40 LMP1 promoter (B) are shown. Cells were transfected with
equivalent amounts of DNA, including 10 g of each reporter plasmid and 20 pg
(each) of the various NOTCHI constructs. The total amount of DNA was
normalized by adding vector DNA. Levels labelled LMP1 and Cpl represent
transfection with reporter alone to determine basal levels of activation. The
transfected cells were harvested after 22 h and CAT assays were done as de-
scribed previously (3, 22). Data were collected on a Molecular Dynamics Phos-
phorImager and values are expressed as arbitrary units.

Jurkat cells. To define the basis of this repression by the
intracellular forms of NOTCH1, we used a larger region of the
EBV major promoter, —2350 LMP1, lacking the RBP-Jk bind-
ing sites at positions —298 and —223 of the LMP1 promoter
element (18). In these experiments, marginal activation was
observed on the wild-type promoter with intact RBP-Jk bind-
ing sites (Fig. 4A). The NOTCHI constructs AE, ICN, and
AETAR all activated this larger —2350 LMP1 promoter at a
level only slightly above baseline in Jurkat cells (see Fig. 5A).
This was consistent in numerous experiments, suggesting that
the larger promoter region may contain additional binding
sites for other transcription factors not present in the —512/
+40 LMP1 promoter element. These additional factors re-
cruited to this larger promoter resulted in the derepression of
the dominant negative activity in Jurkat cells. However, the
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FIG. 4. Intracellular forms of NOTCHI repress the larger —2350 LMP1
promoter element lacking the RBP-Jk binding sites in Jurkat cells. Activity on the
larger wild-type —2350 LMP1 promoter element (A) and activity of intracellular
NOTCHI on the —2350 (lacking the RBP-Jk binding site) promoter construct (B)
are shown. The effect of ICNW and EBNA2 on the —2350 LMP1 element lacking
the RBP-Jk binding sites (C) is shown. Ten million Jurkat cells were transfected
with the appropriate amounts of DNA, and the cells were harvested after 22 h.
Lysates were then used for CAT reporter assays, and the results were obtained
with a PhosphorImager from Molecular Dynamics. Only AE transactivated this
LMP1 promoter, lacking RBP-Jk binding sites, slightly above background. All
other forms of NOTCHI repressed this promoter in this assay.
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repression was again seen with the same —2350 LMP1 pro-
moter that lacked both of the cognate RBP-Jk binding sites
(see Fig. 4B). The NOTCHI AE construct transactivated this
promoter slightly above baseline, whereas ICN repressed ac-
tivity approximately twofold and AE™® repressed it approxi-
mately threefold (see Fig. 4B), levels similar to that seen with
the —512/+40 LMP1 promoter. ICNW had about a fivefold
reduction of reporter activity. As expected, EBNA2 demon-
strated little or no effect on this promoter lacking RBP-Jk
binding sites in Jurkat cells (Fig. 4C). These results suggest that
RBP-Jk is necessary for activation of the EBV major LMP1
promoter in B cells and is critical for interactions with tran-
scription factors or activators for transactivation. However,
deletion of the binding sites results in a dominant negative
phenotype in Jurkat cells. Promoters that lack the RBP-Jk
binding sites may also be repressed, due to interactions of the
intracellular forms of NOTCH1 with other transcription factors
at the promoter.

Oncogenic forms of NOTCH1 that lack the RBP-Jk binding
sites and repress transcription in Jurkat cells are expressed in
transfected cells and localize predominantly to the nuclear
membrane and nucleus. Previous experiments with 293 cells
indicated activation of transcription with the RBP-Jk binding
element of Cpl by the AE, ICNW, and ICN forms of activated
NOTCHI and not by full-length NOTCHI (3). This suggests
that truncation of the extracellular domain of NOTCHI leads
to transcriptional activation occurring through RBP-Jk. It is
clear that most of the AE signal localizes to the nuclear mem-
brane, demonstrating that activation of RBP-Jk-responsive
promoters does not require that the activated molecules have
predominant access to the nucleus. However, it is possible that
undetected amounts of AE can be truncated from the cleavage
site and be released from the membrane into the nucleus,
activating transcription. We were curious, based on our results
with Jurkat cells, whether or not the intracellular truncated
forms of NOTCH]1, capable of repressing transcription, local-
ize to regions of the cell similar to those seen in 293 cells (3).
In transient transfections of the intracellular forms of
NOTCH]I, we demonstrated that AE localizes predominantly
to the nuclear membrane, as shown by staining that rims the
nucleus, whereas ICNW and ICN preferentially show intranu-
clear localization in a fashion similar to that seen previously in
293 cells (Fig. SA) (3). Western blot analysis with rabbit poly-
clonal antibody against the cytoplasmic region of NOTCH]I
also indicated that the truncated forms of NOTCH]I were also
efficiently expressed in Jurkat cells (Fig. 5B). These data indi-
cate that oncogenic forms of NOTCH]I that function as dom-
inant negative molecules in Jurkat cells are localized to regions
of the nucleus similar to those seen in 293 cells (3). Moreover,
these same truncated NOTCHI molecules function as activa-
tors of transcription in BJAB cells, although the levels of ac-
tivation for the forms of truncated NOTCH1 which localize to
the nucleus are less than that for membrane-localized AE.
These results suggest different patterns of transcriptional reg-
ulation relative to NOTCH1 signaling in 293, B, and T cells. A
more thorough analysis of these reporter assays in multiple B-
and T-cell lines will be important in providing a general mech-
anism of activation or repression in these cell types.

DISCUSSION

Previous studies investigating the ability of intracellular
NOTCHI] to activate RBP-Jk responsive promoters indicated
that the oncogenic forms of NOTCHI can activate the Cpl
major EBNA promoter in 293 cells, the TP1 promoter in COS7
cells, and a targeted GAL4 promoter in HeLa cells (3, 13, 23).
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FIG. 5. Immunolocalization of activated forms of NOTCH1 in BJAB and Jurkat cells. As expected, AE constructs localize predominantly to the nuclear membrane
in Jurkat and BJAB cells, whereas ICNW and ICN localize mostly to the nucleus (A). The upper section of panel A shows the immunofluorescence of transfected BJAB
cells with the different intracellular NOTCHI1 constructs. Note the preferential membrane localization of the AE constructs compared to the ICN construct, which
predominantly localizes to the nucleus. The lower section shows the transfected Jurkat cells with the forms of activated NOTCHI and shows similar localization of AE
to the membrane and ICNW and ICN to the nucleus. A Western blot analysis of the transfected BJAB and Jurkat cells with the different NOTCH]I constructs is shown
(B). Transfected cells were harvested, and 500,000 cells were then collected, washed in PBS, lysed, and fractionated by electrophoresis on a sodium dodecyl sulfate-6%
polyacrylamide gel. The fractionated proteins were then transferred to nitrocellulose and then probed with rabbit polyclonal antibody against the cytoplasmic domain

of NOTCH]I. Note the expression of the different forms of NOTCHI in all lanes.

Most of these studies suggest that the EBV transactivator
EBNAZ2 can substitute for these oncogenic forms of NOTCHI
in transformation of B cells induced by EBV (11, 23). We
decided to determine the ability of the intracellular, oncogenic
forms of NOTCH]1 to transactivate the EBV major latent pro-
moters in B cells, the predominant cell type immortalized by
EBYV and in T cells typically associated with T-cell acute lym-
phoblastic leukemia/lymphoma and increased expression of
intracellular activated NOTCH1 molecules (6, 8, 20). Transient
CAT reporter assays were used to investigate the activity of
intracellular forms of NOTCHI on the major EBV —512/+40
LMP1 and Cp1 promoters in BJAB and Jurkat cells. We report
a distinct difference in the activities of the NOTCH1 molecules
when the results of transient CAT reporter assays are com-
pared. Our results indicate that the intracellular forms of
NOTCHI] repress the EBV major latent promoters in Jurkat

cells. In 293 cells, these NOTCH1 molecules had similar levels
of activation; however, the level of activation of the EBV
promoters was reduced in BJAB cells, except for the AE, which
localizes to the nuclear membrane (3). The level of activation
obtained in cells under wt conditions on the EBV genome is
expected to be less than that obtained with the multimerized
Cpl1 promoter, and it became important to compare the results
to other normal promoter elements (like LMP1) in these tran-
sient CAT reporter assays.

Specifically, the ICN construct differed in its levels of activity
on the —512/+40 promoter in BJAB cells. These results indi-
cate that the region 5’ to the ankyrin repeats, including the
RAM23 domain that contains one of the RBP-Jk interaction
domains and the critical tryptophan residue W'7®’, is impor-
tant for increased transcriptional activity in BJAB cells. This
domain did not show any major difference from other forms of
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intracellular NOTCHI described in a previous report on 293
cells (3). Therefore, our results with the ICN construct are
distinct from but similar to results with the AE™® form of
intracellular NOTCHI lacking the ankyrin repeats. The —512/
+40 LMP1 promoter contains two RBP-Jk binding sites, in
contrast to the Cpl promoter reporter construct (17). In other
experiments with a hexamerized TP1 promoter reporter con-
struct, the intracellular domain of NOTCH1 was more potent
than the EBV transactivator EBNA2. However, both con-
structs activated to similar extents on the cellular HES1 CAT
promoter reporter construct (23). This could be another case
of promoter specificity that is not easily explained by transac-
tivation data. Cumulatively, these data suggest that there are
specific factors interacting with the different intracellular forms
of NOTCHI at the different promoters, resulting in variations
in the levels of activity at these promoters.

The ability of EBV to infect and immortalize human primary
B cells and the ability of the virus to utilize major cellular
signaling pathways are of important consequence in under-
standing basic mechanisms of virus-host interactions as they
relate to DNA tumor viruses. In these studies, we investigated
the correlation between a transformed Burkitt’s lymphoma cell
line, BJAB, and Jurkat cells. EBNAZ2 or intracellular NOTCH1
molecules associate with RBP-Jk in cells activating viral and
cellular promoters containing RBP-Jk binding sites (23, 34). It
is possible that the transformation processes for B and T cells
are similar in nature and that one of the keys to this process is
the interaction with the ubiquitous cellular transcription factor
RBP-Jk. RBP-Jk interaction with EBNAZ2 is essential for EBV
immortalization of human primary B cells, and the overexpres-
sion of intracellular NOTCH] is crucial for T-cell transforma-
tion (32). These events increase the normal activity of the
RBP-Jk-associated promoters, which under normal conditions
are repressed (10). Both intracellular NOTCHI and EBNA2
can activate promoters through interaction with RBP-Jk in
293, HeLa, and COS7 cells (10, 11).

Intracellular forms of NOTCH] are oncogenic in T-cell pro-
genitors (20). The interaction of intracellular forms of
NOTCH1 with RBP-Jk may contribute in part to the oncogenic
nature of these molecules, and other cellular interactions may
have important roles in the initiation and maintenance of the
oncogenic state leading to tumor development. Moreover, the
interaction of RBP-Jk with a number of EBV latent proteins
crucial for EBV transformation of human primary B cells,
resulting in derepression and/or regulation of promoters, may
be critical points in the disregulation of the normal activity of
RBP-Jk, leading to development of the neoplastic state. Viral
proteins are known to function in the disruption of normal
cellular processes. Therefore, the interaction of RBP-Jk with
EBNA2 and the intracellular form of NOTCH]I could be im-
portant for the transformation of human primary B and T cells,
respectively, leading to increased cell proliferation.

Oncogenic forms of NOTCH]I can activate the EBV major
latent promoter, Cpl, in 293 cells (3). Therefore, we wanted to
determine if NOTCHI can activate another major latent pro-
moter, the —512/+40 LMP1 promoter. Our results were con-
sistent with AE activating the latent promoter; however, ICN
activated at a level twofold lower than AE. This was unex-
pected, as AE, ICN, and ICNW contain the critical tryptophan
at codon 1767 (the RAM23 domain) and all three transacti-
vated the Cpl promoter to similar levels in 293 cells (3). Ad-
ditionally, AE activated the LMP1 promoter five- to sixfold
above baseline, whereas ICN did not, having only about half
the level of activation on the same promoter in BJAB cells.
The activation was similar to the level of activation seen with
AET*R which had only a moderate level of activation on the
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multimerized Cp1l promoter in 293 cells (3). This suggests that
ICN and AE™R had relatively similar binding affinities for
RBP-Jk and that interaction with other basal transcription
factors is important for transactivation. However, these results
clearly demonstrate that there are differences in the level of
activation in these different viral promoters in BJAB and 293
cells. The differences seen between AE and ICN on the Cpl
and —512/4+40 LMP1 promoters in BJAB cells indicate that
AE, associated with the nuclear membrane, may obtain the
necessary modifications or association with other factors re-
quired for efficient activation of these viral promoter elements,
whereas ICN and AE™® may not.

The ability of EBNA2 to compete with intracellular forms of
NOTCH]I indicates that they are interacting with RBP-Jk on
similar domains (23). This creates a scenario whereby EBNA2
can usurp the association of intracellular NOTCHI with
RBP-Jk interacting at promoters. This makes it possible for
EBV to impart its influence on normal cell transcriptional
control, driving the proliferation of infected primary B lym-
phocytes. Molecular genetics and recombinant virus studies
demonstrated that a mutation in the two WW residues in
EBNAZ2 that are essential for binding to RBP-Jk results in a
null virus for primary B-cell transformation (32). Recent stud-
ies by Sakai and colleagues showed that EBNA2 and the in-
tracellular cytoplasmic domain of NOTCHI transactivate cel-
lular HES1 and another EBV promoter, TP1, in COS7 cells
(23). One of the questions raised by these studies is the pos-
sibility that there are differences in the interactions between
intracellular NOTCHI and RBP-Jk in BJAB cells, compared
to 293 or COS7 cells. These differences may be due to the
available cell-specific transcription factors recruited to the pro-
moters. Therefore, variations in the degree of activation of
these viral promoters containing RBP-Jk binding sites in
BJAB, 293, and COS7 cells are possible, based on the available
transcription factors. These related transformation events in
lymphocytes may be due to the transcription factor milieu and
can provide an explanation for why EBV predominantly trans-
forms primary B cells but not primary T cells (16).

Based on our data, we propose that in B cells, oncogenic
intracellular NOTCHI molecules interact with RBP-Jk quite
efficiently when transfected into BJAB cells, due to an avail-
able pool of RBP-Jk. However, in Jurkat cells the available
pool of RBP-Jk is sequestered by endogenous activated
NOTCHI molecules. Therefore, the addition of exogenous
NOTCH]I molecules in large amounts through transient trans-
fections results in competition for the available pool of RBP-
Jk. Thus, exogenous intracellular NOTCHI constructs act as
dominant negative molecules in a T-cell background (see Fig.
6). Additionally, we have shown in separate experiments that
little or no endogenous NOTCH]1 is associated with RBP-Jk in
B cells, whereas in T cells, the associated NOTCH] is easily
detected with RBP-Jk (E. Robertson, unpublished observa-
tions). Thus, our observation that intracellular NOTCHI con-
structs act as dominant negative mutants in Jurkat cells may be
a relevant factor important for signaling in B and T cells
through the NOTCH1 pathway.

The differences seen in Jurkat cells, where only AE had any
transactivation activity on the latent EBV promoters, com-
pared to the repressive effects of ICN and AE™ R, are surpris-
ing and once again reflect changes in transcriptional activity of
these intracellular forms of NOTCHI in these cell lines. The
fact that deletion of RBP-Jk interacting domains in ICN and
AET*R results in repression of the viral promoters suggests
that this interaction is critical for the derepression of these
promoters. Additionally, deletion of the RBP-Jk binding sites
in the LMP1 promoter also resulted in similar repressive ac-



VoL. 74, 2000

T Cells

Transcription

—

RBP-Jx associated with
intracelllular NOTCH1

B Cells

Transcription
T

FIG. 6. Schema of the potential interactions of RBP-Jk and endogenous and
exogenous forms of activated NOTCHI. In BJAB cells, RBP-Jk is available for
interaction with the transfected forms of NOTCHI, therefore activating the
promoters. In Jurkat cells, the available RBP-J«k is sequestered with endogenous
activated forms of NOTCH]I and competes with the transfected NOTCHI mol-
ecules, resulting in a dominant negative phenotype that is seen by repression of
the EBV latent promoters.
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tivities by intracellular forms of NOTCH]I. This suggests that
the interactions of RBP-Jk with NOTCH1 at the promoter are
important for the activation of these major EBV latent pro-
moters in transient CAT reporter assays in BJAB and Jurkat
cells. Most of the data so far propose a view that EBNA2 can
substitute for NOTCH1 in the activation of promoters in the
NOTCHLI signaling pathway (13, 23). We will be investigating
these transcriptional activities in other B- and T-cell lines to
determine if these differences are specific to BJAB and Jurkat
cells. We cannot yet say that this is a general phenomenon in
B and T cells, as we have only investigated one cell line. We
hope to successfully transfect other T-cell lines in future ex-
periments. Further studies of these and other potential path-
ways through which EBNA2 and NOTCH]1 associate may lead
to a greater understanding of the complexity of the resulting
transformation processes.
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