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INTRODUCTION:

Human breast cancer is characterized by altered expression of growth factors, growth
factor receptors and kinases (Lippman and Dickson, 1989). Downstream modulators of growth
factors and kinases are transcription factors which likely modulate altered responses in breast
cancer. Genetic analysis also indicates that other factors are involved in development or
progression of human cancer, including repetitive DNA elements called VNTR elements
(Krontiris et al, 1993), the recently cloned BRCA1 gene (Futreal et al, 1994), and the tumor
suppressor gene p53 (Rotter et al, 1993). Additional emphasis has been placed on the role of
estrogen in the development of breast cancer.

NF-xB/Rel proteins are widely distributed and are typically found in the cytoplasm where
they are associated with an inhibitor protein called IxB (Beg and Baldwin, 1993; Baldwin, 1996).
Upon exposure to inflammatory cytokines or growth factors, NF-xB factors dissociate from the
IxB inhibitory proteins and translocate into the nucleus (Finco and Baldwin, 1995). In the
nucleus, these dimeric factors regulate transcription of genes that contain the kB binding site.
Typically these genes encode proteins involved in immune and inflammation responses but more
recent work has shown that genes encoding growth regulatory proteins (such as c-myc) are
regulated by NF-xB (see Baldwin, 1996). There are presently five members of the NF-xB/Rel
family of proteins: pS0/NF-kB1, p52/NF-xB2, c-Rel, RelB, and p65/RelA. There are four
members of the IxB family: IxBa, IkBp, IxkBe, and Bcl-3. The first 3 forms of IxkB function as
inhibitors while Bcl-3 appears to function as a transcriptional co-activator with the p50 and p52
subunits of NF-xB (see Results section).

NF-xB and IxB proteins are associated with oncogenesis. For example, members of the
NF-kB family of proteins are related to the product of the c-Rel proto-oncogene which is found
overexpressed in certain tumor cell lines. Additionally, the p100/NF-xB2 member of the NF-xB
family is found translocated in certain lymphomas as is Bcl-3, a member of the IxB family (see
Beg and Baldwin, 1993; Baldwin, 1996). Based on our preliminary data, we have proposed that
dysregulation of normal NF-kB regulation (i.e., chronic nuclear localization of some forms of
NF-xB) may play an important role in the development or progression of human breast cancer.

However, new data indicates a second mechanism whereby NF-kB may be activated and separate

new data indicates a mechanism whereby NF-kB appears fo function in oncogenesis (see
Progress/Results section). These new results take on broadly significant implications regarding

oncogenesis in general and particularly in regards to breast cancer since it was published last year
that oncogenic HER2/Neu (an oncogene activated in a significant number of breast cancers) can
activate transcription through NF-kB binding sites (Galang et al., 1996). In fact, our recent data
indicate that NF-xB is required for oncogenic transformation and tumorigenesis (see
progress/results section).

We have previously found that a breast cancer cell line exhibited constitutive activation
of NF-xB. Furthermore, we had found that estrogen treatment of a fibroblast caused enhanced
expression of a reporter gene that is controlled by multiple NF-xB sites. Furthermore, some
genes shown to be overexpressed in human breast cancer (for example, vimentin and ICAM-1)
are known to be regulated by NF-kB. Thus one broad aim of the proposal (Dr. Baldwin's part of
the project) was to study the expression of NF-kB/Rel proteins in human breast cancer and to
study the functional outcome of this potential overexpression. Our new findings do not alter the
aims that were originally planned but they do alter how we approach them (see below).
Additionally, these results raise questions regarding whether oncogenes associated with breast
cancer (HER2/Neu or TC21) may functionally target NF-xB as part of the transformation
process.

A second focus of this proposal is the functional study of the Ha-ras variable number
tandem repeat (VNTR) in breast cancer. VNTRs arise from the head to tail concatenation of short
sequence motifs. The VNTR at the Ha-ras locus is about 1 kilobase downstream from the Ha-ras
1 proto-oncogene and consists of 30-120 copies of a 28 bp sequence. Krontiris et al (1987) first
showed that rare alleles of Ha-ras appear in the genome of cancer patients at a higher frequency



that in non-affected individuals. More recent data indicate that the breast cancer risk due to a rare
allele may be greater in African-American women (Garrett et al, 1993).

It has been published that the Ha-ras VNTR appears to bind NF-kB transcription factors,
although supershift studies were never performed to verify this protein binding (Trepicchio and
Krontiris, 1992). In addition, a number of studies have reported transcriptional enhancement
activity of this VNTR (Green and Krontiris, 1993). The broad aims of this part of the proposal
(Dr. Conway) are to explore a role for VNTR elements in human breast cancer, evaluate the
association of rare alleles with breast cancer and further characterize the factors that bind to the
Ha-ras VNTR element.

As stated above, rare alleles of the Ha-ras VNTR occur more frequently in individuals
with cancer, including breast cancer, than in those without cancer (Garrett et al., 1993; Krontiris,
1994). Although the mechanism of this is association is unknown, one explanation may be that
Ha-ras alleles possess a biological function and the rare alleles may function differently than the
common alleles. If the Ha-ras VNTR possesses transcriptional regulatory activity, this function
might be affected by variations in allelic sequence. We have found that the various Ha-ras alleles
vary not only in repeat copy number but also in the interspersion pattern of repeat sequences
along the VNTR. Sequence analysis of individual 28 bp repeats shows that a given repeat may
possess either a G or a C at positions 7 or 15, giving rise to four possible repeat types. We have
developed a minisatellite variant repeat (MVR)-PCR approach to detect these sequence variants.
Using this method, we have shown that VNTR allele length is very tightly linked to MVR
internal sequence (Conway et al., 1996). That is, nearly all alleles having the same length also
have the same MVR allelotype. In contrast to the common alleles that are detected repeatedly in
a population, rare alleles possess unique and disordered sequences (Conway et al., 1996; Conway
et al, submitted). Most rare VNTR alleles begin at the 5' end as one common allele then abruptly
switch to either a second recognizable motif or become completely unrecognizable. This
suggests that rare MVR alleles arise via recombination involving segments of one or more of the
common alleles.

The G/C polymorphisms within the 28 bp repeat subunit could potentially affect
transcription factor binding, perhaps by influencing methylation patterns or DNA secondary
structure. If we are able to more clearly define the differences between rare and common alleles
based upon a combination of transcription factor binding, transcriptional enhancement activity,
and structural characteristics such as VNTR length and internal sequence variations, we can
identify true rare alleles which predispose to breast cancer. To this end, we proposed to
investigate the potential regulatory role of the Ha-ras VNTR by characterizing its interaction
with members of the NF-xB/Rel family and other transcription factors. This was to be
accomplished by evaluating protein binding to 28 bp VNTR subunits carrying specific G/C
polymorphisms, and to longer tandem arrays of subunits generated by MVR from either common
or rare alleles. We were also interested in characterizing the binding proteins present in a series
of nuclear extracts from cell lines and from breast tumor tissues as well as normal mammary
epithelium. Finally, we wanted to determine the biological outcome of VNTR/protein
interactions by characterizing transcriptional regulatory activity of common versus rare VNTR
sequences. Listed below are the original aims of the grant application:

Aim 1 is to investigate the potential biological function of the Ha-ras VNTR through
characterization the nuclear factors that bind to this element with a definite focus on the potential
interaction of NF-xB/Rel proteins. Further approaches include studies aimed at addressing
potential transcriptional activation properties of the VNTR.

Aim 2 is designed to determine if NF-kB/Rel binding to VNTR elements may be used as
a more refined method of identifying patients at risk for breast cancer.

Aim 3 is to analyze relative nuclear and cytoplasmic levels of NF-kB/Rel proteins in
normal breast epithelium and in human breast cancer. We will correlate NF-xB expression with
activation of certain kinases thought to regulate NF-kB expression and with the status of
transcriptional activators shown to regulate NF-xB gene expression.



Aim 4 is to correlate expression of NF-kB with expression of known or suspected
prognostic markers for human breast cancer (ICAM-1, urokinase and vimentin). We will
determine if the ligand for HER2/Neu, NDF, can induce the expression of NF-xB.

Aim 5 is to determine whether estrogen can regulate gene expression through a kB site
and whether this is due to the activation of NF-kB/Rel binding activity.

BODY (Baldwin Laboratory):

Progress/Results (some of these results were described in the last report but papers have
now been published/submitted and are now described in more detail):

NF-xB functional activity is controlled by Ras oncogenic alleles. We have initiated our
studies using the oncogene Ras and its downstream effector Raf. We show (see Finco et al.,

attached) that oncogenic Ras or oncogenic Raf potently activates gene expression through an NF-
kB binding site. However, oncogenic Ras or Raf do not increase nuclear translocation of NF-kB.
This presented an enigma to us: how is it that NF-kB functional activity can be increased without
an increase in nuclear NF-kB? So we tested whether the innate transcriptional activity of NF-xB
p65 is increased under these conditions. Our experiments indicate that the transcriptional
activation domain of the p65 subunit of NF-kB is functionally targeted by oncogenic Ras or
oncogenic Raf. Thus, these data indicate that two oncogenes (Ras or Raf) can potently stimulate
transcription of NF-xB dependent transcription without inducing nuclear translocation of NF-xB.
This is accomplished apparently by the targeting of the transcriptional function of the p65
subunit which exists at low, constitutive levels in most cells.

NF-xB is required for oncogenic Ras to neoplastically transform cells. With the above
data in mind, we have asked whether NF-kB is required for oncogenic Ras to transform cells. We

now show that the ability of Ras to transform cells is blocked by expression of the NF-xB
inhibitor IxBa (see Finco et al., in the appendix). Additionally, we show that cells that have the
NF-xB p65 genes deleted are incapable of activation of kB-dependent transcription in response
to oncogenic Ras or oncogenic Raf. Thus, these data indicate that the NF-kB subunit p65 is
required for oncogenic Ras to transform cells. We are obviously very interested in determining if
transformation by the breast cancer oncogene HER2/Neu requires NF-kB. This question will be
addressed in future experimentation.

NF-xB functional activity blocks apoptosis. Protection from apoptosis is a critical
component in neoplastic transformation and in protection from radiological and chemotherapies

(Fisher, 1994). Our data now indicate that NF-kB activation protects cells from killing by several
cancer therapies. Data shown in the attached manuscript (Wang et al, 1996) indicates that NF-xB
protects cells against Killing by tumor necrosis factor. The experimental approach was to express
a super-repressor form of IkBa (mutated in serines 32 and 36, which results in a protein that can
bind to NF-kB but which cannot be degraded) in the HT1080 fibrosarcoma cell line. This cell
line was chosen since it is highly resistant to killing by TNF. Expression of IxBa blocks NF-xB
nuclear translocation in these cells and correspondingly sensitizes to killing by TNF. Further
evidence (not shown) that NF-xB is protective against killing by TNF are the following
observations: (1) re-expression of NF-kB subunits in the cells expressing IxkBo restores
protection against killing, (2) fibroblasts that are null for the p65 NF-xB subunit (from the p65
knockout) show enhanced killing by TNF, and (3) cells that are highly sensitive to killing by
TNF do not activate NF-xB in response to this cytokine. Thus, these data strongly indicate that
NF-kB protects cells against killing by TNF.

The requirement of NF-kB for Ras-mediated transformation is based on the anti-
apoptotic function of NF-kB. The ability of IxBa expression to block Ras-mediated cellular



transformation (described above) appears to be based on the ability of NF-kB to block apoptosis.
As described in Mayo et al (see attached manuscript), inhibition of NF-kB in the setting of
expression of oncogenic Ras leads to apoptosis. This result has important implications for our

data described below, suggesting that NF-kB activation in breast cancer may serve as an anti-
optotic function to prevent oncogene-induced apoptosis.

NF-kB is activated by cancer chemotherapies and radiation and significantly blunts the
apoptotic response to these therapies. Since several cancer chemotherapies kill transformed cells

by the induction of apoptosis (Fisher, 1994), we have determined if NF-kB protects against
killing by these treatments. We have initially focused on 2 standard cancer therapies: ionizing
radiation and daunorubicin. Our data (see Wang et al., 1996, manuscript attached) indicate that
the inhibition of NF-xB potently enhances cell killing in response to radiation and daunorubicin
treatment. Interestingly, radiation and daunorubicin activate NF-xB but adriamycin does not.
Thus, our data indicate that cancer therapies that kill and also activate NF-xB are (at least
partially) less effective at inducing apoptosis unless NF-kB activity is blocked. Recent data
indicate that camptothecin/CPT-11 activates NF-kB and the inhibition of NF-kB significantly
improves the tumor cell killing response. Thus, we propose that inhibitors of NF-xB will
potently enhance cell killing by ionizing radiation and daunorubicin (and potentially other
therapies).

Analysis of NF-kB_expression in human breast cancer: evidence for increased nuclear
localization of p50 and p52 NF-xB subunits and Bcl-3. We have largely accomplished one major
aspect of Aim 3; that is, analyzing the expression of NF-kB/Rel proteins by
immunohistochemical studies of human breast cancer sections. Utilizing the antibody against the
human NF-kB p65 subunit, it was found that approximately 30-35% of human breast tumors
express extraordinarily high levels of NF-kB, as compared to normal breast epithelium (reported
in the last report). Interestingly, the majority of these exhibit cytoplasmic levels of p65, although
NF-kB p65/RelA is nuclear in several examples.

Our recent data on nuclear extracts of breast tumors shows that there is a significant
increase in NF-xB binding activity in the tumors versus the adjacent tissue controls (see
Cogswell et al, in the Appendix). We noted that the mobility of this form(s) of NF-xB was faster
than authentic NF-xB p50/p65. Antibody supershift data indicate that p50 and p52 were included
in the gel mobility shift complex (see Figure 2 in the appendix). Additionally, immunoblotting of
nuclear extracts versus adjacent tissue controls showed that NF-kB p50, p52 and c-Rel were all
expressed in the nucleus of breast cancer cells relative to the adjacent tissue controls (see
Cogswell et al., in the appendix).

BODY (Conway Laboratory):

H-ras VNTR allele length typing by PCR H-ras VNTR alleles were characterized in 157
incident breast cancer cases and 198 unaffected controls, using a combination of PCR allele
length and 5' MVR sequence methods (see Appendix, Conway et al, submitted). PCR
demonstrated that a cluster of alleles, differing in length by one or a few repeats, occurred around
each common allele mode. The modal common allele lengths identified by PCR was 30 repeats
for al, 46 repeats for a2, and 69 repeats for a3. Several alleles ranging from 85 to 88 repeats
were identified for a4. The allele length distributions were found to differ between the African-
American and white subjects; whites possessed the 4 previously described alleles al, a2, a3 and
a4, while blacks possessed primarily al and a4-related alleles.

Internal sequence variation in the H-ras VNTR identified by minisatellite variant repeat

(MVR)-PCR demonstrates that sequence is associated with allele length The H-ras VNTR &'
sequences were characterized by MVR-PCR (see Appendix, Conway et al, 1996). H-ras allele

length was found to be tightly linked with MVR sequence for each of the H-ras common alleles




such that each allele possesses its own characteristic, distinguishing 5' MVR sequence. The
alleles with Ala and A1b MVR patterns are typically 30 repeats in length, while the A2 MVR
pattern is 46 repeats in length. Three patterns, A3a, A3b and A3c, were associated with the a3
common allele of 69 repeats, while one A4 pattern was found in the a4 allele group of 85-88
repeats. Four additional distinct MVR patterns were identified for alleles previously classified as
intermediate frequency alleles, al-2 (28 repeats), al+2 (32 repeats), al+4 (34 repeats), and al+6
(36 repeats). MVR also demonstrated some minor variation in sequence even within the
common alleles. Many rare alleles possessed disorganized 5' sequences, suggesting their
derivation by some recombinatory mechanism. Furthermore, the 5' MVR sequence indicated the
allelic origin of each rare allele. MVR complemented the length analysis and led to an increased
detection of rare alleles by enabling us to identify structurally abnormal alleles with common
lengths.

Rare H-ras alleles and breast cancer risk The risk of breast cancer associated with rare H-
ras alleles was affected by the length and sequence criteria used to define rarity (see Appendix,
Conway et al, submitted). The breast cancer risk associated with a rare H-ras allele was
substantially elevated in black breast cancer patients, and this result was significant when rarity
was defined by length alone, by MVR alone, or by a combination of these criteria (OR=5.6, 95%
CI=1.2-25.8). In contrast to earlier studies using Southern blotting technology, an increase in
breast cancer risk was not found in whites using any of the PCR-based rare allele classification
approaches, however, a specific rare allele of 59 repeats in length occurred more frequently in
white breast cancer patients (OR=5.3, 95% CI=0.5-67.7), but this finding was not statistically
significant due to the low prevalence of these alleles.

Protein interactions with the Ha-ras VNTR evaluated by gel mobility shifts We have
characterized the interaction of the Ha-ras VNTR with transcription factors, including those of

the NF-kB/rel family, using gel mobility shift assays. We have synthesized double-stranded 28
bp oligonucleotides corresponding to each of the 4 Ha-ras VNTR subunit repeat types carrying
specific G/C polymorphisms. Oligonucleotides BstN-1 (with polymorphisms G/C), BstN-2
(C/C), BstN-3 (C/G) or BstN-4 (G/G) were 32P-end-labeled and were incubated with nuclear
protein extracts derived from a series of cell lines (MCF-7 breast tumor, T47D breast tumor,
SKBR3 breast tumor, BT20 breast tumor, Jurkat T cell leukemia, K562 leukemia, and HeLa
cervical carcinoma), then were run in non-denaturing polyacrylamide gels to compare the protein
binding patterns among the various cell lines and to determine which repeat type was bound most
tightly by nuclear proteins. Cells remained untreated or were treated (induced) with phorbol
myristate acetate (PMA), phytohemagglutinin (PHA), TNF-a or a combination of PMA and
PHA.

The VNTR sequences exhibited protein binding profiles that appeared to correspond to
NF-kB proteins. Two bands of similar size were visible in all cell lines when a single copy of
the VNTR repeat probes (BstN1-4) were used. Binding to the VNTR sequence was the same for
both the PMA-induced and the uninduced extracts. This failure by PMA induction to produce
any additional protein binding suggests that the inducible form of NF-kB, p65, does not bind the
VNTR. Protein binding to the VNTR sequence was completely inhibited at both bands by the
unlabeled VNTR probes, and was also inhibited by the unlabeled NF-xB (UV-21 or Ab’)
concensus sequences, with competition strongest at the upper band. In addition, protein binding
to the VNTR probe was inhibited by an unlabelled p53 concensus DNA-binding sequence
(mainly in the lower band), only slightly by an Apo-B VNTR sequence, but not by an SRE
concensus. As previously shown, the AP-1 concensus sequence also competes for protein
binding preferentially at the lower binding band of the Ha-ras VNTR. The results of these
experiments suggest that several proteins which recognize NF-kB, AP-1 and p53 concensus
DNA binding sequences also bind the Ha-ras VNTR. Because two main bands of VNTR binding
occur, and each can be competed with a different sequence, there is likely more that one protein
and possibly a multi-protein complex binding to the VNTR.



Control studies evaluating NF-kB protein binding to its concensus sequence In order to
be sure that nuclear NF-kB proteins were being induced in cells by the PMA treatments, we also

performed binding experiments with a labeled NF-kB (UV-21) concensus oligonucleotide. In
contrast to the Ha-ras VNTR which did not show increased protein binding in response to PMA
stimulation, "classical" inducible NF-kB protein (p65) binding to the NF-xB (UV-21) sequence
was observed with the PMA- and TNF-o treated extracts, and the p65-DNA complex was
supershifted using p65 antisera. Supershifting of the p5S0/UV-21 complex was also observed with
the p50 antibody. This NF-xB binding was competed by the cold NF-xB and Ha-ras VNTR
sequences. Our experiments suggest a lack of classical NF-kB/p65 binding to the VNTR;
interestingly, Dr. Baldwin’s lab has shown that increased NF-xB/p65 detected in most breast
tumors by immunohistochemistry remains in the cytoplasm.

Comparison of protein binding to the H-ras VNTR versus the p53 consensus sequences

We have also evaluated the potential interaction of the p53 tumor suppressor protein with the Ha-
ras VNTR. The Ha-ras VNTR repeat types 3 and 4 (corresponding to the 28 bp BstN-3 and 4)
possess p53 half-sites and the potential binding site lies at one of the G/C polymorphisms. P53
binds DNA in a sequence-specific manner and regulates transcription of a variety of genes (Funk
et al, 1992; Friend, 1994), it is mutated or overexpressed in many breast tumors (Seth et al, 1990;
Bartek et al, 1990), and, interestingly, p53 and NF-xB appear to have opposite effects on
apoptosis. Dr. Baldwin's lab has shown that NF-kB inhibits apoptosis.

For the p53/VNTR binding studies, we used nuclear extracts from the breast tumor lines
MCF-7 (wild-type but cytoplasmic p53) and T47D (mutant p53), SKBR3, and Jurkat, and single
repeat oligonucleotide probes (BstN-1, BstN-3 or BstN-4) or the doublet of the VNTR repeat
type 3. We have also used the p53 consensus DNA binding sequence as a positive control in
order to determine the pattern of protein binding expected with p53 for comparison with that
obtained with the VNTR. The p53 and Ha-ras VNTR probes exhibited the exact same two bands
of protein binding (one major and one minor), regardless of the protein extract used. These
bands appeared to be the same as those seen in previous DNA binding experiments using the
VNTR, AP-1 and NF«xB (UV-21) probes. There was no effect of induction by PMA on the
quantity of protein bound to the p53 or the VNTR sequences.

Supershifts suggest that NF-xB/p52 (and possibly p50) binds the Ha-ras VNTR In an
effort to identify the proteins which bind the Ha-ras VNTR, we performed a series of gel

supershifts using antisera specific for a number of transcriptional regulatory factors. These
studies are summarized in Table 1. Supershifting using antibodies to the various NF-xB family
members was performed using single VNTR repeats, a doublet of the VNTR type 3 repeat, and a
20-repeat VNTR fragment generated by MVR. Increasing the length of the target VNTR
oligonucleotide from 1 to 2 repeats permitted the detection of supershifting or enhanced protein
binding with antibodies to both the p52 and p50 forms of NF-xB. Some supershifting was noted
with the 20-repeat MVR fragment but this experiment did not yield clean results with discrete
bands due to the large size of the DNA sequence. The binding of p52 (and p50) to the Ha-ras
VNTR are of interest in light of the findings of Dr. Baldwin’s lab showing increased nuclear
localization and binding activity of p50 and p52 NF-kB in breast tumor tissue extracts.

Enhanced binding/supershifting suggests that p53 binds the Ha-ras VNTR Some p53

antisera have been found to enhance or stabilize specific binding of p53 to DNA in gel mobility
shift assays (Hupp et al, 1992). The PAb421 antibody enhances p53 sequence-specific DNA
binding, and subsequent addition of the second D01 antibody may in some instances induce a
supershift of this complex in gel mobility shift assays. However, many investigators, including
Dr. Baldwin’s lab, have reported difficulty in supershifting p53/DNA complexes. We observed
enhanced binding of proteins to the Ha-ras VNTR sequence in the presence of the individual p53
antibodies PAb421 and D01, and possibly a supershift with the combination of antibodies as
demonstrated by the loss of the band at the lower arrow in Figure 2, lane 5. The ability to
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produce a supershift did not appear to be related to VNTR length, since supershifting was also
seen with the single repeat type 3.

Table 1: Summary of Gel Supershift Studies to Identify Proteins Binding to the Ha-ras VNTR

Antibody Protein Supershifting Observed with
1repeat  2repeats** 20 repeats***
DO01(Ab1)+PAb421(Ab6) p53 (wildtype in MCF-7 cells*) “E(1) E(*) nd
SC109 (Baldwin lab) NF-kB/p65 (induced form) - nd nd
SC114 (Baldwin lab) NF-xB/p50 (constitutive form) - E +
Abg4 NF-kB/p52 (constitutive form) - + +
SC253X, K-25 c-fos (AP-1) - nd nd

ip; in progress, nd; not done, E; enhanced binding. *p53 in MCF-7 is primarily cytoplasmic, and only a small amount of
supershifting is observed presumably from contaminating cytoplasmic protein in nuclear extracts. **2 tandem repeats of the
type 3 repeat. ***MVR-generated fragment corresonding to the first 20 5' repeats of an Ala common allele sequence.

Transcriptional enhancement by the common VNTR alleles depends on allele length. In

order to evaluate potential differential transcriptional regulatory functions of the Ha-ras VNTR
alleles, we TA-cloned Ha-ras VNTR alleles (al, a2, a4 common alleles of lengths 30, 46 and 87
repeats, respectively, and rare alleles #139 with 29 repeats, #13 with 43 repeats, and #348 with
81 repeats, into luciferase reporters downstream of both the SV-40 promoter and luciferase gene,
which is the normal position of the Ha-ras VNTR with respect to the c-Ha-ras gene. The al and
a2 common alleles are comprised of types 1, 2 and 3 repeats, while the a3 and a4 alleles also
possess the type 4 repeat. Large-scale quantities of full length a3, a4 or large rare allele/luciferase
constructs have been exceedingly difficult to obtain for transfections due possibly to the
instability of these sequences in bacteria, thus our progress in this area has been severely
hampered.

Transcriptional enhancement by the Ha-ras VNTR was evaluated in a number of different
cell lines including the MCF-7 (normal but cytoplasmic p53), T47D (mutant p53), BT-20 (breast
tumor), MCF-10 (wildtype p53, immortalized breast), and K562 (mutant p53). Transient
transfections were performed as follows. Cells were plated and allowed to grow to 40-60%
confluence, then were transfected with the construct of interest using Lipofectin reagent. The
molar quantities of the plasmids transfected were adjusted to control for the varying lengths of
the VNTR region. Cultures were allowed to grow overnight and the following morning, the
medium was changed. After 48 hrs, cells were either untreated or were PMA-treated for 3 hrs.
Media was changed again and the cells were harvested by lysis in 0.2 M Tris, pH 7.5 and three
cycles of freezing and thawing. Cell extracts containing 10-100 ug of protein were placed in a
luminometer, the substrates ATP and luciferin were simultaneously injected and light emission
was measured. Luciferase expression is given in fold expression or relative light units (RLU).

Transfection of either untreated T47D breast tumor cells or K562 cells with the Ha-ras
common alleles positioned downstream from the luciferase gene produced varying levels of
transcriptional enhancement above the background level of vector alone. In PMA-treated T47D,
the al (30 repeats) or a2 (46 repeats) common VNTR alleles led to a 7.5 and 6.5-fold
transcriptional, respectively, while the a4 common allele produced only a 2-fold enhancement. A
similar pattern of enhancement was seen in K562 with al, a2 and a4, however, the enhancement
was higher in the untreated cells compared with the PMA-treated. The a4 common allele
consistently gave the lowest level of transcriptional enhancement, despite the fact that we
controlled for the variations in VNTR length by adding the same molar quantities of the different
luciferase constructs to the recipient cells.
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CONCLUSIONS (Baldwin Laboratory)

First, our data indicate that gene expression directed through NF-xB binding sites can be
controlled by a previously unknown mechanism (i.e., direct targeting of low levels of
constitutively active [nuclear] NF-kB) without induced nuclear translocation. This is a
fundamentally important observation with wide implications. Second, our data indicate that NF-
kB is required for certain (possibly all) oncogenes to neoplastically transform cells. This is a
broadly significant conclusion since the inhibition of NF-kB by known inhibitors may prove
useful in cancer therapy. Third, we find that NF-xB activity protects cells against apoptosis. This
particular finding may explain the requirement for NF-kB in transformation since protection
against apoptosis is likely to be a critical component of oncogenesis. Additionally, resistance of
tumors to radiation or chemotherapy may be based on the activation of NF-kB by these stimuli
(thus blunting the therapeutic potential of these therapies). Finally, we now show that an
unexpected form(s) of NF-kB is activated in human breast cancer. Each of these findings is

fundamentally important to our understanding of cancer, and are likely to be essential for the
development and progression of breast cancer. These data provide an important new foundation
for pursuing our original aims and provide hope for developing a new generation of cancer
therapies based on the inhibition of NF-xB.

CONCLUSIONS (Conway Laboratory)

First, the increased resolution of PCR-based allelotyping methods demonstrated that a cluster of
alleles differing in length by one or a few repeats exists around each common allele mode, and
that allele length distributions differed between African-American and white subjects. Second,
H-ras allele length was found to be tightly linked with MVR sequence for each of the H-ras
common alleles such that each allele possesses its own characteristic, distinguishing 5' MVR
sequence. Rare alleles possessed disorganized 5' sequences, suggesting their derivation by
recombinatory mechanisms. Third, using PCR-based allelotyping, the breast cancer risk
associated with a rare H-ras allele was found to be substantially elevated in black breast cancer
patients, but was not significantly increased in whites, although the rare allele of 59 repeats in
length occurred more frequently in white breast cancer patients. This difference may be related
to the variation in allele spectra between the two populations. Fourth, the combination of
oligonucleotide competition, gel shift and supershift studies suggests that NF-kB/p52 and p50,
p53, (and probably AP-1) proteins may bind the H-ras VNTR. Fifth, transient transfection
experiments demonstrate that the Ha-ras VNTR possesses transcriptional regulatory function and
the common alleles al, a2 and a4 produce, in general, decreasing levels of transcriptional
enhancement. The VNTR length-related effects on transcription are of particular interest in light
of the recent studies on the transcriptional effects of the short versus long insulin VNTR alleles
in diabetes susceptibility (Kennedy et al, 1995; Bennett et al, 1995). Because even the common
H-ras VNTR alleles possess variability in enhancer function, distinguishing between “rare/high
risk” and “common/low risk” alleles may be more complex than we initially thought. Although
some confirmatory studies are still needed, the results of this work suggest that the H-ras VNTR
modifies the transcription of a nearby gene (or genes), possibly the H-ras protooncogene.
Interestingly, our NF-xB/p52 and p50 supershift findings are consistent with those of Dr.
Baldwin’s lab which demonstrated increased nuclear localization of these proteins in breast
tumors.
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Figure 1: Supershift demonstrating NF-xB/p52 binding to a doublet of the H-ras VNTR repeat type 3 in
the presence of NF-kB antisera. Lane 1; VNTR probe alone, Lane 2; nuclear extract from MCF-7, Lane
3; extract from TNF-a treated MCF-7 cells. Lanes 4-8 show H-ras probe plus TNF-o-induced MCF-7
extract and: Lane 4; competition by NF-xB sequence, Lane 5; NF-kB/p50 antisera showing enhanced
binding to the VNTR (lower arrow), Lane 6; NF-xB/p52 antisera showing supershift (upper arrow), Lane
7; lack of competition by SRE sequence, Lane 8: competition by unlabelled H-ras VNTR type 3 repeat.

Figure 2: Enhanced p53 binding to a doublet of the H-ras VNTR repeat type 3 in the presence of p53
antisera Lane I; VNTR probe alone, Lane 2; MCF-7 nuclear extract, Lanes 3-9 show the H-ras probe
plus MCF-7 extract and: Lanes 3 and 4; p53 antibodies Abl and Ab6, respectively, showing enhanced
binding (upper arrow), Lane 5; both p53 antibodies Abl+Ab6 showing enhanced binding (upper arrow)
and loss of binding in lower band (lower arrow), Lane 6; competition by p53 sequence, Lane 7;

competition by unlabeled H-ras VNTR type 3 repeat, Lane &; lack of competition by SRE sequence,
Lane 9; competition by NF-xB sequence.
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Ras proteins function in stimulating cell proliferation
and differentiation through the activation of Raf-
dependent and Raf-independent signal transduction
pathways and the subsequent activation of specific tran-
scription factors. The transcription factor NF-«B has
been widely studied as a regulator of genes involved in
immune and inflammatory responses. A variety of stim-
uli activate NF-«B through the induced phosphorylation
and degradation of the inhibitor IkB followed by nu-
clear translocation of NF-kB. We show here that onco-
genic forms of Ha-Ras activate NF-«B, not through in-
duced nuclear translocation, but rather through the
activation of the transcriptional function of the NF-«xB
RelA/p65 subunit. Importantly, RelA/p65 —/— cells are
inefficient in the activation of xB-dependent gene ex-
pression in response to oncogenic Ras expression. Fur-
thermore, IkBa expression blocks focus formation in
NIH3TS3 cells induced by oncogenic Ras. These results
demonstrate that NF-«B is a critical downstream medi-
ator of Ha-Ras signaling and oncogenic potential.

Members of the Ras family of GTP-binding proteins serve as
essential mediators in the ability of a variety of extracellular
stimuli to regulate cellular proliferation and differentiation (1,
2). Oncogenic mutations in ras alleles, which occur in approx-
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imately 30% of human cancers, lead to chronic GTP binding,
which initiates the activation of signal transduction cascades.
In this regard, Ras is known to stimulate both the Raf/MEK"/
ERK pathway as well as the MEKK/SEK/JNK pathway (3-7).
Activation of these and other protein kinase cascades (8—10) is
critical for the ability of Ras to exert both its normal and
oncogenic functions. The ultimate targets of the Ras-induced
signal transduction pathways are transcription factors (see
Ref. 4), which regulate the expression of genes involved in
proliferation and oncogenesis. Two transcription factors, Ets
and c-Jun, have been shown to be essential for Ras-induced
gene expression and for Ras-mediated cell transformation in
vitro and tumorigenesis (11, 12). In these cases, Ras-induced
signaling pathways activate the transcriptional function of
both Ets and c-Jun via induced phosphorylation of their tran-
scriptional activation domains (Ref. 13 and reviewed in Ref. 4).

The NF-«B family of proteins has been studied largely for the
ability of these transcription factors to regulate a variety of
genes involved in immune and inflammatory responses (re-
viewed in Ref. 14). The activation of these genes in response to
inflammatory cytokines, T cell activation signals, lipopolysac-
charide, etc. involves the targeted phosphorylation and degra-
dation of the NF-«B inhibitor IxB, allowing nuclear transloca-
tion of NF-«B (reviewed in Ref. 14). Additionally, growing
evidence indicates that NF-«B may play an important role in
controlling cellular proliferation. For example, the c-myc proto-
oncogene has been shown to be transcriptionally regulated by
NF-«B (15), and antisense inhibition of IxBa leads to cellular
transformation of NTH3T3 cells (16). Furthermore, members of
the NF-«B and I«B families are associated with chromosomal
translocations found in certain lymphomas (for example, see
Ref. 17).

We and others previously demonstrated that transient trans-
fection of oncogenic forms of Ha-Ras or of Raf-1 leads to the
activation of reporter gene expression controlled by multiple
NF-«B sites (18, 19). Consistent with the previous co-transfec-
tion studies, kB-dependent gene expression was elevated sig-
nificantly in both Ras- and Raf-transformed cells as compared
with the parental 3T3 cells. Interestingly, increased NF-«B
binding activity was not detected in the Ras- or Raf-trans-
formed cells. However, the activity of the transcriptional acti-
vation domain of the NF-«B RelA/p65 subunit was significantly
increased in these cells. p65 —/— fibroblasts exhibited a re-
duced «B-dependent transcription response to either oncogenic
Ras or Raf but retained their ability to activate the p65/RelA
transcriptional activation domain. Finally, oncogenic Ras fo-
cus-forming activity was blocked by IxBa expression. These
data indicate that NF-«B is an important downstream target
for Ras-activated signal transduction pathways.

EXPERIMENTAL PROCEDURES

Cells and Transfections —NIH3T3 cells, the Ha-Ras and Raf-1-trans-
formed counterparts, and the p65 +/— and p65 —/— mouse embryo
fibroblasts were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% calf serum, penicillin, and streptomycin. DNA
transfections were performed by the calcium phosphate precipitation

1 The abbreviations used are: MEK, MAP/ERK kinase; ERK, extra-
cellular signal-regulated kinase; JNK, Jun kinase; CAT, chloramphen-
icol acetyltransferase; HIV, human immunodeficiency virus; LTR, long
terminal repeat; DHFR, dihydrofolate reductase; EMSA, electro-
phoretic mobility shift assay; CMV, cytomegalovirus.
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Fic. 1. kB-dependent gene expression is increased in Ras- as
well as Raf-transformed cells. Either the «B-dependent CAT re-
porter (3X-kB-CAT) or its mutant version (3X-«Bmut-CAT) was trans-
fected into Ras-transformed NIH3T3 cells, Raf-transformed NIH3T3
cells, or parental NIH3T3 cells either alone or with the CMV-IxBa
expression vector. CAT activity was measured as described under “Ex-
perimental Procedures.” Data are presented as mean * S.D.

method as described previously (18). The plasmid pGEM or salmon
sperm DNA was used to equalize the amount of DNA transfected in
each experiment to 15 pg. CAT analysis and luciferase assays were
performed as previously reported (18, 20). In all cases, 1 unit of relative
activity represents the CAT or luciferase activity obtained after trans-
fection of the reporter gene alone. All experiments were performed at
least three times with similar results.

Plasmids —The following plasmids have been described previously:
activated Raf (RafBXB) and activated Ras (v-Ha-Ras) expression vec-
tors (18), the IxkBa expression vector (21), the super-repressor IxBa
expression vector (22), the expression vector encoding the Gal4 DNA-
binding domain fused to the C-terminal domain of p65/RelA
(Gal4p65aa519-551 (23)), the reporters 3X-«xB-CAT and 3X-mutxB-
CAT (18), the HIV LTR-CAT and HIV-AkB-CAT reporters (18), 5X-
Gal4-CAT (24), and DHFR-CAT (25).

Extracts and Gel Mobility Shift Assays—Nuclear and cytoplasmic
extracts were prepared as described previously (26). For double sucrose
pad purification, washed nuclei were resuspended in lysis buffer lack-
ing Nonidet P-40 and layered on a sucrose pad (30% sucrose, 60 mMm
KCl, 15 mm NaCl, 15 mM Hepes, 2 mm EDTA, 0.75 mM spermidine, 0.15
mM spermine, and 1 mM dithiothreitol) and centrifuged for 15 min at
3,000 rpm in an HB4 rotor. The sucrose pad was then removed, the
nuclei resuspended, and the process repeated. Nuclear extracts were
then prepared from the sucrose pad-purified nuclei. Gel mobility shift
assays (EMSAs) were performed as described previously (26).

Focus Formation Assays—NIH3T3 cells were transfected by calcium
phosphate coprecipitation essentially as described (27). For each 60-mm
plate, 10 ng of Ras expression vector pZip-rasH(61L) was transfected,
along with the indicated quantity of IxkBa expression vector or empty
vector. In all cases, the expression vector was normalized with the
cognate empty expression vectors. Cells were fed every 2 days, and the
appearance of foci of transformed cells was counted 14 days after
transfection. Four plates per condition were transfected, and graphs
represent the mean * S.E. of these counts. Data are representative of
four independent experiments performed in quadruplicate.

RESULTS

Oncogenic Ras- or Raf-transformed Cells Exhibit Increased

. kB-dependent Transcription without Increased Nuclear Accumu-
lation of NF-xB—Previous transient cotransfection experiments
indicated that expression of either oncogenic Ras or oncogenic
Rafled to a significant activation of expression of a kB-dependent
reporter (18). Consistent with the previous cotransfection data,
the activity of a kB-dependent reporter was significantly elevated
in both Ras- and Raf-transformed cells but not in the parental
NIH3TS3 cells (Fig. 1A). A reporter mutated in the NF-«B sites did
not exhibit this enhanced activity, and expression of the NF-xB
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Fic. 2. NF-«B binding activity is not increased in Ras- or Raf-
transformed NIH3T3 cells. Gel mobility shift assays were performed
on extracts of double sucrose pad-purified nuclei from parental NIH3T3
cells or the Ras- and Raf-transformed counterparts as described under
“Experimental Procedures.” NF-«B is shown by the arrow.

inhibitor IkBa blocked the Ras- and Raf-induced activation of
xB-dependent reporter activity, indicating that NF-«B regulates
the transcription response. A similar result was obtained with
the NF-«B-dependent HIV-LTR reporter (data not shown). Addi-
tionally, expression of the non-Ras-responsive DHFR-CAT re-
porter was approximately equivalent in each of the three cell
types (data not shown) showing that the differential responses
observed in the transformed cells were not due to differential
uptake of plasmids.

To determine if oncogenic Ras as well as oncogenic Raf acti-
vated nuclear accumulation of NF-«B, gel mobility shift assays
(EMSAs) were performed with nuclear extracts from parental
NIH3T3 cells, oncogenic Ras-transformed NIH3T3 cells, or
Raf-transformed NIH3T3 cells. To demonstrate that binding
activity was exclusively nuclear, extracts were prepared from
double sucrose pad-purified nuclei. Immunoblotting for NF-
«B1/p105 (which is cytoplasmic) indicated that there was no
cytoplasmic contamination in the nuclear preparations (data
not shown). As shown in Fig. 2, NF-«xB was detected in the
nuclei of each of the different cells at similar levels. Antibody
“supershift” experiments showed that this binding activity is
authentic, p65/RelA-containing NF-«B (data not shown). These
results were surprising and indicated that the activation of
kB-dependent transcription observed in the transfection exper-
iments shown in Fig. 1 was not controlled by the induced
nuclear accumulation of NF-xB but suggested that this re-
sponse was mediated by the relatively low levels of constitu-
tively nuclear NF-«B in NTH3T3 fibroblasts. It should be noted
that transient transfection of oncogenic Ras into 3T3 cells or
the induction of oncogenic Ras in Rat-1 cells led to an approx-
imate 3-fold increase in nuclear NF-«B (data not shown); how-
ever established Ras-transformed cells did not exhibit this
property. These experiments indicated that oncogenic Ras or
Raf can activate kB-dependent transcription without enhanc-
ing nuclear levels of NF-«B.

Oncogenic Forms of Ras and Raf Activate the Transcriptional
Function of NF-«kB p65/RelA—To explain the activation of «B-
dependent transcription by oncogenic forms of Ras or Raf without
an induction of NF-«B nuclear translocation, we asked whether
the transcriptional activation function of NF-«B was stimulated
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Fic. 3. The p65/RelA subunit of NF-«B is functionally activated
by Ras and is required for Ras to efficiently activate xB-depend-
ent gene expression. A, either the vector (Gal4p65) encoding a fusion
protein between the DNA binding of Gal4 and the TA1 transcriptional
activation domain of p65/RelA or the Gal4 vector was transfected into
NIHS3T3 cells or the Ras- or Raf-transformed counterparts of these cells.
CAT activity was determined as described under “Experimental Proce-
dures.” B, SV40 large T (Tag) immortalized embryonic fibroblasts iso-
lated from p65 —/— or p65 +/— mice were transfected with the xB-de-
pendent CAT reporter alone with oncogenic Ras or with the Galdp65
vector alone or with oncogenic Ras. CAT activity was measured as
described and is presented as mean * S.D.

in the transformed cells. A plasmid (Gal4p65) encoding a fusion
of the C-terminal (TA1) transactivation domain of RelA (23) with
the DNA-binding domain of the yeast transcription factor Gal4
was transfected into parental NIH3T3 cells, or Ras- or Raf-
transformed cells, along with a luciferase reporter containing
upstream Gal4-binding sites. Luciferase activity driven by
Gal4p65 or Gal4 was compared in the three cell types. The
results indicate that the Gal4p65 construct is strongly active in
the Ras- and the Raf-transformed cells but only weakly active in
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Fic. 4. I«kBa blocks focus formation induced by oncogenic Ras.
NIHS3TS3 cells were transfected with the oncogenic Ras expression vector
(plus empty CMV vector) or with the empty vector Ras expression
vector. Alternatively, the Ras expression vector was co-transfected with
a vector encoding the wild-type form of IxBa or a vector encoding the
modified, super-repressor form of IxkBa (IkBa(AA)) as described under
“Experimental Procedures.” Results are presented as foci per plate and
are the mean = S.D.

the untransformed 3T3 cells (Fig. 34). EMSA experiments indi-
cated that there was not an increase in the DNA binding activity
of the Gal4-p65 protein in the Ras- and Raf-transformed cells
(data not shown). These results demonstrate that oncogenic Ras
or Raf activates a signal transduction pathway that stimulates
p65/RelA transcriptional activation function controlled by the
TA1 transcriptional activation domain.

The results described above suggested that the RelA subunit
of NF-«B may function as a critical downstream transcriptional
effector for the Ras oncoprotein. To test this hypothesis, we
utilized immortalized RelA +/— and RelA ~/— embryonic fi-
broblasts (28) for transfection and gene expression studies.
Oncogenic Ras was ineffective at activating xkB-dependent gene
expression in the p65 —/— cells (approximately a 2-fold activa-
tion), whereas effective Ras activation of xB-dependent gene
expression (approximately 7-fold) was observed in the RelA
+/— cells, as expected (Fig. 3B). To show that the Ras-respon-
sive signal transduction pathway was still operative in the
RelA —/— cells, the Galdp65 construct was cotransfected with
either activated Ha-Ras or activated Raf-1. Ras activated the
Galdp65 construct as effectively in RelA +/— cells as in RelA
—/— cells. These results demonstrate that the RelA/p65 sub-
unit of NF-«B is required for oncogenic Ras to effectively acti-
vate gene expression driven by consensus NF-«xB-binding sites.

NF-«B Is Required for Ras-mediated Cellular Transforma-
tion—To determine whether NF-kB is required for cellular
transformation controlled by oncogenic Ha-Ras, we determined
whether the inhibition of NF-«B would affect the ability of Ras
to cause formation of transformed foci in cultured NIH3T3
cells. To specifically inhibit NF-«B activity, we used an expres-
sion vector encoding IxBa, which can enter the nucleus and
relocate NF-«B to the cytoplasm (29). Transfection of pZIP-
ras(61L) together with the empty CMV vector yielded an aver-
age of approximately 160 foci/plate (Fig. 4). Co-expression of
oncogenic Ras with wild-type IkBa blocked focus formation
activity by greater than 50%. Co-expression with a super-re-
pressor form of IxkBa (mutated in serines 32 and 36) that is
unable to be inducibly phosphorylated or degraded in response
to stimuli (see Ref. 22) blocked focus formation by approxi-



24116

mately 70-75% (Fig. 4). Expression of IxkBa did not block ex-
pression of the promoter driving Ras expression or Ras protein
expression (data not shown). Interestingly, I«kBax was unable to
block the ability of activated Rho (Rho63L) to induce focus
formation. In these experiments, activated Rho yielded approx-
imately 20 foci/plate, and IkBa expression did not reduce this
number of foci (data not shown).

DISCUSSION

The data presented here indicate that oncogenic ras alleles
activate NF-«kB-dependent transcription, not through the in-
duced nuclear translocation of NF-«B, but rather through the
stimulation of the transcriptional activation function of NF-«B
via the targeting of the RelA/p65 subunit. Furthermore, the
data indicate that NF-«B is required for Ras to initiate efficient
cellular transformation and that NF-«B plays a role in medi-
ating certain essential aspects of cellular transformation. Thus,
NF-«B joins Ets family members (13) and c-Jun (4, 12) as
downstream targets of oncogenic Ras that are required for
Ras-mediated cellular transformation.

How does Ras activate NF-«B functional activity? Our data
strongly indicate that the transcriptional activation function of
RelA/p65 NF-kB is potentiated in both Ras- as well as Raf-
transformed cells, and at least two mechanisms exist to explain
this phenomenon. First, a Ras-initiated signal transduction
pathway may target the p65 transcriptional activation domain
for phosphorylation, which may allow enhanced interactions
with a transcriptional co-activator or with basal transcriptional
machinery. Such a mechanism appears to be operative for both
Ets-1 and -2 and for c-Jun (4, 13). A second mechanism may be
that a transcriptional co-activator is modified such that it in-
teracts functionally with p65 transcriptional activation do-
main. Also of importance is identification of the signal trans-
duction pathway that is initiated by Ras to stimulate NF-xB
transcriptional activity. Since both oncogenic Ras as well as
oncogenic Raf stimulate «xB-dependent activity, it may be as-
sumed that the relevant pathway is downstream of Raf and is,
therefore, the MEK/ERK pathway. However, inhibitors of this
pathway did not block the ability of Ras to activate kB-depend-
ent transcription, and dominant negative forms of kinases in
the SEK/JNK pathway were able to block this response.? Thus
the ability of Raf to activate kB-dependent gene expression in a
MEK/ERK-independent pathway may be explained by the re-
cent observation that Raf stimulates JNK activity via an auto-
crine mechanism (30).

Prior studies have shown that the major regulatory mecha-
nism involved in regulating «B-dependent transcription is in-
duced nuclear translocation (see Ref. 14). Our data indicate
that significant «B-dependent transcription can be realized
without enhancing the constitutive, low nuclear levels of NF-
kB. This suggests that under some circumstances the func-
tional activity of NF-kB can be separated from induction of
nuclear translocation. Consistent with this concept are the
recent observations that the tyrosine kinase inhibitor genistein
blocks the ability of NF-«B to stimulate transcription of an
NF-«B-dependent reporter but is not able to block nuclear
translocation of NF-«B (81) and that phorbol 12-myristate 13-
acetate can activate the TA2 transcriptional activation domain
of RelA/p65 (23).

Evidence that NF-«B is required for Ras-mediated cellular
transformation is consistent with several observations indicat-
ing a role for NF-«B in controlling cell growth. First, it has been
shown that NF-«B can regulate c-myc gene expression. Second,

Requirement of NF-«B for Ras-mediated Transformation

antisense studies indicate that NF-kB can control oncogenesis.
These experiments utilized antisense to p65 to block oncogene-
controlled transformation (32, 33) and antisense to IkBa to
induce transformation of NIH3T3 cells (16). Additionally, other
oncogenes such as Her2/NEU are known to activate NF-«B
(34). Thus, the activation of NF-«B may be common to a num-
ber of oncogenes, particularly those that utilize Ras-controlled
signaling pathways. Additionally, we have been able to show
NF-«B activation is required to block a Ras-induced apoptotic
response.® This result is consistent with recent data (22,
35-38) that NF-«B activation can block the induction of apo-
ptosis. Further experiments are required to establish the exact
role that NF-«B plays in controlling Ras-mediated oncogenesis.
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Requirement of NF-kB Activation to Suppress
p53-Independent Apoptosis Induced by
Oncogenic Ras
Marty W. Mayo, Cun-Yu Wang, Patricia C. Cogswell,

Kelley S. Rogers-Graham, Scott W. Lowe, Channing J. Der,
Albert S. Baldwin Jr.*

The ras proto-oncogene is frequently mutated in human tumors and functions to chron-
ically stimulate signal transduction cascades resulting in the synthesis or activation of
specific transcription factors, including Ets, c-Myc, c-Jun, and nuclear factor kappa B
(NF-kB). These Ras-responsive transcription factors are required for transformation, but
the mechanisms by which these proteins facilitate oncogenesis have not been fully
established. Oncogenic Ras was shown to initiate a p53-independent apoptotic re-
sponse that was suppressed through the activation of NF-xB. These results provide an
explanation for the requirement of NF-xB for Ras-mediated oncogenesis and provide
evidence that Ras-transformed cells are susceptible to apoptosis even if they do not
express the p53 tumor-suppressor gene product.

Mutations in a ras allele occur in 30% of
all human tumors (1), making ras the most
widely mutated human proto-oncogene.
Both mitogen-activated protein (MAP) ki-
nase—dependent and MAP kinase—inde-
pendent pathways mediate Ras-induced cel-
lular responses (2), and these signal trans-
duction pathways ultimately control the ac-
tivity of various transcription factors (3).
The Ets, c-Myc, and ¢-Jun proteins are Ras-
responsive transcription factors required for
cellular transformation in vitro (4) and in
vivo (5). The transcription factor NF-kB is
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also activated in response to oncogenic Ras
(6), and this regulation occurs largely
through the stimulation of the transcrip-
tional function of the NF-xB Rel A/p65 sub-
unit (7). Moreover, NF-xB is required for
Ras-mediated focus-forming activity (7),
and activation of this transcription factor
provides protection against apoptosis (8, 9).
Because NF-kB may play a direct role in
cellular transformation (I0) and because
oncogenesis appears to require an anti-ap-
optotic function (Il), we investigated
whether oncogenic Ras requires NF-kB ac-
tivation to block transformation-induced
programmed cell death.

To determine whether the inhibition of
NF-kB in Ras-transformed cells would ini-
tiate a cell death response, we used B-galac-
tosidase (B-Gal) expression assays to mea-
sure cell viability. We inhibited NF-kB ac-
tivity with a super-repressor form of IkBa
(SR-IkBa), which cannot be phosphoryl-
ated (12) or degraded (13) and, therefore,
blocks the nuclear translocation and subse-
quent transactivation of NF-kB —responsive
genes (8). Parental NIH 3T3 and H-Ras-
transformed cells (3T3 H-Ras[V12]) were
cotransfected with a pCMV-LacZ reporter
and with either an empty expression vector
control or a vector encoding SR-IkBa. H-
Ras—transformed NIH 3T3 cells expressing
SR-IkBa displayed a decrease in the total
number of B-Gal-positive cells as compared
with cells transfected with the vector con-
trol (Fig. 1). In contrast, parental NIH 3T3
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cells expressing SR-IkBa showed no reduc-
tion it the number of B-Gal—positive cells,
indicating that the expression from the
pCMV-lacZ reporter was not affected by
the super-repressor and that expression of
IkBa did not kill nontransformed parental
cells (Fig. 1). Similar results were obtained
with H-Ras(V12)-transformed Rat-1 fibro-
blasts and C127 mouse mammary epithelial
cells (14). Because gain-of-function muta-
tions in either K- or N-ras are more preva-
lent in human cancers than are mutations
in H-ras (1), we examined whether NF-kB
served a similar protective role for other
oncogenic Ras proteins. Like 3T3 H-
Ras(V12) cells, NIH 3T3 cells transformed
with other activated alleles of ras died after
the expression of SR-IxBa (Fig. 1). Non-
transformed NIH 3T3 cells stably express-
ing wild-type H-Ras did not exhibit a loss of
cell viability in the presence of the SR-
IkBa (14). These results indicate that on-
cogenic Ras (but not wild-type H-Ras) re-
quires the cell survival function of NF-kB
to overcome the activation of a death path-
way initiated in transformed cells.

To determine whether the loss of cell
viability was a direct effect of oncogenic
Ras, we used the Rat-1:iRas cell line, which
contains a stably integrated oncogenic H-
ras(V12) gene under the controlled expres-
sion of an isopropyl-f-D-thiogalactopyrano-

m Control
0 SR-ixBo

Number of p-galactosidase~-positive cells

Fig. 1. Effects of SR-IxBa expression in parental
and Ras-transformed NIH 3T3 cells. Parental
NIH 3T3 and Ras-transformed NIH 3T3 cells
were cotransfected (8) with pCMV-LacZ
(PcDNA3-LacZ, Invitrogen; 0.2 ug per 24-well
plate) and either an empty expression vector
control (CMV-4) or with vector encoding SR-
IkBa (1 g per plate each). After 48 hours cells
were fixed and stained with X-Gal, and B-Gal-
positive cells were counted in each well. The
results represent the mean = SD of three inde-
pendent experiments performed in triplicate.
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side (IPTG)-inducible promoter (15). To
inhibit NF-kB activation, we established
the Rat-1:iRasl line, which constitutively
expresses SR-IkBa. Moreover, a control
line was established, Rat-1:iRasV, that con-
tains the empty expression vector. The ad-
dition of IPTG induced similar amounts of
p21™ protein in each of the cell lines,

whereas only the Rat-1:iRasl cells displayed
a larger immunoreactive band that corre-
sponded to the Flag-tagged SR-IkBa (Fig.
2A). In contrast with the Rat-1:iRasV con-
trol cells, the Rat-1:iRasl line did not dem-
onstrate increased nuclear NF-kB binding
activity or increased transactivation of the
3x-kB-dependent reporter in response to

B O Rat-1:IRasV E1 Rat-1:iRasl
B Rat-1:IRasV + IPTG M Rat-1:iRasl + IPTG

100

75+

50

Relative cell number (%)

251

12 24 48
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Fig. 2. Apoptotic effects of
Ras in Rat-1 cells expressing
SR-IkBa. (A) Generation and
characterization of the Rat-1:
iRas cell line expressing SR-
lkBa. Rat-1:iRas cells, con-
taining an IPTG-inducible H-
Ras(V12) cDNA (15), were
transfected with the empty
expression vector (pCMV-4)
or with pCMV-4 containing a
¢DNA encoding SR-IkBa (1
rg each) and with pBabe-
puro (0.2 wg), which provid-
ed puromycin resistance at a
concentration of 1 pg/ml.
The Rat-1:iRasV line con-
tains the empty expression
vector, whereas the Rat-1:
iRasl line expresses the su-
per-repressor form of kBa.
Parental Rat-1:iRas and V
and | cells were treated with 5 mM IPTG (Promega) for 24 hours, and protein expression was assessed by
protein immunoblotting total cell extracts (60 ug per lane) with either a pan-Ras antibody (Ab-4, Calbio-
chem) or with an antibody specific for IkBa (Rockland). (B) Expression of oncogenic Ras and SR-1kBa.
Rat-1:iRas! and Rat-1:iRasV cells (1 X 10% were plated into 100-mm dishes containing Dulbecco’s
modified Eagle’s medium (DMEM) + 10% fetal bovine serum (FBS), and 12 hours later cells were either left
untreated or stimulated with 5 mM IPTG. Cells were harvested at the time indicated, and viable cells were
identified by trypan blue dye exclusion. The data represent the mean (SD = 2.7) of three independent
experiments. (C) Apoptosis in Rat-1 cells expressing the SR-IkBa and H-Ras(V12). Micrographs (mag-
nification, x20) of Rat-1:iRasV and Rat-1:iRasl cells grown in DMEM containing 10% FBS in the absence
or presence of IPTG for 36 hours. Dying, nonadherent cells are seen as refractile by phase contrast at this
magnification. (D) DNA fragmentation in the absence of NF-kB activation. Rat-1:iRasl and Rat-1:iRasV
cells were cultured at 1 X 105 cells/m!in DMEM containing 10% FBS in the absence or presence of IPTG.
After 36 hours, cells were harvested, and genomic DNAs were isolated and resolved on 1.5% agarose gel.
Representative DNAs include (lane 1) Rat-1:iRasV, (lane 2) Rat-1:iRasV + IPTG, (lane 3) Rat-1:iRasl, and
{lane 4) Rat-1:iRasl + IPTG. Linear double-stranded DNA fragments were sized by means of a 1-kb DNA
ladder (Gibco-BRL).

Rat-1: |
iRasV
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the expression of oncogenic Ras or tumor
necrosis factor stimulation (14).

We used the Rat-1:iRasl cells to deter-
mine if the activation of Ras leads to a loss of
cell viability under conditions where NF- kB
is inhibited. Rat-1:iRasl and control cells
were subjected to IPTG treatment, and total
cell numbers were examined over a 3-day
period. Greater than a 50% loss in cell via-
bility was observed in the Rat-1:iRasl cells
after Ras expression, as compared with the
vector control cells (Fig. 2B). Similar results
were obtained when five individual puromy-
cin-resistant clones, expressing similar levels
of the IkBa transgene, were pooled and an-
alyzed (14). Both the Rat-1:iRasV and Rat-
1:iRasl cells displayed distinct Ras-trans-
formed morphology after the addition of
IPTG (Fig. 2C) (15). Cell death induced by
oncogenic Ras expression in Rat-1:iRas]
cells bore the consistent hallmarks of apo-
ptosis (16), including retraction of cellular
processes, nuclear condensation, and a loss of
adherence to the tissue culture dish (Fig.
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2C). Induced expression of activated Ras in
Rat-1:iRasl cells, but not the vector control
cells, resulted in an increase in genomic
DNA fragmentation evident 36 hours after
the addition of IPTG, as detected by agarose
gel electrophoresis (Fig. 2D). Furthermore,
IPTG treatment induced apoptosis, as de-
tected by the appearance of deoxynucleoti-
dyl transferase-mediated dUTP nick-end la-
beling (TUNEL)-positive cells (14). Fluo-
rescence-activated cell sorter (FACS) anal-
ysis of propidium iodide- and bromodeoxy-
uridine-stained cells confirmed that IPTG
did not induce senescence (17) and that the
cells that were <2N DNA represented apo-
ptotic cells and not necrotic cells (14). Thus,
the induction of oncogenic Ras expression in
the presence of a specific inhibitor of NF- kB
leads to enhanced apoptosis. OQur results sup-
port the hypothesis that oncogenic Ras re-
quires NF-kB activation to block transfor-
mation-induced programmed cell death.
The inability of activated Ras to trans-
form primary cells is due, in part, to the
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Fig. 3. Ras-mediated apoptosis in cells lacking p53. (A) Requirement of NF-xB in E1A and E1A plus
H-Ras(V12)-transformed p53~/~ fibroblasts for cell survival. p53 ~/~ MEFs (passage 5) and p53~/~
MEFs transformed with either E1A or E1A plus activated H-Ras(V12) were transfected with the pCMV-
LacZ (0.2 wg) and with the empty vector control, or with the SR-1kBu (1 pug each per 24-well plate). After
48 hours cells were fixed and then stained, and B-Gal-expressing cells were counted. The data are
representative of three independent experiments performed in triplicate. (B) Ras-mediated p53-inde-
pendent cell kiling. p53~/~ MEFs were transfected with the pCMV-LacZ together with either the empty
expression vector control or with the various expression constructs indicated. Cells were stained for

B-Gal activity 48 hours after transfection. Data are shown as the mean + SD and are representative of

two experiments performed in triplicate. (C) Failure of dominant negative p53 to prevent oncogenic
Ras-mediated kiling after inactivation of NF-kB. Parental NIH 3T3 cells were transfected with the
pCMV-LacZ together with either the vector control (pLTR) or with pLTR-p53'3%, which encodes the
dominant negative p53 mutant. Additionally, cells were transfected with either the empty expression
vector control (pCMV-4) or with SR-IxkBa. B-Gal expression assays were performed. Data are shown as
the mean = SD of two independent experiments performed in triplicate. Bars are shaded as in (A).
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expression of tumor-suppressor gencs, such as
p53 (18) and p16 (19). To determine'if p53
had a role in the Ras-dependent killing, we
examined whether p53~/~ mouse embryo
fibroblasts (MEFs) expressing oncogenic H-
Ras(V12) required the cell survival function
of NF-kB. We used p53~/~ MEFs expressing
either EIA, a viral oncogene product that
activates NF-kB (20), or E1A plus H-Ras
(21). The cells expressing E1A or E1A and
H-Ras displayed enhanced NF-kB-depen-
dent transcriptional activity, as compared
with that in control p53~/~ MEFs (14).
Morcover, the total number of p53~/~ MEFs
expressing ELA or both E1A and H-Ras was
reduced after the expression of SR-IkBa
(Fig. 3A). In contrast, p53~/~ MEFs showed
little loss of viability after expression of the
super-repressor form of IkB (Fig. 3A). Al-
though E1A induces apoptosis in a p53-
dependent manner (22), our data indicate
that E1A can also induce apoptosis in a
P53~/ -deficient background if the protec-
tive function of NF-xB is inhibited. To con-
firm that E1A was not required for Ras-
mediated killing, we transfected p53~/~
MEFs with pCMV-LacZ, H-Ras(V12), and
with either the empty expression vector or
vector encoding SR-IkBa. p53~/~ MEFs
transfected with oncogenic H-Ras(V12), but
not wild-type H-Ras, were effectively killed
after inactivation of NF-kB by SR-IkBa
(Fig. 3B). Our results indicate that p53 null
cells can be effectively transformed by Ras
because this oncogene activates NF-kB to
Suppress apoptosis.

To examine whether both p53-depen-
dent and -independent mechanisms were
operative in the Ras-induced apoptosis, we
used the mutant p53'* protein, which
functions as a dominant negative inhibitor
of endogenously expressed wild-type p53
protein (23). Because p53 is wild-type in
NIH 3T3 cells (24), it is possible that p53
contributed to cell death after the expres-
sion of oncogenic Ras and SR-IkBa (Fig.1).
Parental NIH 3T3 cells were cotransfected
with pCMV-LacZ, together with either the
vector control (pLTR) or pLTR-p53'**, and
with either the CMV-4 control vector or
the SR-IkBa vector. The dominant nega-
tive p53'%® mutant did not inhibit oncogen-
ic Ras-mediated killing after the inactiva-
tion of NF-kB (Fig. 3C). The p53'*° mu-
tant appeared to be functional because it
inhibited p53-dependent gene expression in
NIH 3T3 cells after doxorubicin treatment
(14) and because it blocked p53-dependent
apoptosis (25). These results indicatc that
NF-kB activity is required to inhibit p53-
independent programmed cell death medi-
ated by oncogenic Ras.

Qur datra indicate that oncogenic Ras
elicits both pro- and anti-apoptotic path-
ways, with the latter pathway being domi-
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nant in immortalized rodent cells. Consis-
tent with this idea, Ras has been shown to
induce programmed cell death (26) and to
suppress apoptosis induced by Myc and E1A
(27, 28). Our studies demonstrate that the
ability of activated Ras to transform p53
null cells is dependent on the ability of this
oncogene to activate NF-kB. Thus, there
are cell death pathways (independent of
p53) that can be initiated by the Ras onco-
gene after the inactivation of NF-kB. Ad-
ditional studies indicate that the cell killing
induced by Ras is independent of Raf-1 and
its signaling cascade (14). Consistent with
this notion, we found that 3T3 R-Ras(V38)
cells were killed equally as well as 3T3
H-Ras(V12) cells after expression of the
SR-IkBa construct (Fig. 1). Because R-Ras
does not interact with the serine-threonine
Raf-1 kinase (29), this is consistent with
the hypothesis that Raf is not involved in
Ras-mediated killing after NF-kB inactiva-
tion. Our data demonstrate that oncogenic
Ras elicits an apoptotic pathway that is
suppressed by the parallel activation of NF-
kB. Because a complex array of anti-apop-
totic proteins are expressed in tumors, the
activation of NF-kB by Ras mutation may
play a critical role at the earliest level of
tumorigenesis.
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TNF- and Cancer Therapy-Induced Apoptosis:
Potentiation by Inhibition of NF-xB

Cun-Yu Wang, Marty W. Mayo, Albert S. Baldwin Jr.*

Many cells are resistant to stimuli that can induce apoptosis, but the mechanisms
involved are not fully understood. The activation of the transcription factor nuclear
factor-kappa B (NF-«xB) by tumor necrosis factor (TNF), ionizing radiation, or dauno-
rubicin (a cancer chemotherapeutic compound), was found to protect from cell killing.
Inhibition of NF-kB nuclear translocation enhanced apoptotic killing by these reagents
but not by apoptotic stimuli that do not activate NF-«B. These results provide a
mechanism of cellular resistance to killing by some apoptotic reagents, offer insight
into a new role for NF-kB, and have potential for improvement of the efficacy of cancer

therapies.

Observations that NF-B (1) is activated by
certain apoptotic stimuli has led to the spec-
ulation that this transcription factor may me-
diate aspects of programmed cell death. An
anti-apoptotic function of NF-kB is also sug-

gested, however, because mice that lack the
NF-kB p65/RelA gene die embryonically from

SCIENCE ¢ VOL.274 -«

extensive apoptosis within the liver (2). Many
cells that respond to TNF, a strong activator
of NF-xB, are also resistant to cell killing,
which is enhanced in the presence of protein
synthesis inhibitors (3). We investigated,
therefore, whether the transcription factor
NF-kB is protective against apoptotic killing

1 NOVEMBER 1996




induced by TNF in a model cell system. We
initiated our studies using the human fibrosar-
coma cell line HT1080, which is relatively
resistant to killing by TNF (4). To potentially
block the activation of NF-kB in response to
TNF stimulation, we established an HT1080
cell line (HT1080I) expressing a super-repres-
sor form of the NF-kB inhibitor [«kBa. The
super-repressor [kBa contains serine-to-ala-
nine mutations at residues 32 and 36, which
inhibit signal-induced phosphorylation (5)
and subsequent proteasome-mediated degra-
dation of IkBa (6). This mutant IkBa protein
acts as a super-repressor because it binds to
NF-«B and inhibits DNA binding as well as
nuclear translocation but is unable to respond
to cellular signals such as those induced by
TNF (5, 6). A control line (HT1080V) was
established that contained the empty vector
and the hygromycin selectable marker. TNF-
a-induced NF-kB activation, as measured by
DNA binding of nuclear extracts, was effec-
tively blocked by the super-repressor IkBot in
HT1080I cells as compared with activation in
the control cell line [(4) and below].

TNF-a is more effective at inducing apop-
tosis in the [kBa super-repressor—expressing
cells (HT10801) than in the control cell line
(HT1080V) (Fig. 1A). Similar results were
obtained with pooled clones of HT1080V or
HT1080I cells (4), which indicates that the
results we obtained were because of the over-
expression of the super-repressor IkBa and
were not due to clonal variation. That cells
were killed by apoptosis was confirmed by
the use of the deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL)
assay, which measures DNA strand breaks
and is diagnostic for cells undergoing apop-
tosis. Apoptosis was observed only in the
HT1080I cells treated with TNF (Fig. 1B).
Other cells were more sensitive to TNF-a
killing when the IkBa super-repressor was
expressed, which shows that the results were
not unique to the HT1080 cells (4). Thus,
expression of a super-repressor form of IkBa
potently enhanced the ability of TNF to
initiate apoptosis in a variety of cells that are
normally resistant to this cytokine, which
suggests that the activation of NF-kB by
TNF is protective.

To exclude the possibility that the ex-
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pression of the super-repressor form of IkBa
leads to a function that is different from the
inhibition of NF-«B, we confirmed the re-
quirement for NF-kB in inhibition of TNF-
induced apoptosis. The pretreatment of
HT1080V cells with interleukin-1 (IL-1, an
activator of NF-kB that does not initiate
apoptosis) blocked the subsequent killing of
these cells induced by combined cyclohex-
imide (CHX) and TNF treatment (Fig.
2A). As a control and to determine that it
was NF-kB that was responsible for the
protection, we found that IL-1 had no pro-
tective effect on the HT1080I cell line, in
which NF-kB activation is blocked (4) by
the expression of the super-repressor IxBa
(Fig. 2A). IL-1 is known to block TNF-
mediated killing (3). We determined
whether a proteasome inhibitor would en-
hance cell killing of HT1080 cells in re-
sponse to TNF treatment, because the deg-
radation of IkBa is controlled by the pro-
teasome after inducible phosphorylation
and subsequent ubiquitination (6). Protea-
some inhibitors of the peptide aldehyde cat-
egory are potent inhibitors of NF-kB acti-
vation (6). In a dose-dependent fashion,
the proteasome inhibitor MG132 (Z-Leu-
Leu-Leu-H) strongly enhanced the killing
of HT1080V cells in response to TNF (4).

If NF-kB inhibition was critical for making
cells vulnerable to TNF killing, then overex-
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Fig. 1. Expression of the super-repressor [kBa over-
comes the block to TNF-mediated apoptosis. (A)

B -TNF

pression of NF-kB subunits should restore pro-
tection against cell killing in the HT1080I
model. We transfected vectors encoding the
p50 and RelA/p65 subunits of NF-kB or. the
empty cytomegalovirus (CMV) vector control
into the HT1080I cells and stimulated them
with TNF. As expected, the vector alone did
not provide protection against cell killing in-
duced by TNF (Fig. 2B). However, expression
of the NF-xB p50 and RelA/p65 subunits
provided protection against TNF-induced ap-
optosis, indicating that it is NF-kB that is
blocked by the super-repressor IkBo and that
NF-kB expression blocks programmed cell
death. Additional evidence that NF-k3B is re-
quired for protection against cell killing in-
duced by TNF is shown by the fact that
embryonic fibroblasts from RelA/p65 null
mice (2) are killed by TNF with a much
higher frequency than are those from wild-
type animals (4, 7).

Many cancer therapies function to kill
transformed cells through apoptotic mecha-
nisms; resistance to apoptosis provides protec-
tion against cell killing initiated by these ther-
apies (8). To determine if other apop-
totic stimuli activate NF-kB and whether NF-
kB is protective against these stimuli, we an-
alyzed ionizing radiation—, daunorubicin-, and
staurosporine-treated cells. lonizing radiation
is known to activate NF-kB in several cell
types (9). We therefore investigated whether

+TNF

HT1080 fibrosarcoma cells were cotransfected with the pCMV empty vector or with same vector
containing a cDNA encoding the super-repressor IkBa and with the pCEP4 vector for hygromycin B
selection (400 pg/mi). Transfection was by the lipofectamine protocol (Gibco/BRL). HT1080! expresses
the super-repressor IkBa, and HT1080V contains the empty expression vector. IkBa levels were
determined by immunoblotting (ECL, Amersham) of equivalent amounts of protein from the different
cells with an antibody to human IkBa (Rockland, Boyertown, Pennsylvania). Expression of the super-
repressor kBa in HT1080 cells efficiently blocked TNF-stimulated NF-xB nuclear translocation, as
determined by electrophoretic mobility-shift assay (EMSA) (4). Either HT1080V cells (open squares) or
HT1080I cells (solid diamonds) were treated with TNF-a (20 ng/ml) for varying times, and surviving cells
were quantified by crystal violet assay (79). Data shown are the mean of three independent experi-
ments * SD, and the percentage cell survival was defined as the relative number of TNF-treated versus
untreated cells. (B) Detection of TNF-induced apoptosis by TUNEL staining (20). HT1080V (V) or
HT1080I (1) cells were either untreated (—TNF) or were stimulated {(+TNF) with TNF-a (50 ng/m) for 7
hours and then fixed with 4% paraformaldehyde. The staining was done according to the manufactur-
er's instructions (Boehringer Mannheim). Positive cells show the condensed morphology typical of

apoptotic cells.
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jonizing radiation, the chemotherapeutic
compound daunorubicin, and staurosporine
activated NF-kB in the HT1080V cells and in
the HT1080I cells. Both daunorubicin and
ionizing radiation activated NF-xB (Fig. 3A).
HT10801 cells were blocked by these two
stimuli in their ability to activate NF-kB (Fig.
3A), which is consistent with the expression
of the super-repressor IkBee. In contrast, stau-
rosporine was not effective at NF-kB activa-
tion (Fig. 3A). We then tested whether ion-
izing radiation—, daunorubicin-, and stauro-
sporine-induced cell killing can be enhanced
by the inhibition of NF-kB activity. For these
experiments, we used the HT1080V control

A
120
-o—HT1080V
~—HT1080I
100+ = HT1080V + pre-IL-1
_ ~—HT10801 + pre-IL-1
8 80-
5
2
2 60
=
]
& 40
20
0 T T T T
0 4 10 50
CHX (10 pg/ml) + TNF (ng/ml)
B
120
& 1004
o
o
E 801
[}
]
< 60
e
X 40+
@
(4]
201
o I ,
0 4 10 50
TNF {ng/m1)

Fig. 2. NF-«B is a suppressor of TNF-induced
apoptosis. (A} IL-1 pretreatment inhibits TNF +
CHX-induced apoptosis in HT1080V cells.
HT1080V or HT1080! cells were preincubated
with IL-1B (10 ng/ml) (R&D Systems) for 5 hours as
indicated (+pre-iL-1) or were left untreated. After
the incubation, cells were treated with TNF-a at
different concentrations (as indicated) and with
CHX (10 wg/ml). Surviving cells were quantified by
the crystal violet assay described above. (B) Ex-
pression of the p50 and RelA/p65 NF-kB subunits
restores cell resistance to TNF kiling. HT1080I
cells (expressing the super-repressor IkBa) were
either cotransfected with pcDNA3-lacZ (Invitro-
gen) and pCMV-p65 (2 ug) and pCMV-p50 (2 pg)
(hatched bars) or with lacZ and empty vectors
(solid bars) by the lipofectamine protocol. After 40
hours, cells were treated with different concentra-
tions of TNF-a for an additional 24 hours. The
results are from the mean = SD of two experi-
ments. X-Gal, 5-bromo-4-chloro-3-indoyl-B-D-
galactoside.
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fibrosarcoma cells and the HT10801 deriva-
tive that expresses the super-repressor form of
IkBa. Apoptotic stimuli that induce NF-«B,
namely daunorubicin (Fig. 3B) and ionizing
radiation (Fig. 3C), are enhanced in their
ability to kill the HTI080I cells. However,
apoptosis induced by staurosporine is not en-
hanced by the expression of IkBa (4), which
is consistent with the observation that stau-
rosporine does not effectively activate NF-xB
(Fig. 3A). Thus, the activation of NF-kB is
part of the cellular response to a variety of
genotoxic agents, and under stress-induced
conditions, this transcription factor provides
significant protection against apoptosis.

Qur data indicate that the activation of
NF-kB by TNF, ionizing radiation, and
daunorubicin  provides protection against
apoptotic cell killing induced by these stimuli.
Distinct signaling pathways initiated by TNF
engagement of its receptor lead to activation
of both apoptosis and NF-kB, and NF-kB does
not play a positive role in the induction of
apoptosis (10). In the case of ionizing radia-
tion and daunorubicin, the activation of
apoptosis appears to be initiated by ceramide
production (11) and the cytotoxic effects of
TNF have been reported to require ceramide
activation (12). Ceramide alone has been
shown to lead to apoptosis (13), but the de-
tails of this apoptotic pathway are not fully
understood. In each of these three cases, the
apoptotic stimulus also leads to an inhibition
of apoptosis through the activation of NF-xB.
It should be noted that several groups have
suggested that NF-xB may function pro-apop-
totically under some conditions and in certain
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cell lines (14). The mechanism wherchy NF-
kB protects cells against apoptosis is presently
unclear. Because cell killing by TNF and oth-
er apoptotic agents is enhanced by the protein
synthesis inhibitor CHX, the activation of
NF-kB probably functions to transcriptionally
up-regulate a gene or group of genes encoding
proteins involved in protection against cell
killing.

Growing evidence indicates that a variety
of anticancer agents kill through programmed
cell death. Resistance to anticancer therapies
appears to be mediated by resistance to apop-
tosis (8). Our data show that several antican-
cer agents may be less effective at inducing
programmed cell death because of their con-
comitant activation of NF-kB. Another can-
cer therapy, etoposide, activates NF-kB (15)
and our preliminary data indicate that cell
killing by vincristine is augmented by the
inhibition of NF-xB (4). Thercfore, ap-
proaches that inhibit nuclear translocation of
NF-kB, including gene therapy delivery of the
super-repressor IxBa or the use of a variety of
agents that block NF-xB function (such as
proteasome inhibitors), may prove to be high-
ly beneficial in the treatment of tumors when
combined with standard anticancer therapies.
In fact, glucocorticoids, which are widely used
as immune and inflammatory suppressants
and inhibit NF-xB (16), are used as part of a
therapy for certain hematological malignan-
cies (17). It may be, therefore, that the func-
tion of glucocorticoids in these therapies is to
inhibit NF-kB, potentiating killing by the
other chemotherapeutic compounds. Thus,
combined therapy that inhibits NF-kB func-
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Fig. 3. Activation of NF-xB by ionizing radiation or
daunorubicin protects against apoptosis induced by
these cancer therapies. (A) Daunorubicin and ionizing
radiation induce nuclear translocation of NF-kB. Either
HT1080V (V) or HT1080l (}) cells were treated with 1 uM
daunorubicin (Sigma) or 50 NM staurosporine (Sigma) or
were irradiated [at 5 grays (Gy)] for the indicated times.
EMSA was performed as previously described (27).
Lanes 1 through 5, daunorubicin; lanes & through 9,
staurosporine; and lanes 10 through 13, ionizing radia-
tion. (B and C) The overexpression of super-repressor
IkBa enhanced cell kiling by daunorubicin and ionizing
radiation. (B) HT1080V cells (solid bars) or HT1080I cells
(hatched bars) were treated with the indicated concen-
tration of daunorubicin for 24 hours. Cell survival was
assayed as described in Fig. 1. Data are from the mean of
four separate experiments. (C) Five hundred HT 1080V or
HT 10801 cells were plated in six-well plates, and 24 hours
later the cells were exposed to ionizing radiation at the
indicated doses. Cell clones were counted after 14 days.
Each experimental group was performed in triplicate. The
results shown here represent three independent experi-
ments and are expressed as the mean + SD.
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tion in the presence of apoptotic stimuli may
lower the anti-apoptotic threshold of tumors

to

provide a more effective treatment against

resistant forms of cancer. Additionally, the

in]

hibition of NF-kB function in association

with TNF treatment may broaden the limited
ability of this cytokine to function in an anti-

tu

ly
to

10.

11.

12.
13.

14.

15.

17.
18.
19.

20.
21.

22.

mor manner.
Note added in proof. Wu et al. (18) recent-
demonstrated that NF-xB blocks apop-
sis in B cells.
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ABSTRACT

Background: Breast cancer is characterized by altered expression of growth factors, growth
factor receptors and signal transduction cascades. The ultimate targets of these pathways are
transcription factors which are likely to control processes important for malignant transformation
and progression as well as metastasis. Members of the NF-xB/Rel transcription factor family have
been shown recently to be required for cellular transformation by oncogenic Ras and by other
oncoproteins and fo suppress transformation-associated apoptosis. Furthermore, NF-xB has been
shown to be activated by several oncoproteins including HER2/Neu, a receptor tyrosine kinase
often expressed in human breast cancer. Methods: Both human breast cancer cell lines, human
breast tumors and normal adjacent tissue were analyzed by gel mobility shift assay, immunoblotting
of nuclear extracts and immunohistochemistry for activation of NF-xB. Furthermore, RNA levels
for NF-xB activated genes were analyzed in order to determine if NF-xB is functionally active in
human breast cancer. Results: Our data indicate that the p65/RelA subunit of NF-xB is activated in
breast cancer cell lines. However, breast tumors exhibit an absence or low level of nuclear
p65/RelA but show activated c-Rel, pS0 and p52 as compared to nontumorigenic adjacent tissue.
Additionally, the IxB homolog Bcl-3, which functions to stimulate transcription with p5S0 or p52,
was also activated in breast tumor tissues. There was no correlation between estrogen receptor
status and levels of nuclear NF-xB complexes. Transcripts of NF-xB-regulated genes were found
elevated in breast tumors as compared to adjacent tissue, indicating functional NF-xB activity.
Conclusions: These data suggest a direct role for a subset of NF-xB and IxB family proteins,
particularly NF:.KBZ/p52 and Bcl-3, in human breast cancer. Additionally, the activation of

functional NF-xB in these tumors likely involves a signal transduction pathway distinct from that

utilized by cytokines.




INTRODUCTION

As with virtually all malignancies, breast cancer is associated with dysregulated expression
of gréwth factors and growth factor receptors and kinases associated with growth factor signaling
pathways (1,2). The ultimate downstream effectors of these pathways are transcription factors.
Thus, dysregulated transcription is likely to play an important role in cancer since it has been shown
that the transcription factors c-jun, ets, c-myc and NF-kB are each required for cellular
transformation controlled by oncogenic Ras alleles (3-6). The ultimate gene tafgets of these
transcription factors that contribute to oncogenesis are poorly understood.

NF-xB is a transcription factor that is known to play an important role in controlling

- immune and inflammatory responses (reviewed in (7,8)). There are presently five members of the

NF-xB/Rel family: NF-xB1/p50, NF-xB2/p52, c-Rel, RelA/p65 and RelB. The p50 and p52 NF-
kB subunits are derived from larger precursor products, pl05 and p100 respectively, or from
differential translation of their mrRNAs. The classic form of NF-xB, the heterodimer of the p50 and
p65 subunits, is normally retained in the cytoplasm through interactions with inhibitor proteins
IxkBo. and IxkBf. Inductive stimuli (TNFo, IL-1, bacterial endotoxin, etc.) lead to the
phosphorylation and degradation of IkB, allowing NF-xB to enter the nucleus and regulate gene
expression (7,8). Bcl-3, a member of the IxB family, functions to stimulate transcription through
interactions with the p50 or p52 NF-xB subunits (9,70) and to increase nuclear levels of p50
homodimers (17). Gene knockout studies confirm the important roles of these transcription factors
in immune function and indicate that the RelA/p65 subunit is required to suppress liver cell
apoptosis controlled by an unknown process (8). Additionally, we and others (/2-16) have shown
that NF-xB supf;resses apoptosis initiated by tumor necrosis factor, chemotherapy or radiation.
Evidence for a role of NF-xB in oncogenesis is extensive. The founding member of the NF-

kB, c-Rel, is the cellular homolog of v-Rel, the transforming gene of avian reticuloendotheliosis

virus (7). One of the NF-xB family genes, NF-xB2/pS52 (lyt-10), is found translocated in some

lymphoid neoplasms (/7) as is the IxkB family member Bcl-3 (/8). Furthermore, several



oncoproteins, including HER2/Neu, Ras and Ber-Abl, are known to activate NF-xB and NF-xB is
required for transformation induced by Ras and Bcr-Abl (6,19,20). Importantly, NF-xB activation
suppresses a transformation-associated apoptosis associated with oncogenic Ras expression (21).
Expression of the RelA/p65 subunit is required for cell growth of Hodgkin’s lymphoma (22). NF-
KB expression has been analyzed in human breast cancer cell lines and in breast cancer tissue.
Dejardin et al. (23) found that the 100 kD precursor of the NF-xkB2/p52 subunit was overexpressed
in a majority of breast cancer samples and in cancer cell lines, suggesting a role for the precursor in
retaining classic forms of NF-xB in the cytoplasm. Nakshatri et al. (24) found that NF-xB
RelA/p6S is activated (i.e., nuclear) in the majority of human breast cancer cell lines and that the
relative level of NF-xB was inversely correlated with estrogen receptor (ER) expression. Most
recently Sonenshein and colleagues (25) found increased levels of NF-xB in human breast cancer
samples and that inhibition of NF-xB in a breast cancer cell line led to apoptosis. We have exi)lored
the NF-xB subunit composition in human breast cancer and have found that the p5S0, p52 and c-Rel
subunits are found in the nucleus in virtually all samples of breast cancer. Importantly, the p52
subunit was significantly upregulated in tumor tissue as compared to stromal fibroblasts or adjacent,
non-tumor breast epithelium. There was no apparent correlation between ER status and NF-xB
activation in the tumor samples. Interestingly, the p65 subunit was found not to be activated to a
signiﬁcant level in breast cancer. Furthermore, the IxB homolog Bcl-3, which has been shown to
function with pS0 and p52 subunits to stimulate transcription (9,10), was also found to exhibit
increased nuclear levels in human breast cancer as compared to non-tumor tissue. Consistent with
this observation, transcripts of known NF-xB-regulated genes were found to be significantly
elevated in human breast cancer tissue. These data indicate that NF-xB is functionally active in
human breast ca-ncer and that a subset of NF-xB complexes, which apparently does not include the
p50/p65 heterodimer, is activated in human breast cancer. These data indicate non-typical

mechanisms are involved in activation of functional NF-xB in breast cancer.




MATERIALS AND METHODS

Cell Culture

All cell lines were obtained from the Lineberger Comprehensive Cancer Center Tissue
Culture Corev Facility at the University of North Carolina, Chapel Hill. MCF-7 cells were
maintained in DMEM, T47D cells were grown in RPMI 1640 medium containing 1X ITS (insulin-
transferrin-sodium selenite; Boehringer Mannheim), BT474 cells were cultured in EMEM with
ITS, MDA231 cells were grown in Iscoves medium, and SKBR-3 cells were grown in MacoysSA
medium. Growth media contained antibiotics and 10% fetal calf serum obtained from Life

Technologies.

Tissue Samples

Lumpectomy and mastectomy samples from breast cancer patients were separated into tumor
tissue and normal adjacent tissue by a pathologist. Samples were either quickly snap frozen in
liquid nitrogen, or directly embedded in paraffin. A total of 17 samples were obtained, of which 7

were matched sets of both tumor and normal breast tissue as determined by histological analysis.

Cell Extracts and Western Blotting

Nuclear extracts from each cell line were prepared as previously described (6). Nuclear
extracts from snap frozen tissue sections were prepared by resuspending crushed, frozen samples in
sucrose buffer (0.3 M sucrose', 60 mM KCI, 15 mM NaCl, 15 mM Hepes pH 7.5, 2mM EDTA,
0.5 mM EGTA, 14 mM B-mercaptoethanol and 0.1% NP40) followed by ddunce homogenization.
Nuclei were isol;ted following double sucrose pelleting through 0.88 M and 1 M sucrose solutions.
For western blotting analysis, equal amounts of protein were separated on an 8% SDS-
polyacrylamide gel and transferred to nitrocellulose. Blots were blocked in 5% milk in 1X .TBST
(Tris Buffered Saline, 0.5% Tween 20) and probed with either anti-p50, anti-Bcl3, anti-B-Actin

(Santa Cruz Biotechnology), anti-p65 (Rockland), or anti-p52 (Rockland) each at 1:1000 dilution in



1X TBST. Blots were probed with a secondary antibody conjugated to horseradish peroxidase
(Promega Corp.) at 1:10,000 dilution in 1X TBST. Protein bands were visualized with an

enhanced chemiluminescence detection system (Amersham Life Science).

Electrophoretic Mobility Shift Assay (EMSA)

EMSAs were performed as described previously (20). An oligonucleotide corresponding to
an NF-xB site in the H-2K* gene ;-
CAGGGCTGGGGATTCCCATCTCCCACAGTI'TCAC’ITC-3’) was radiolabeled using o-
[32P]dCTP and Klenow fragment of DNA polymerase I (Boehringer Mannheim). For antibody
supershift analysis, nuclear extracts were preincubated 15 min at room temperature with 1 pg
antiserum before the addition of the radiolabeled gel shift probe. Antibodies used in supershift

analysis are identical to those utilized for western blotting described above.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissues were cut to 4 um, and sections were
déparafﬁnized in xylene, rehydrated, and probed using specific Rel antibodies (listed above for
western blottirig). Staining was performed using the Vectastain ABC immunoperoxidase staining kit
in conjugation with 3’,3’-diaminobenzidine (Vector Labs). Tissues were counterstained with
Mayer’s hematoxylin (Sigma), overlaid with permount mounting solution (Fisher Scientific) and

placed under coverslip.

RT-PCR

Snap fr();en tissue sections were homogenized in 4 M guanidinium isothiocyanate using a
Brinkman Polytron (Westbury). RNA was then isolated by centfrifugation through 5.7 M cesium
chloride. To produce cDNA, total RNA (4 pg) and random hexamers (200 ng; Life Technologies)

were denatured at 80°C for 10 min and incubated for 60 min at 37°C in first strand synthesis buffer

containing 10 mM DTT (Life Technologies), with 625 uM dNTP (Boehringer Mannheim), and 400




units of MMLV reverse transcriptase (Life Technologies). Resulting cDNAs were diluted 1:5 in
dH,O and an aliquot was combined with a mixture containing 200 nM of specific oligonucleotides,
250 um dNTP, 1.5 mM magnesium chloride, 1X PCR buffer, and 2.5 units of Taq polymerase
(Life Technologies). Cycle conditions were the following: denaturation, 94°C for 30 sec;
annealing, 58°C for 30 sec; and extension, 72°C for 1 min. The amount of input cDNA was
adjusted first to obtain equal amounts of B-Actin product. Amplified products ranged from 450-550
bp in length. Forward (1) and reverse (2) primers used for RT-PCR were the following: p65-1,
5'-CGTGGAGGTGTATGATGATGACGTA-3'; P65-2, " 5'-
CTAGAATCTAGCTGGAGGGAGGCCA—3'; p50-1, 5-TGGATCCTTCTTTGACTCATACAAT-
3, p50-2, 5'-GTCTGCTGCAGAGCTGCTTGGCGGA-3'; IxBa-1, 5'-
GGGACCCTCAGCAGAGAGGAGGACC—3'; IxBa-2, 5'-
GCTTTCAGTTGTTGTGATGCTGAGA-3'. All products were amplified for 25 cycles with the
exception of p65 which required a total of 35 cycles for visualization. Amplifiéd products were
fractionated on 1.5% agarose gels in 1X TBE (Tris Borate-EDTA), visualized by ethidium bromide,
transferred to Nytran Plus (Schleicher & Schuell) and hybridized with specific Rel probes,
radiolabelled with [0-*P]dCTP (Pharmacia Biotech). Hybridizations were performed for 1 hr at
68°C in QuickHyb Hybridization Solution (Stratagene) as recommended by the manufacturer. Blots
were washed once in 2X SSC for 15 min at room temperature followed by two washes in 0.1X

SSC for 30 min at 65°C. Exposure times ranged from 1to 2 days.



RESULTS

NF-xB DNA binding is increased in breast cancer cell lines. In many instances, the
utilization of immortalized cell lines is widely recognized as an appropriate model to test the function
of a particular tfanscription factor. In order to determine whether NF-xB plays a role in breast
cancer, we examined several breast cancer cell lines for the activation of NF-xB. Activation of NF-
kB is characterized by an increase in nuclear NF-xB, an event that can be monitored through
electrophoretic mobility shift assay (EMSA). We analyzed 5 well characterized breast cancer cell
lines: MCF7, T47D, MDA231, SKBR3, and BT474. Nuclear extracts from each of these cell lines
were incubated with a radiolabelled oligonucleotide probe containing an NF-xB DNA binding site.
Nuclear extracts from SKBR3 cells contain the strongest NF-xB binding complex followed by
BT474, MDA231 and MCF7 (Fig. 1A). Nuclear extracts from T47D cells contain very little NF-
kB DNA binding activity. Similar data was obtained using different nuclear extract preparations
(data not shown). To identify which NF-xB components contribute to this binding activity, we
performed supershift analysis with NF-xB specific antibodies. An antibody specific for the p65
subunit of NF-xB, which can recognize p65 homodimers and p50/p65 heterodimers of NF-xB,
supershifted complex I and was unable to shift complex II (Fig. 1B). However, both complexes I
and II are supershifted when a p50 antibody, which recognizes both p50 homodimers and pS0/p65
heterodimers, and a p52 antibody are used. When an antibody specific for c-Rel is added to the
binding reaction there appears to be a decrease in DNA binding but no visible supershift complex is
formed. The lack of c-Rel binding is not due to the oligonucleotide probe favoring binding of p65
over that of c-Rel, since nuclear extracts prepared from WEHI-231 cells, known to contain high
levels of c-Rel binding activity, show that the probe is readily bound by c-Rel (data not shown).
These data suggest that there is an increase in NF-xB DNA binding complexes in nuclear extracts of
breast cancer cell lines. The greatest NF-xB binding activity occurs with complexes containing the
p65 subunit of NF-xB, a classic NF-xB component.

A recent study demonstrated that estrogen receptor (ER) negative breast cancer cell lines

contain an increase in constitutive NF-xB DNA binding when compared to ER-positive cell lines



(24). In our study we find that the ER negative SKBR3 cell line does show the greatest NF-xB
binding complexes (Fig. 1), however NF-xB binding complexes formed in the ER-positive cell line
BT474 are only slightly lower. In addition, by western analysis, the ER-positive cell line MCF-7
appears to have the highest expression of both p65 and c-Rel proteins (data not shown). We have
also observed by western analysis that the ER-positive T47D cell line, which has very little NF-xB
DNA binding activity, appears to have altered or deleted forms of the various NF-xB family
member proteins (data not shown). The altered protein expression in these cells is likely
contributing to the lack of NF-xB DNA binding observed in EMSA (Fig. 1B), and probably has
nothing to do with the ER status in that cell line. The fact that we do not observe a'strong
correlation with NF-xB and ER activity in these cell lines may be due to the fact that cell lines
carried in culture can show great differences in the amount of NF-xB present over time. In
addition, slight changes in culture media and the source of the original cell may also contribute to

these differences.

Primary tumor cells from patients with breast cancer contain increased NF-xB
binding activity. Although we have analyzed NF-xB DNA binding in breast cancer cell lines,
~ we were interested in determining the status of NF-xB activity in cells from primary breast tumors.
Seventeen cases of carcinomas of the breast were received from Lineberger Comprehensive Cancer
Center Tissue Procurement files. Sixteen were primary breast carcinomas, and one was a local
recurrence. Twelve cases were pure ductal, ranging in size from 0.4 - 9 cm in diameter; ranging
from grade 1-3. Of the cases for which steroid receptor data are available, 3/8 were ER positive and
3/6 were PR positive. Two cases were mixed ductal and lobular, ranging in size from 0.4 - 5 cm;
ranging from gr-ade 1-2. Of the cases for which steroid receptor data are available, 2/2 were ER
positive, and 2/2 were PR positiQe. Two cases were pure lobular, ranging in size from 1.7 cm to
diffuse (>20 cm), ranging from nuclear grade 1-2. -Of the cases for which steroid receptor data are

available, 1/2 were ER positiVe, and 1/2 were PR positive.




Nuclear extracts from snap frozen tissue sections of primary breast tumors and normal
adjacent breast tissue were obtained from nuclei isolated by sucrose pad purification. EMSAs were
performed on nuclear extracts and DNA binding activity between tumor (T) and adjacent tissue (A)
was analyzed. The results show that all tumor samples contain NF-xB speciﬁc DNA binding
activity (Fig. 2A). Although patient 1 appears to have the highest level of NF-xB binding all 7
patients show a dramatic increase in NF-xB DNA binding complexes when compared to their
nontumorigenic adjacent tissue. Although the absolute levels of NF-xB binding vary between
tumorigenic patient samples, all have correspondingly higher binding than their adjacent tissue (Fig.
2A). The level of NF-xB binding does not appear to be related to the estrogeh receptor status since
both ER+ and ER- samples have high levels of NF-xB binding (Fig. 2A).

The EMSA complexes detected with breast cancer nuclear extracts do not appear to contain‘
the same NF-xB binding complexes as breast cancer cells, since these DNA-protein complexes are
faster migrating than the predominant p5S0/p65 heterodimer complex found in the cell lines (not
shown). To identify which components of NF-xB contribute to this binding activity, supershift
analysis was performed with nuclear extracts from patient 7. (Fig. 2B). Supershift analysis
identified p50, p52 and c-Rel as the predominent NF-xB subunits contained in these binding
complexes (Fig. 2B). Suprisingly when a p65 specific antibody which recognizes both p65
homodimers and p50/p65 heterodimers was added to the binding reaction only the very faint upper

complex seen is supershifted. This complex appears in only 3 of the 17 patient samples analyzed
and thus does not appear to be an important factor in the overall upregulation of NF-xB activity in
primary breast tumor cells. From these results we conclude that the increase in NF-xB DNA
binding present in the nuclear extracts from breast tumor cells appears to represent an increase in
p50, p52 and c-iiel but not p65. Similar results were obtained in all tumor and adjacent samples
tested (data not shown). In order to confirm the statistical significance of our previous result,
EMSASs were performed on additional patient tumor samples. The results from these patients are

demonstrate that NF-xB DNA binding activity is elevated in 10/10 breast tumors examined (data not

shown). Thus, we have examined tumors from 17 patients and every patient sample exhibited an

10



increase in NF-kB binding activity. Suprisingly, this NF-xB does not involve p65, the most
commonly analyzed NF-xB component. Although a few patients (3/17) showed an increase in p635
binding, the level of binding is significantly less than exhibited by the major complex. These data
indicate that NF-xB family members other than p65 are upregulated in breast tumors.

To correlate the increase in p52, p50 and c-Rel seen in EMSA with actual protein levels,
western blot analysis was performed using the nuclear extracts examined in Figure 2. Nuclear
proteins were electrophoresed on an SDS polyacrylamide gel, transferred to membrane and probed
with a panel of NF-xB specific antibodies. The results are shown in Figure 3. An increase in p50,
p52, and c-Rel protein levels is observed in each tumor sample when compared to adjacent
nontumorigenic tissue. In agreement with our EMSA data, there was little detectable p65 protein

present in either the adjacent or tumor samples from these patients by our standard western
procedure. An antibody specific for human B-actin was used to indicate equal loading. This data
again differs from data obtained with breast tumor cell lines that show a significant increase in p65
protein in western analysis (data not shown).

Both p5S0 and p52 proteins appear to be normally transcriptionally inactive, except when

found in a complex with the IxB homolog Bcl-3 (9,10). Therefore, we probed the breast cancer
nuclear extracts for Bcl-3. As shown in Figure 3, Bcl-3 was found to be significantly elevated in
each of the tumor samples analyzed as compared to the normal adjacent tissue. These results provide
a potential mechanism to explain transcriptional activity associated with nuclear levels of p5S0 and

p52 (see below and see Discussion).

Immunohistochemistry confirms an increase in p50, pS2, and c-Rel proteins. To
confirm that pS(;, p52 and c-Rel are present at higher levels of breast tumor samples when compared
to their normal adjacent tissues, immunohistochemistry was performed using NF-xB specific
antibodies on paraffin embedded sections of normal and tumorigenic breast tissue from patients |
and 2. The results shown in Figure 4 are from patient 1 and indicate a dramatic increase in p52 and

c-Rel protein levels in breast tumors when compared to nontumorigenic adjacent tissue. The
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increased staining for c-Rel appears to be in the infiltrating ductal regions as well as in the
surrounding stromal cells indicating an overall increase in staining in the tumor section. However,
the staining for p52 is specifically increased in the cancerous ductal regions of the tumor section,
with very little staining observed in the stromal cells suggesting that the increase in p52 protein is
seen primarily in the cancer cells. There is also an increase in staining in the tumor samples when
compared to adjacent tissue for a pS0 specific antibody. Because of the high cytoplasmic staining
for each of the samples, it is difficult to determine whether there is a corresponding increase in
nuclear staining. However, our supporting EMSA and western data demonstrate that there is a
dramatic increase in nuclear levels of these NF-xB subunits. Staining with an antibody for the p65
subunit of NF-xB indicates that there is little difference in p65 protein levels between adjacent and
tumor tissue. To determine whether the increased staining seen with the the p65 antibody is
nuclear, an antibody specific for the activated form of p65 (p65-NLS, which recognizes p65
released from IkB) was utilized and no antibody specific staining in either the adjacent or tumor
sections is detectable (data not shown). This data supports our previous observations p65 is not
nuclear in tumorigenic tissue of patients with breast cancer. Therefore, breast cancer tissues contain
increased NF-xB involving the NF-kB subunits pS0, p52, and c-Rel as well as the IxB-like protein

Bcl-3. The upregulation of p52 appeared to be more specific for tumor cells.

Activation of NF-xB regulated genes in tumorigenic tissue samples. Many of the NF-
kB and IxB genes are known to be regulated by NF-xB, thus allowing for the assay for potentially
increased kB-dependent gene expression in breast cancer. Thus, the p50 and p52 genes, but not the
gene encoding p65, are known to regulated by NF-xB (see (7,26)). In order to determine whether
the increase in ng and p52 levels observed in breast cancer tumor tissue was due to an increase in
mRNA, additional tumor samples were obtained and RNA analysis was performed. Enzymatic
amplification by PCR is well suited for RNA analyses in this study because the limited sample
amount we were able to obtain was insufficient for more standard methods of analysis. Using

reverse transcriptase-polymerase chain reaction (RT-PCR) under limiting conditions, we generated
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amplified products which were electrophoresed on agarose gels. Amplified DNA levels were
quantified by Southern analysis. As shown in Figure 5, an increase in mRNA from the p50 and
p52 genes is observed in tumor tissue when compared to mRNA levels for these genes in adjacent
tissue. Additionally, a dramatic increase in mRNA from the IxkBa, gene, which is known to be
regulated by NF-xB (7), is present in tumor samples. When oligos specific for p65 were used, an
additional 10 PCR cycles were necessary in order to visualize any product by southern analysis.
Consistent with our previous findings, there is no increase in p65 mRNA between adjacent and
tumor tissue. The normalization using human B-actin shows equal PCR products for each sample.
This data suggests that the increase in protein seen in western analysis for p50 and p52 is caused by
an increase in mRNA level due to either the stabilization of the mRNA or, more likely, to an

increase in trancription of the NF-xB regulated genes likely through the activation of functional NF-

xB.

DISCUSSION

The results we obtained through EMSA and western analysis of nuclear extracts isolated
from patients with breast cancer along with immunohistochemical studies revealed a distinct pattern
of activation of NF-kB subunits as compared to normal, adjacent tissue. Specifically a different
pattern of NF-xB expression was found from that seen in commonly used breast cancer cell lines
and from that seen following treatment of cells with cytokines or other NF-xB inducers. Thus,

breast cancer cell lines exhibit a constitutive level of NF-kB activation that consists primarily of the

p50/p65 heterociimer. Consistent with these findings, we have made the observation in our
laboratory that long term culture of a variety of cell lines leads to increased levels of nuclear NF-xB
consisting of the p65 subunit (data not shown). However, our data indicate that NF-«kB binding
complexes containing p50, p52, and c-Rel are activated (i.e., nuclear) in human breast cancers

without a corresponding activation of the p65 subunit. With respect to NF-kB and its potential




biological role in breast cancer, our results demonstrate that established breast cancer cell lines may
not serve as a reliable model for this disease.

Although p52 and c-Rel levels and binding activities are increased in breast tumors as
compared to noﬁ-tumorigenic‘ adjacent tissue, significant levels of pS0 are found in the nuclei of the
adjacent tissue. Interestingly, immunohistochemistical approaches show a dramatic quantitative
increase of p52 in the ductal regions of the breast cancer and not in the invading stromal fibroblasts
(Fig. 4). Previously, it was shown that cellular levels of the 100 kD precursor of p52 were elevated
in a majority of breast cancer samples (23). However, corresponding nuclear levels of p52 were not
analyzed in these primary samples. Although c-Rel is known to harbor transcriptional activation
domains, both the pS0 and p52 have not been shown to be transcriptionally active unless complexed
with the IxB homolog Bcl-3 (9,10,27). Importantly, we find that Bcl-3 nuclear levels are increased
in breast cancer tissue as compared to the adjacent levels, which is interesting since it was published
recently that Bcl-3 can function to increase nuclear levels of pS0 (11). Thus, an increase in nuclear
Bcl-3 may function with increased levels of p50 and p52 to account for the enhancement in NF-xB
dependent gene expression observed in human breast cancer (Figure 5). Since p50 and p52 are not
" thought to be directly regulated through complexes with IxBa or IxBB, our data suggest that a
pathway is active in breast cancer that functions to increase levels of certain forms of NF-xB that is
independent of the normal inductive pathway that involves degradation of one of the IxB subunits.
However, we cannot rule out that the increase in nuclear levels of c-Rel found in breast cancer is
controlled through a pathway that involves release from a form of IxB. Our data also indicate that
levels of mRNAs for pSO and p52 are increased in breast cancer, likely through the transcriptional
activation of these genes by active NF-xB complexes (7,26). This is likely to contribute to the
increase in these:NF-KB subunits in breast cancer.

of the NF-xB subunits found activated in human breast cancer, c-Rel and p52 each have
been implicated with oncogenesis (7,17). The p100/p52 gene is found translocated and rearranged
in certain lymphomas such that it is overexpressed without the normal ankyrin repeafs. c-Rel can be

transforming when mutated and expressed in retroviral form (28). Importantly, we find that Bcl-3
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nuclear levels are increased in human breast cancer and Bcl-3 has also been found transloé_ated
(t14;19) and overexpressed in certain T-cell lymphomas (/8). What is the role for elevated NF-xB
in human breast cancer? Our recent data indicates that NF-xB activation suppresses a
transformation-associated apoptosis (27). Thus, NF-xB may serve to suppress a similar apoptosis
in developing breast cancer. Consistent with this, Sonenshein and colleague (25) found that
inhibition of NF-xB in a breast cancer cell line led to enhanced cell death. Future experiments will
determine if the forms of NF-xB that are activated in human breast tumors provide cell survival in
the tumor tissue and can activate genes known to suppress apoptosis. Additionally, our recent data

indicates that NF-«xB can promote cell-cycle progression (D.G. and A.B., submitted) and thus, the

activation of NF-xB may promote the enhanced cell proliferation and overexpression of certain

cyclins that are characteristic of breast cancer (29).
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FIGURE LEGENDS

Figure 1. Analysis of NF-xB in human breast cancer cell lines. A. EMSAs were
performed with nuclear extracts prepared from MDA231, MCF7, BT474, SKBR3, and T47D
breast cancer cell lines. Nuclear extracts (5 pug) were incubated with a 32p_Jabeled oligonucleotide
probe containing an NF-xB binding site (in Methods and Materials section), and complexes were
resolved on a 5% nondenaturing polyacrylamide gel. NF-xB complexes I and II are indicated with
arrows. The estrogen receptor (ER) status of each cell line is indicated below each lane. B.
Supershift analysis was performed by preincubatiﬁg nuclear extract prepared from the SKBR3 cell
line with various NF-xB/Rel specific antibodies for 15 min prior to the addition of the

oligonucleotide probe. Arrows placed on the right side of the panel indicate supershifted

complexes.

Figure 2. NF-«xB DNA binding activity is elevated in breast tumors. A. EMSAs
were performed on sucrose pad purified nuclear extracts prepared from frozen tissue obtained in 7
patients with breast cancer . Equivalent amounts of protein (2 pug) were used to identify DNA
binding activity in tumor (T) when compared to normal adjacent tissue (A). Nuclear extracts were
incubated with a >2P-labeled oligonucleotide probe containing an NF-xB binding site. B.
Supershift analysis was performed on nuclear extracts isolated from tumor samples of patient 7.
Extracts were preincubated for 15 min with Rel specific antibodiés prior to the addition of probe.
Upper arrows indicate supershifted complexes.

Figure 3. Le—\:els of nuclear NF-kB proteins are elevated in breast tumors. Sucrose
pad purified nuclear extracts (25 pug) from patients 4-7 were analyzed by western blot analysis.
Proteins were fractionated on SDS polyacrylamide gel, transferred to nitrocellulose and incubated
with antibodies specific for p65, pS0, p52, c-Rel and Bcl3.  Normal adjacent tissue (A) and tumor

tissue (T) are indicated for each patient. Blots were normalized to the level of B-actin protein.
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Figure 4. Immunohistochemistry analysis of breast tumor tissue for NF-xB.
Sections of paraffin-embedded tumor (T) and normal adjacent tissue (A) from patient 1 were
probed with p65, p50, p52, or c-Rel specific antibodies, and bound antibodieé were visualized

using immunoperoxidase detection. Following antibody specific staining, sections were

counterstained with hematoxylin.

Figure 5. Increased message levels of p52, p50, IxBa but not p65 are seen in
breast tumors. Total RNA (4 pg) was isolated from tumor and normal adjacent tissue of
patients 1 and 7. RT-PCRs were performed to generate partial cDNA transcripts encoding the NF-
KB family members p635, p50, p52, and IxBa. RT-PCR products were resolved on agarose gels
and detected via Southern blotting using independently derived cDNA probes. NF-xB prdducts
were amplified 25 cycles with the exception of p65 which required an additional 10 cycles for
visualization. Exposure times for southern blots ranged from 24-48h. In all cases, RT-PCR

products were of the size predicted by their nucleotide sequences.
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Internal Sequence Variations in the Ha-ras Variable Number Tandem Repeat Rare
and Common Alleles Identified by Minisatellite Variant Repeat Polymerase |

Chain Reaction’
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ABSTRACT

In this report, we describe the sequence allelotyping of the Ha-ras
variable number tandem repeat (VNTR) region using a minisatellite
variant repeat (MVR)-PCR approach. This method permits the rapid
identification of internal sequence variations among the VNTR alleles,
exploiting the presence of two polymorphic sites within the 28-bp repeat
subunits that give rise to four distinct repeat types. Using MVR-PCR, 20
to 25 repeats at the 5’ end of the VNTR can be sequenced rapidly and
reliably. MVR typing of the common alleles al, a2, a3, and a4 shows that
the first six repeats at the 5’ end of each allele constitutes an invariant
region. Beginning with repeat 7, characteristic “signature” MVR patterns
emerge for each common allele. The aI and a2 common alleles were found
to consist of specific repeat types 1, 2, and 3, whereas a3 and a4 contain an
additional repeat type 4 not present in the smaller alleles. MVR typing of
rare-length alleles indicates that they are comprised of disorganized se-
quences, although they usually bear a resemblance to one of the common
alleles at the 5'-most end. These results suggest that the rare alleles may
be generated from recombination or gene conversion-type events involv-
ing the common progenitor alleles. MVR typing could, therefore, improve
the ascertainment of rare Ha-ras alleles and may provide molecular
insights into the genesis of cancer-associated alleles.

INTRODUCTION

A number of carefully conducted studies strongly suggest that rare
alleles of the Ha-ras] proto-oncogene are associated with increased
susceptibility to a variety of cancers (1-10). Although the mechanism
underlying this association is unknown, the Ha-ras VNTR? can func-

_tion as an enhancer (11, 12), and it has been suggested that the rare
" Ha-ras alleles may bind more avidly to transcription factors (13, 14).

The polymorphism at the Ha-ras locus is due to the presence of a
VNTR located approximately 1 kb downstream from the proto-onco-
gene (15). Previous studies examining the association of rare Ha-ras
alleles with cancer have used Southern blotting. which is limited in its
ability to adequately resolve small differences in allele lengths, espe-
cially for the larger alleles, and therefore may lead to allelic misclas-
sification. In addition, the designation of alleles as common versus
rare (1), or common, intermediate, and rare (3, 7) based simply upon
population frequencies lacks a defining mechanism.

The subjectivity of Ha-ras allele length designations and the inac-
curacies inherent in Southern hybridization methodology have led us
to investigate other potentially more biologically relevant structural
features of the Ha-ras VNTR that may better correlate with cancer

development. Studies by Jeffreys et al. (16), Armour ef al. (17), and
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-Neil and Jeffreys (18) indicate that minisatellite alleles vary not only

in repeat copy number but also in the interspersion pattern of repeat
sequences along the VNTR. The Ha-ras VNTR sequence derived
from the EJ bladder carcinoma cell line (15) reveals G/C polymor-
phisms at positions 7 and 15 in the 28-bp repeat unit (Table 1).
Additional point mutations also occur, but these tend to cluster within
the repeats located at the ends of the VNTR, consistent with findings
in other minisatellite repeat loci (16).

In this study, we describe a modification of the MVR method
originally described by Jeffreys et al. (16) to identify sequence vari-
ations among Ha-ras VNTR alleles. Four repeat-specific primers
corresponding to the two G/C polymorphic sites and a common
anchored primer flanking the VNTR are used to PCR-amplify frag-
ments the lengths of which define the positions of the repeat type
along the VNTR. In effect, an allele-specific sequence polymorphism

ladder is generated. Using a nonradioactive modification of MVR for

rapid screening of DNA samples, we are able to reliably type at least

20 to 25 repeat units from the 5’ end of the VNTR. This method '

provides a sequence-based differentiation of the rare from the com-
mon alleles.

MATERIALS AND METHODS

The MVR-PCR approach used is similar to the four-state MVR method
described by Tamaki et al. (19). An upstream primer (Amp L) 5'-GGTT-
GGGGGAGAGCTAGCAGGGCA-3’ was synthesized from sequences flank-
ing the 5 end of the VNTR. Four repeat-specific primers were synthesized
complementary to the four possible repeat types within the VNTR. These
repeat-specific primers span the region of each subunit harboring the G/C
polymorphisms (primer 1, 5'-N(20)-GGCGTCCCCTGGAGAGAAGGGC-3 "
primer 2, 5'-N(20)-GGCGTCCCCTGGAGAGAAGGGG-3'; primer KN
N(20)-GGCGTCCCCTGGACAGAAGGGG-3'; and primer 4, 5'-N(2-
GGCGTCCCCTGGACAGAAGGGC-3', with N(20) = 5'-TCCCGCGTC
CATGGCAGCTG-3"). The final 3’ nucleotide for each of these repeat-specitic
primers was positioned at the first G/C polymorphism (Table 1). To prevent
progressive shortening at each PCR cycle because of repeat-specific primers
priming internally in PCR products, repeat-type detection and subsequent
amplification is uncoupled by adding a 20-nucleotide TAG sequence to the 3
end of each repeat-specific primer; the primer corresponding to this TAG i~
5'“TCCCGCGTCCATGGCAGCTG-3'. Amplification is then carried out with
a low concentration of the repeat-specific primer and high concentrations !
Amp L and TAG primers. :

MVR-PCR was performed in four separate 40-ul reactions containing b
ng of genomic DNA, 1 uM Amp L, 1 um TAG, 50 mm KCl, 45 mM Tris-H(O)
(pH 8.8), 11 mm (NH,),S0,, 4.5 mm MgCl,, 6.7 mm 2-mercaptoethanol. 4 2
uM EDTA, 110 ug/ml BSA, 2.5 units AmpliTaq polymerase (Perkin-Elmer:
1 mM each deoxyribonucleotide triphosphate, and 10 nM of repeat-specits.
primer 1, 2, 3, or 4. Reactions were hot-started by adding the deoxynucleotide
triphosphates after tubes reached 96°C. Amplification was carried out as s
two-step PCR with the following cycle parameters: 1 cycle of 96°C for 9 v~
followed by 27 cycles of 1.3 min at 96°C and 6 min at 70°C, with a 1.
extension of 10 min at 70°C. The MVR-PCR product ladders were sepur.:.
by electrophoresis in 4% Metaphor agarose gels 40 cm in length using TH!
buffer (45 mm Tris-borate, pH 8.3. - DR ' o
ethidium bromide followed by d:
under UV illumination using a
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. SEQUENCE VARIATIONS IN RARE Ha-ras ALLELES
Table | Sequence polymorphisms within the 28 bp subunits of the Ha-ras VNTR
Polymorphisms are shown at positions 7 and 15 from the 5’ end.
No. repeats
MVR repeat ’ in EJ cell
type ) Repeat Sequence line
ap. S-acactecGcccttctCtccaggggacgece c-3 12/29
2 ) T : 7129
3 P o .G oL 529
4 e e e Gl .G .. 129

4 Sequence 1 is the 28 bp consensus sequence present in 12 of the 29 repeats in the EJ VNTR.

film, and MVR codes beginning at the 5’ end of the VNTR were read from the
- bottom of the gels.

RESULTS

We have adapted MVR technology to decipher sequence variations
within the Ha-ras VNTR. To verify the specificity of our primers and
to be certain that this method accurately identifies the VNTR internal
sequence, we first compared the expected Ha-ras VNTR sequence
with the MVR pattern obtained from the EJ bladder carcinoma cell
line, for which the hemizygous VNTR sequence is known (15). The
Ha-ras VNTR in the EJ line is an al-length allele, and displays the
MVR pattern 5'-001321-13113221311222. . . which corresponds to
the Ala MVR subtype shown in Table 2. The predicted sequence,
5°-001321-14113221311223. .., differs from the Ala pattern at po-
sitions 8 and 12. These changes of a type 4 to type 3 and a type 3 to
type 2 repeats, respectively, may represent either errors in the reported
sequence or mutations that occurred in our particular EJ clone. The
fact that the EJ Ha-ras VNTR sequence corresponds exactly to the
common A/a allele sequence, however, suggests the former possibil-
ity. . :

MVR-PCR of the Ha-ras VNTR distinguishes five types of repeats
we refer to as 0, 1, 2, 3, and 4. Repeats 1, 2, 3, and 4 correspond to
the four possible sequence combinations resulting from the two G/C
polymorphisms within the 28-bp subunits (Table 1). The 0 or null

repeats, which are seen as blank positions on the gels, contain muta-
tions that prevent primer binding and are, therefore, unamplifiable.
Between 20 and 25 repeats could be reliably typed from the 5’ end of
the VNTR using this technique. ,

Using MVR, we proceeded to define the range of sequence allelo-
types for the four common-length Ha-ras VNTR alleles. All length
assignments were derived previously using Southern hybridization
methodology (7). Since the al common allele is present at the highest
frequency in the population and since homozygous MVR patterns are
the simplest to interpret, displaying only a single band at each ladder

position, we began the analyses on individuals known to be homozy-

~ gous for the al allele. A total of 40 al/al germline DNA samples

were evaluated (Table 3). Seventy-eight of 80 a/ alleles showed one
of two common MVR patterns identified as Ala or AIb. These two Al
MVR subtypes differ only at positions 17 and 18, as shown in Table
2 and Fig. I, A and B.

Once the al pattern was firmly established, we performed MVR

typing on al heterozygotes (al/a2, al/a3, and al/ad) to deduce the -

patterns of the other common alleles. These sequences were deter-
mined by subtracting out the Ala or Alb pattern from the dual pattern
seen in these individuals. This approach was used previously by
Jeffreys et al. (16) in their pedigree analysis of the MS32 VNTR. The
putative a2, a3, and a4 MVR patterns were then verified in homozy-
gotes, although these allelotypes occurred very infrequently (Fig. 1).

Table 2 MVR patterns of common or rare length Ha-ras VNTR alfeles

Common alleles ~Rare alleles
Ala® Alb A2 A3a A3b Alc A4 R343 R37 R45  R379 R348  R397
Repeat 1.00 kb? 145 2.05 25 L175 1225 1750 1750 2225 2225
position 0.78)° 0200  (1L.00) (031) (035 (0.23)  (1L.0O)

5’ 1 0 0 0 0 0 0 0 0 0 0 0 ()} 0
2 0 ) 0 0 0 ()} 0 0 0 0 0 0 0
3 1 1 1 1 1 1 1 1 1 1 1 1 1
4 3 3 3 3 3 3 3 3 3 3 3 3 3
5 2 2 2 2 2 2 2 2 2 2 2 2 2
6 1 1 1 1 1 1 1 1 1 1 1 1 1

7 1 1 2 2 2 2 4 1ADT 1) 4Ad) 2(7) - 2(A3)  4(Ad)

8 3 3 2 1 1 1 1 3 1 1 3 1 1.
9 1 1 2 t 1 1 2 1 1 2 1 1 2
10 1 1 2 3 3 3 2 1 1 2 1 3 2
11 3 3 1 2 2 2 4 3 3 4 3 2 2
12 2 2 3 1 1 1 1 2 3 1 2 1 2
13 2 2 | (4 ) @) 2 2 1 2 1 2 2
14 1 1 1 1 1 1 3 1 1 3 4 1 1
15 3 3 3 2 @ 3) - 2 2 3 1 2 i 3
16 1 1 i S 2 4 2 4 2 1 3 3. 3 1
17 oy @ 3 4 1 4 1 3 1 3 2 2 1
18 @ ) 1 1 2 I 2 1 3 4 4 1 1
19 2 2 2 2 3 2 2 3 i 1 1 2 2
¥ 20 .7 2 2 3 3 1 3 2 1 1 2 2 1 4

:A. common allele; R, rare allele.

Allele length in kilobase pairs determined by Southern hybridization.
¢ Proportion of each common allele with this MVR pattern.

Variant repeat positions in al or a3 alleles are indicated by ( ).

¢ Bolded repeats in the rare alleles R343, R45, R348, and R397 indicate 5 sequence similarity to the common alleles Al, A3, or A4 as indicated.
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s SEQUENCE VARIATIONS IN RARE Ha-ras ALLELES

Table 3 MVR sequence variation in the common length Ha-ras alleles al, a2, a3, and a4

Number of common length alleles with this MVR sequence

No. alleles

al alleles a2 alleles a3 alleles a4 alleles
Length analyzed -
allelotype” (no. persons) Ala  Ala-V Alb  Alb-V A2 A2-V A3a  A3a-V A3 A3V Al A3V A4 A4V

alfal 80 (40) 60 2 18 0 - - - - = - - - = -
al/a2 80 (40) 36 0 4 0 36 4 — — —_ — — — —_
al/a3 78 (39) 29 1 8 1 — — 12 1 14 2 9 0 — —
al/ad 80 (40) 29 1 10 0 — — — — — _ - _ 39 )
Total alleles 328 (164) {54 4 40 1 36 4 12 1 14 2 9 0 39 i
Sequence variants in the 5/199 (2.5) 4/40 (10.0) 3/39 (1.7) 1/40 (2.5)

common length alleles (%)

“ Allele length determined by Southern blotting methods.

-V, sequence variants displaying one or two repeat differences within the first 20 repeats at the 5’ end as compared with the known common sequence(s).

€ —; none found.

The MVR sequences (repeats 1-20) for the common-length alleles
are given in Table 2. The MVR pattern (5'-001321. .. 3') over the
first six repeats at the 5’ end of all alleles was exactly the same.
Because the first two repeats are 0 repeats, the first readable repeat is
repeat position 3, seen as a 155-bp fragment at the bottom of the gels
(Fig. 1, A and B). Beginning with repeat position 7, each common-
length allele displays a characteristic “signature” sequence. One MVR
sequence was identified for each of the common alleles a2 and a4,
whereas two MVR subtypes were identified for al (A/a and Alb) and
three were found for a3 (A3a, A3b, and A3c), each differing by only
one or two repeats from the other at the positions indicated in Table
2. Of all al-length alleles analyzed, 97.5% had the exact Ala (5'-
001321-13113221311222. . .; 77.4%) or Alb (5'-0013211311322-
1312122. .. ; 20.1%) sequence over the first 20 repeats (Table 3). Of
a2-length alleles, 90% displayed the exact A2 MVR sequence (5'-
001321-22221311313123). For a3-length alleles, 92.3% were of the
A3a (5'-001321-21132141224123. . . ; 30.8%), A3b (5'-001321211-
32111241231. .. ; 38.5%), or A3c (5'-001321-21132141324123. .. ;
23.1%) subtypes, whereas 97.5% of a4-length alleles had the A4
sequence (5'-001321-41224123241222. . . ). Interestingly, the a/ and
a2 alleles are composed solely of three specific 28-bp repeat types
(types 1, 2, and 3; Table 2), whereas a3 and a4 are characterized by
the presence of the type 4 repeat not found in a/ and a2.

The remainder of the common-length alleles were minor variants

Al . A2

‘Repeat 20
€1bp

Repeat 8
295bp

Repeat 3
155bp

234 .71 2 3 4 123 4

1234

1 2 3 4

(denoted by -V) of the MVR sequence subtypes described above.
These variants, shown in Table 4, were characterized as having one or
two repeat alterations occurring as additions, deletions, or changes in
repeat types in otherwise common MVR sequences. The frequencies
of variation from the established MVR patterns were 2.5% for al-
length alleles, 10% for a2 alleles, 7.7% for a3 alleles, and 2.5% for a4
alleles (Table 3). All of the MVR structural variants identified in-
volved intact 28-bp subunits. We did not detect any Ha-ras VNTR
alleles containing repeat units of abnormal length (either shorter or
longer than the expected 28 bp), which would place the MVR ladders
of the two constituent alleles out of register.

In contrast to the common-length alleles that have characteristic
and relatively stable sequences, MVR typing of six germline DNA
samples previously shown to have rare-length alleles by Southern
analysis indicated that these alleles possessed disorganized internal
sequences. The sequence alterations involved more than two re-
peats, and for some rare alleles, involved the entire 5’ sequence.
The rare alleles R343, R45, R348, and R397, shown in Table 2 and
Fig. 1C, appear to be derived at the 5’ end from the common alleles
Al, A3, or A4. The R348 rare allele (5'-001321-
21132121132121. . .) possesses a sequence identical to A3 through
repeat 12. However, beginning with repeat 13, the A3 pattern is
disrupted. Similarly, the R45 (5'-001321-41222221311124... )
and R397 (5'-001321-41222221311124. . . ) rare alleles begin as

Ala/R37 A2/R343 A4/R348 A4/R379

< Repeat 20
631bp
< Repeat 20
§31bp
< Repeat 8
295bp
Repeat 8
295bp
3 Repeat3
155bp Repeat 3

1234 1234 1234 1234

155bp

Fig. 1. Examples of Ha-ras VNTR MVR patterns from individuals with common or rare alleles. MVR-PCR was performed using primers specific for the four repeat types
corresponding to the G/C polymorphisms identified from the EJ bladder carcinoma VNTR sequence. A, MVR patterns of individuals homozygous for the common-length alleles «/
a2, or a4. B, MVR patterns of heterozygous individuals with al/a2 or a2/a4 common-length alleles. C, MVR patterns of heterozygous subjects with one common-length and one

_ rare-length allele. The heterozygous MVR allelotypes shown are Ala/R37, A2/343, A4/348, and A4/379. The first readable repeat for each subject is the 155-bp fragment corresponding

to repeat 3 at the bottom of each gel.
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1 SEQUENCE VARIATIONS IN RARE Ha-ras ALLELES

Table 4 Variants of the Ha-ras VNTR common allele MVR sequences

Ala-Var Alb-Var A2-Var Ala-Var A3b-Var Ad-Var
Repeat
position V75 V178 V214 V525 Vvi2g V139 V270 V283 V325 V248 V135 V581 Vi3

5’ 1 0 0 0 0 0 0° 0 0 0 0 0 0 0
2 0 0 0 0 0 1 0 0 0 0 0 0 0

3 1 1 1 1 1 3 1 1 1 1 1 1 1

4 3 3 3 3 3 2 3 3 3 3 3 3 3

5 2 2 2 2 2 1 2 2 2 2 2 2 2

6 1 1 I 1 1 2 1 1 1 1 1 1 1

7 1 1 1 I t 2 2 2 (3] 2 2 2 4

8 2) 3 3 3 3 2 2 2 2 1 1 1 1

9 3 1 1 1 1 2 2 2 2 1 1 1 2

10 1 1 1 1 1 I 2 2 2 3 3 3 2

11 1 2 3 3 3 3 1 i 1 2 2 2 4

12 3 2 2 2 2 3) 3 3 3 1 1 1 1

13 2 1 2 2 2 1 | 1 1 1 1 1 2

14 2 3 2) 1 1 1 1 1 1 2 2 1 3

15 1 1 i 3 3 3 3 3 3 2 2 2 2

16 3 1 "3 1 1 1 1 i 1 4 4 4 4

17 1 2 1 1 2 3 3 3 3 1 1 1 1

18 1 2 1 2 1 I 1 1 1 2 2 [¢3] 2

19 2 2 2 2 2 2 2 m 2 3 3 3 2

3 20 2 3 2 3 3) 3 (2) 2 3 2 1 1 [¢3]

@ Variant repeat positions in the common MVR sequences are indicated by ( ) for a change in repeat type or insertion of a repeat or _ for deletion of the following repeat.

A4 alleles, but again the A4 sequences are lost farther downstream.
Moreover, the R37 (5'-001321-11113311311311... ) and R379
(5'-001321-23113214232412. . . ) rare alleles bear little resem-
blance to the common alleles.

This MVR method permits us to read the sequence of approxi-
mately 25 repeats from the 5’ end of the VNTR, so that nearly the
complete MVR sequence of the al common allele can be character-
ized. However, only about 35% of the a4 common allele can be
determined. Despite this inherent bias toward sequence ascertainment
of the smaller alleles, we were still able to uncover significant se-
quence variation for large alleles known to have rare lengths.

DISCUSSION

A number. of recent studies have focused on the putative role of
Ha-ras rare alleles as markers of genetic susceptibility to a variety of
cancers, including cancers of the breast, lung, and bladder (1-10). In
this report, we have described an adaptation of the MVR technique for
sequence allelotyping of the Ha-ras VNTR. Our preliminary analyses
of the 5’ end of the VNTR indicate that Ha-ras allele length is closely
linked with allele sequence for the common alleles a/, a2, a3, and a4
in that each common-length allele possesses its own characteristic
sequence(s). For example, nearly all a2-length alleles possess the
same identical 5 MVR sequence. In contrast, MVR typing of six
rare-length alleles suggests that these alleles are composed of disor-
ganized internal sequences, although they appear to be derived in most
cases from common progenitor alleles. A previous report by Kasper-
czyk et al. (20) suggested that rare alleles are derived from the
common allele nearest in size. Based upon MVR sequence typing, this
does not appear to be true for the rare allele R45. The R45 allele lies
between a2 and a3 in length, yet possesses an a4-like MVR sequence
at the 5’ end. Thus, this rare allele appears to be derived from an a4
allele rather than a2 or a3.

Jeffreys and coworkers (16~19) have extensively characterized a
number of otl}’er VNTRs, including MS32 (16, 19), MS205 (17), and
MS31A (18); using the MVR technique. These VNTRs, which are of
the class used for DNA fingerprinting, have polymorphic frequencies
of 95% or more based on length differences alone and by MVR
exhibit even higher levels of allelic variation. In contrast, the Ha-ras
VNTR has a much lower level of population heterozygosity (approx-

imately 65% by length, as determined by Southern hybridization; Ref.
21), and the common Ha-ras alleles appear to be relatively stable,
maintaining a strict association between length and sequence.

The rare Ha-ras VNTR alleles, however, appear to have resulted
from recombinatory events, as evidenced by the resemblance to com-
mon allele MVR patterns at the 5’ end of the VNTR but with
significant rearrangement of the internal repeats. Jeffreys et al. (22)
have suggested that interallelic recombination or gene conversion-like
events, possibly occurring during meiosis, are responsible for the
allelic variation at the MS32 and MS31A loci (22), as evidenced by the
preservation of VNTR flanking regions but rearrangement of internal
sequences. Furthermore, the mutations occurring in certain minisat-
ellites are polar in that they take place preferentially at one end of the
tandem repeat array, and this instability may be controlled by ele-
ments outside the minisatellite (16, 22, 23).

Our data raise the possibility that rare alleles are a reflection of an
inherent genetic instability, which is the direct effector of cancer suscep-
tibility. MVRs, therefore, can be used for the rapid and precise identifi-
cation of the rare Ha-ras variants within a population. In addition, the
analysis of repeat architecture at the Ha-ras locus may provide clues to
the mechanism of cancer association with the rare alleles.
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ABSTRACT

Previous studies exploring the association of rare alleles of the H-ras vaxjiable number
tandem repeat (VNTR) with cancer have employed Southern hybridization methods which do not
adequately resolve alleles differing by only a few 28 bp repeats. We have recently developed a
polymerase chain reaction (PCR) assay to determine H-ras VNTR length, and a minisatellite
variant repeat (MVR)-PCR method to identify VNTR sequence variations. These methods were
applied to a case-control study of breast cancer which had previously been screened for H-ras
polymorphisms using Southern hybridization. The purpose of the present work was to determine
whether the more refined PCR-based H-ras allelotyping methods influence the identification of
rare alleles, and subsequently the risk of breast cancer associated with rare alleles. Our results
demonstrate that the PCR length assay permits resolution of single repeat differences in H-ras
VNTR allele length regardless of allele size. MVR-PCR, together with allele length analysis,
further improves the detection of structurally-altered rare alleles and permits the determination of
the parental origin of rare alleles. H-ras allelotyping indicated that African-American and white
control populations differed in their normal spectrum of H-ras alleles. Rare alleles were
significantly associated with breast cancer in African-American women (OR=5.6, 95% CI=1.2-
25.8), but not in white women (ORs ranged from 0.8 to 1.3), although rare alleles with lengths of
59 repeats occurred more frequently in white women with breast cancer. These findings are

discussed with respect to H-ras allele classification and putative functions of the H-ras VNTR.



INTRODUCTION

The H-ras protooncogene locus displays a DNA polymorphism which is due to a variable
number tandem repeat (VNTR) sequence located 1 kilobase (kb) downstream from the coding
region of the gene (1). Variation in the number of 28 base pair (bp) repeats results in a series of
alleles detectable by restriction enzyme digestion and Southern blot analysis. The polymorphic
H-ras minisatellite consists of four common progenitor alleles and at least several dozen rare
alleles that are presumably derived by mutation of the common alleles. Krontiris et al (2)
originally reported that individuals with certain types of cancer possessed significantly more rare
H-ras alleles as compared with normal unaffected controls. Numerous studies have subsequently
attempted to confirm the association of rare alleles with cancer, but have yielded conflicting
results which may be due in part to small sample sizes or technical differences between
laboratories (3-11). All previous studies evaluating cancer risk associated with the H-ras VNTR
have utilized Southern hybridization methods. Clearly, the restriction enzymes and
electrophoretic conditions employed in Southern hybridization may vary, and large alleles
varying by only 28 bp in length may not be adequately resolved by this method.

A meta-analysis conducted by Krontiris et al (12) of studies using Southern hybridization
technology upheld the association of H-ras rare alleles with certain cancers. This study
suggested that despite the weak risk imposed by a rare H-ras allele, the frequency of these alleles
in the general population indicates they may be involved in 1 in 11 cases of breast, bladder or
colorectal cancer. A second recent meta-analysis by Weston and Godbold (13) focusing on
breast and lung cancer reviewed many of the same studies and reported similar findings. Given
the moderate cancer risk that appears to be associated with some H-ras alleles, more refined
methods and specific criteria are needed to define these "rare" high risk alleles. Ideally, high risk
alleles should be identified based upon structural or possibly even functional characteristics of
the H-ras VNTR, in addition to population frequencies.

We have previously demonstrated that the 28 bp subunits of the H-ras VNTR carry G/C

polymorphisms at two positions, yielding four different repeat types; these sequence variations



can be identified using a modification of the minisatellite variant repeat (MVR) method which
permits the partial sequence analysis of 28 bp tandeml}" repeated subunits inward from the 5' end
of the H-ras VNTR (14). More recently, we have also developed a PCR assay to detect allele
length, and have used this in combination with MVR to more fully characterize H-ras VNTR
structure.

The purpose of the present study was to determine whether the more refined PCR
allelotyping techniques influence the detection, classification, and subsequently, the risk of breast
cancer associated with a rare allele.” To this end, we have applied the PCR methods to a case-
control study of breast cancer previously analyzed for H-ras allele length polymorphisms by
Southern blotting (15), enabling us to validate the PCR approach and to ensure that PCR detects
all H-ras alleles, even the large alleles which amplify less efficiently. The PCR length assay has
proven to be extremely reliable and can detect single repeat unit differences in allele length
among even the largest alleles, while the 5 MVR method permits identification of allelic
sequence rearrangements and in most cases the parental origin of rare alleles. These methods
allow H-ras allelotyping on minute quantities of DNA and when used in combination, they

improve the detection of rare or structurally-altered alleles.

MATERIALS AND METHODS

Subjects The subjects analyzed in this report are part of a case-control study of breast
cancer previously evaluated for H-ras polymorphisms using restriction enzyme digestion with
* Msp I/Hpa II, followed by Southern blotting (15). For the present study, we have utilized a
subset of the original case-control population. The cases include only incident cases of invasive
breast cancer seen at the UNC Hospital Breast Clinic, the Duke University Multidisciplinary
Breast Clinic or the Durham Clinic. The controls were women who were seen at two general
medicine clinics at UNC Hospital for health problems unrelated to cancer or the breast. Cases
and controls were age-matched to within 5 years. All cases or controls considered to be of a

racial group other than African-American or white have been eliminated from the present study.



Germline DNA isolated from peripheral blood leukocytes was available from the existing subject
groups (15). |

PCR Allele Length Analyses For H-ras allele length typing, PCR amplification was
performed using 125 ng germline DNA in a 50 pl reaction consisting of 50 mM Tris-HCI, pH
92, 14 mM ammonium sulfate, 1.75 mM MgCl,, 300 nM each primer, 5'-
GCTCCTGGCCTCGGGAAGTCTAT-3' and 5'-AGAGCTAGCAGGGCATGCCGCT-3' (16),
350 uM of each deoxynucleotide triphosphate (ANTP), and 0.75 units Expand Long Template
PCR enzyme (Boehringer Mannheim). Reactions were carried out under cycle parameters of: 1
cycle of 940C for 7 min., followed by 30 cycles of 1 min. at 949C and 6 min. at 68°C, followed
by a final extension of 10 min. at 68°C. All PCR reactions were hot-started by adding the
dNTPs separately during the first cycle of 94°C. Negative controls without DNA were included
in each PCR run. Each 20 pl aliquot of PCR product was mixed with 2 pl 6X loading buffer
(0.25% bromophenol blue/30% glycerol) and was subjected to electrophoresis in a 1.2 % agarose
gel 40 cm in length using TBE buffer (45 mM Tris-borate, pH 8.3 and 2 mM EDTA). The
molecular size marker VII (Boehringer Mannheim) and a 123 bp ladder (Gibco-BRL) were run
in approximately every seventh and eighth lane on all gels to minimize artifacts due to gel
distortion. Gels were stained with ethidium bromide and destained in water to allow direct
visualization of the alleles. PCR products were first run to determine approximate allele sizes,
then were re-run together in groups of similar size for longer times to achieve more refined sizing
of specific alleles. In this way, small differences in allele lengths could be easily detected. When
this preliminary allele length typing was complete, all alleles of each length (for example, all
alleles thought to be 85 repeats, etc.) were run again and compared in order to ensure consistency
of length assignments across the entire data set. Since the approximate allele sizes were already
known from the previous Southern hybridization studies, the ability of the PCR to amplify large
alleles, particularly in heterozygous samples, could also be directly monitored.

5' MVR Sequence Analyses The sequence analyses of the H-ras VNTR were
performed on germline DNA using MVR-PCR as previously described (14).



RESULTS

H-ras Allele Length Typing by PCR H-ras VNTR alleles were characterized in 157
incident breast cancer cases and 198 unaffected controls, using a combination of PCR allele
length and 5' MVR sequence methods. All subjects were first evaluated for H-ras allele length
polymorphisms using the PCR approach; an example of PCR amplification of the H-ras VNTR is
shown in Figure 1, and a summary of allele lengths is given in Table 1. Southemn blotting
identified four common alleles within this population, al (1.00 kb), a2 (1.45 kb), a3 (2.05 kb)
and a4 (2.50 kb). PCR demonstrated that there was a cluster of alleles, differing in length by one
‘or a few repeats, around each common allele mode. The modal common allele lengths identified
by PCR were 30 repeats for al, 46 repeats for a2, and 69 repeats for a3. Several alleles ranging
from 85 to 88 repeats were identified for a4, with the 87 repeat allele occurring most frequently.

In order to more directly compare the allelic resolution achieved with PCR versus
Southern blotting, we determined the number of alleles judged to be al, a2, a3 or a4 by each
method. Of 399 alleles identified as al by Southern blotting, 29 (7.3%) had a length other than
30 repeats by PCR. Of 84 a2 alleles identified by Southern blotting, 12 (14.3%) had a length
other than 46 repeats. Greater variation in allele length was observed around the larger a3 and
a4 alleles. Of 62 a3 alleles identified by Southern blotting, 13 (21.6%) had a length other than 69
repeats. Of 69 a4 alleles detected by Southern blotting, 35 (50.7%) had a length other than 87
repeats.

Because the PCR approach to H-ras allelotyping provides increased resolution over
Southern blotting, it was of interest to determine whether this would affect allele length
classiﬁcatiqn and result in a re-distlibution of alleles from the rare to the common category, or
vice versa. As shown in Table 1, we designated rare alleles as those having individual
frequencies of <0.5% in the combined control group (blacks and whites), according to the cut
point utilized in the original Southern blotting study by Garrett et al (15), as well as prior studies

by - Krontiris and coworkers (17). As indicated in Table 1 and shown in the frequency



distribution of Figure 2, the alleles with individual frequencies >0.5% were clustered around the
common allele modes. |

Racial Variation in H-ras Allele Length Distribution The allele length distributions
among the African-American (18 cases, 24 controls) and white (139 cases, 174 controls) subjects
are shown in Figure 2 (and also in Table 1). Several trends are evident from this distribution.
The white control population displays the expected common alleles of al (30 repeats; 57.8% of
alleles), a2 (46 repeats; 10.9%), a3 (69 repeats; 7.8%) and a4 (combining the two most common
lengths of 87 and 88 repeats; 9.2%). However, the allele length distribution clearly differs
among African-American control women. The al (30 repeats; 18.8%) and a4 (85 and 88
repeats; 29.2%) alleles are the most common alleles in the black controls while the a2 and a3
common alleles occur very infrequently. The black control group exhibits two additional
common alleles, al+6 (36 repeats; 12.5%) and al-2 (28 repeats; 14.6%). The two racial groups
also exhibit some variation in a4 allele sizes; whites have a4 alleles of precisely 87 and 88
repeats (6.6 and 2.6%, respectively), while blacks possess a4 alleles of 85 and 88 repeats (12.5
and 16.7%, respectively). Fewer a4 alleles but many more rare alleles were noted in the African-
American cases compared with the controls, suggesting the possibility that the rare alleles in this
population might be derived primarily from a4.

Common H-ras Allele Sequences by 5' MVR The H-ras VNTR 5' sequence patterns
identified by the MVR method are listed in Table 2. While the designations al, a2, a3 or a4
denote allele lengths, Ala, Al.4, A2, A3a or A4, etc., refer to MVR pattern or sequence. We
have previously shown that allele length is tightly linked with MVR sequence for each of the H-
ras common alleles such that each of these alleles possesses its own characteristic, distinguishing
5' MVR sequence (14). The alleles with Ala and A1b MVR patterns are usually 30 repeats in
length. Of 325 alleles with Ala MVR patterns, 310 (95.4%) have a length of 30 repeats. Of 68
alleles with the A1b pattern, 59 (86.8%) have a length of 30 repeats. Similarly, of 81 alleles with
the A2 MVR pattern, 68 (84.0%) are 46 repeats in length. Three A3 patterns, A3a, A3b and A3c,

(40/57 or 70.2%) are associated with the a3 common allele (69 repeats), while one A4 pattern



was found in alleles making up the a4 group (85-88 repeats) (72/75 or 96.0%). Four other
distinct MVR patterns were also identified for alleles i)reviously classified by Southern blotting
as intermediate length alleles; these are the al-2 (28 repeats) length allele having the A1.02 MVR
pattern, the al+2 (32 repeats) allele having the A1.2 pattern, the al+4 (34 repeats) allele having
the Al.4 pattern and the al+6 (36 repeats) allele having the A1.6 pattern. The fact that each of
these H-ras alleles has a specific length associated with a specific sequence suggests these alleles
are relatively stable.

Variant and Rare H-ras Allele Sequences by 5' MVR MVR also identified a series
of sequence variants that differed from the common progenitor allele pattern by 1 or 2 repeats out
of 20 (Table 2). These variant alleles show single repeat insertions, deletions or changes in
repeat type, and in the shorter al variants, the exact point of repeat insertion or deletion can often
be identified. For example, MVR patterns Alal-1 and Alal-2 are single repeat insertion variants,
and have a type 2 repeat inserted at positions 8 and 14, respectively. Both of these alleles are one
repeat longer than the common al allele (31 repeats compared with 30). Similarly, for deletion
variant AlaD-1, a type 3 repeat has been lost from position 11 compared with the parental Ala
allele. MVR variants were found in 24 of 314 (7.6%) breast cancer cases and 23 of 396 (5.8%)
controls (OR=1.4; 95% CI=0.8-2.5).

We have previously shown that many rare alleles possess disorganized 5' sequences,
suggesting their derivation by some recombinatory mechanism (14). Using 5' MVR criteria, we
have defined the rare alleles as those varying in sequence by more than 2 repeats out of 20
compared with the common progenitor allele (Table 2). Eleven unique rare allele patterns were
identified by 5' MVR: AlR-1, A1R-2, Al1.8, A59-1, A59-2, A59-3, A3R-1, A4R-1, A4R-3, U-1
and U-2.

The specific structure of each rare allele is further described in Table 3. From the 5'
MVR sequence, it is clear that most rare alleles are derived from one of the common alleles;
hence, the 5' MVR pattern name incorporates the common progenitor allele from which the rare

allele is derived, if this can be determined. For rare alleles possessing rare MVR patterns, the



portion of the sequence which deviates from the common allele, or is unique, is underlined. For
example, the A4R-1 rare allele is derived from A4 wﬁich apparently underwent rearrangement
beginning at repeat position 15 from the 5' end of the VNTR. In contrast, rare alleles U-1 and U-
2 are unique in both length and sequence and bear no recognizable similarity to any common
allele. The rare alleles of the A59 series (A59-1, A59-2, A59-3) all possess the exact same
length of 59 repeats, have similar sequences among themselves, but do not resemble any
common allele at the 5'-most end. The parental origin of the A59 series or U-1/U-2 alleles
cannot be directly established due to their lack of obvious resemblance to any common allele.

Structural Characterization of Rare Alleles by Length and Sequence In order to
optimally identify rare and common H-ras alleles, we have combined the structural criteria of
allele length and 5'-MVR sequence, and this relationship is illustrated in Table 3. The common
alleles have a common MVR sequence matched with the expected common allele length
(indicated as CL+CS). The rare alleles can potentially be deﬁned using a number of criteria.
They may be rare by length only (RL+CS), by MVR sequence only (CL+RS), by alterations in
both length and sequence (RL+RS), or they may possess a mismatched common length and a
common sequence (mismatched CL+CS). One example of the mismatched-type rare allele is
found in subject 544; this allele has the common al length of 30 repeats, but possesses a
common A3b MVR pattern, suggesting the progenitor a3 allele underwent
rearrangement/truncation to produce an allele of the al length. Overall, about half of the rare
length alleles in our population also have rare sequences because MVR provides only a limited
analysis at the 5' end of the VNTR and does not detect alterations at the 3' end of the longer
alleles. Despite this, MVR complemented the length analysis and led to an increased detection
of rare alleles (by about 25%) by enabling us to identify structurally abnormal alleles with
common lengths (the CL+RS or mismatched CL+CS).

Rare H-ras Alleles and Breast Cancer Risk We determined whether the risk of breast
cancer associated with rare H-ras alleles was affected by the length and sequence criteria used to

define rarity (Table 4). H-ras alleles were defined as rare if they possessed (1) rare lengths



(RL+CS and RL+RS), or (2) rare MVR sequences (CL+RS and RL+RS), or (3) both rare lengths
and rare sequences (RL+RS), or (4) any of these strucfural characteristics including mismatched
CL+CS (all categories combined). As shown in Table 4, the breast cancer risk associated with a
rare H-ras allele was substantially elevated in black breast cancer patients, and this result was
significant when rarity was defined by length alone, or by any criteria (OR=5.6, 95% CI=1.2-
25.8). However, there was not a statistically significant increase in breast cancer risk found in
whites using any of the rare allele classification approaches (ORs ranged from 0.8 to 1.3).
Although the PCR-based methods identified additional rare alleles not previously detected by
Southern hybridization (38 versus 30 rare alleles, respectively), these rare alleles were equally
distributed among cases and controls so that the overall breast cancer risk was only minimally
affected.

We also determined whether a specific subset of rare alleles might be associated with
breast cancer in whites or in African-Americans. Two structural subsets of rare alleles were of
particular interest, those derived from the a4 common allele, and rare alleles with lengths of 59
repeats (many of which had an A59-type MVR pattern). Because the allele frequency
distribution in Figure 2 demonstrated that the black case group posséssed many more rare alleles
(44.4%) but fewer a4 common alleles (9.2%) than the corresponding black controls (8.3% for
rare and 29.2% for a4 common), we determined if a4-derived rare alleles might carry a higher
risk for breast cancer than other rare alleles in this population. The a4-derived rare alleles had
either the A4R-1 MVR pattern or were otherwise structurally related to a4 at the 5' end. In
blacks, a4-derived rare alleles did not confer a greater breast cancer risk (Fisher's exact test,
p<0.32 for ad-derived rare) than that due to all rare alleles. The breast cancer risk associated
with rare alleles of 59 repeats in length was elevated in whites (OR=5.3, 95% CI=0.5-67.7), but

this finding was not statistically significant due to the small numbers of these alleles.
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DISCUSSION

The purpose of the present study was to determine whether the more accurate PCR-based
methods for H-ras allelotyping influence the detection and classification of rare alleles, and
subsequently, the risk of breast cancer associated with these alleles. We have used a combination
of 5'-MVR sequence and PCR allele length typing to characterize H-ras VNTR structure in
subjects of a breast cancer case-control study for whom H-ras allelotyping had previously been
performed using Southern hybridization (15). This approach has enabled us to validate the
reliability and sensitivity of the PCR methods.

The PCR length assay accurately detected all H-ras alleles, even in heterozygotes, and it
was sufficiently sensitive to permit resolution of single repeat unit differences among the large
alleles. PCR enabled us to identify additional alleles that were unresolvable by Southern
hybridization, particularly those clustered around the common allele modes. The MVR
approach, although limited to sequence analyses at the 5' end of the VNTR, permitted
~ identification of allelic sequence rearrangements and the parental origin of most rare alleles.
Clearly, the MVR and PCR length methods are complementary and when used together, provide
optimal detection of structurally-altered alleles. In fact, the combination of methods uncovered
an additional 8 rare alleles that would have gone undetected by length analyses alone.

The normal frequency distribution of H-ras alleles in African-American controls differed
from that of white controls, despite the relatively small number of African-American subjects in
this study. Such racial variation in H-ras alleles has been noted in previous studies (11,18).
Weston et al (11) found the a3.5 allele to be significantly associated with the African-American
population; in our study, the a3.5 allele appears to be an ad-type allele of 85 repeats. We have
identified two additional alleles in African-American subjects, al-2 (28 repeats) and al+6 (36
repeats); these alleles occur almost as frequently as al and they each possess a unique MVR
sequence indicating they should probably be considered common alleles.

Overall, rare alleles were not associated with breast cancer in whites, although the subset

of rare alleles having lengths of 59 repeats (some of which had the A59-type sequence) appeared
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to moderately increase breast cancer risk (OR=5.3, 95% CI=0.5-67.7). This increase was not
statistically significant due to the small numbers of thése rare alleles. Further evaluation of the
59-repeat rare alleles in a larger population of white breast cancer cases and controls is
warranted. In contrast to the white population, breast cancer was significantly associated with
rare H-ras alleles in African-American women (OR=5.6, 95% CI=1.2-25.8). A stronger
association of H-ras rare alleles with breast cancer in African-American subjects than in white
subjects was also observed in the original Southern blotting study (15).

The exact basis for the breast cancer risk heterogeneity associated with rare H-ras alleles
among blacks and whites is unclear. One possibility may be a selection bias related to subject
recruitment, however, this seems unlikely since black and white subjects were derived from the
same clinics, and the cases and controls within each group were of similar age. Another
possibility may be that the greater breast cancer risk associated with rare alleles in African
Americans is due to the strategy we used to classify alleles as rare versus common. Rare length
alleles were identified as those occurring at individual frequencies of <0.5% in the predominantly
white combined control population, so that some low frequency alleles in the small number of
African-American subjects may have been diluted and thus erroneously classified as rare.
Because of the obvious allelic variation between the black and white populations, the ideal
approach for H-ras allelotyping is to evaluate each group separately in order to clearly define
their spectra of normal "common" alleles. This approach would reduce the bias resulting from
using the white subject group as the standard. We are further exploring the breast cancer risk
associated with rare alleles in African-Americans, by performing H-ras allelotyping in a much
larger population-based, case-control study of breast cancer in which half the subjects are
African-American.

The mechanism underlying the association of certain H-ras VNTR alleles with the
development of cancer is unclear. It has been suggested that rare H-ras alleles may be in linkage
disequilibrium with another gene that is responsible for the cancer risk, or they may be markers

of genomic instability which predispose to cancer. In support of this latter hypothesis, an
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increased frequency of microsatellite alterations was found in lung tumors from individuals with |
rare H-ras alleles, compared to those carrying only common alleles (19). Alternatively, the H-ras
VNTR may possess a biologic function and thus directly participate in breast carcinogenesis by
acting as a modifier region which affects the penetrance or expression of nearby genes (12).
Interestingly, rare H-ras alleles appear to increase the penetrance of ovarian cancer in BRCA1
mutation carriers (20).

Several studies suggest that transcriptional regulatory proteins of the NF-kB/rel family
bind the H-ras VNTR (21), and that this region exerts allele-specific, cell type-specific, and
promoter-specific effects on reporter gene transcription (22-24). The putative regulatory effects
of the H-ras VNTR may be similar to those recently described for the insulin VNTR which is
located 600 bases upstream of the insulin gene. The insulin VNTR has been identified as one of
several susceptibility loci (IDDM2) for type 1 insulin-dependent-diabetes (25). In Caucasians,
the short, high-risk class I alleles (26 to 63 repeats) generally predispose to IDDM2 while the
longer class III alleles (140 to >200 repeats) have a dominant protective effect. However, this
pattern of disease susceptibility at IDDM2 is complicated by possible heterogeneity within the
two allele classes as well as parent-of-origin effects (26). The insulin VNTR binds the
transcription factor Pur-1 (27), and the class III alleles are associated with higher transcriptional
levels of pancreatic and thymic insulin (27-29). The protective effect of the class III alleles has
been explained by higher levels of insulin mRNA in thymus, leading to elevated levels of
preproinsulin and enhanced immune tolerance to this protein, which is a key autoantigen in the
pathogenesis of type 1 diabetes (26,28,29).

Our studies of the H-ras VNTR suggest that the spectrum of H-ras alleles varies among
African-Americans and whites, and that rare alleles are associated with breast cancer primarily in
African-Americans. In addition, certain rare alleles might confer a higher breast cancer risk than
others, although this remains to be verified. If individual H-ras alleles vary in biological
function, as has been documented with the insulin VNTR, then population variation in H-ras

allele spéctrum could at least partially account for their differences in breast cancer

13



susceptibility. Identification of a well-defined function for the H-ras VNTR and characterization
of individual H-ras alleles would significantly enhance our understanding of the mechanism of

association of rare alleles with cancer.
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FIGURE LEGENDS

Figure 1:

‘ Exémples of PCR amplification of the H-ras VNTR from heterozygous samples or cloned
markers. The allelotypes identified in numbers of repeats are: lane 1; 28/30, lane 2; 29/30, lane
3; 30 (single cloned marker), lane 4; 30/32, lane 5; 30/34, lane 6; 30/38, lane 7; 30/44, lane 8;
34/46, lane 9; 30/53, lane 10; 34/60, lane 11; 28/69 (mixture of two cloned markers), lane 12;
73/85, lane 13; 30/86, lane 14; 88 (single cloned marker), lane 15; 59/94. Molecular size
markers are: M; Boehringer Mannheim marker VII, and m; 123 bp ladder from Gibco-BRL.

Figure 2:

Frequency distribution of H-ras allele lengths in black or white breast cancer cases and controls.
Allele lengths are given in numbers of 28 bp repeats. Allele frequencies are given in percent of
alleles within each group. The frequency of al (30 repeat) alleles for each group except the black
control group is given above the al peak, and the number (n) of alleles within each group is
given in the upper right corner of each graph. Rare alleles are indicated by *. Note that in the

white control group, one rare allele having a length of 114 repeats is not shown.

Figure 3:
5' MVR analysis of the H-ras VNTR in heterozygous samples with sequence allelotypes of (A)
Alal-3/A1.2, (B) Ala/A3b, or (C) Ala/A3c. Lanes 1-4 indicate the repeat-specific primer used.

Repeat 3, the first readable repeat, as well as repeat 20 are indicated by arrows.
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Table 1: H-ras Allele Length Distributions in Breast Cancer Cases and Controls

Allele Frequency
Length Allele?
in No. Length — No.inCases(%) i rols (%
Repeats Classi- Black White Total Black White Total*
fication
28 (al-2) c 4(1L1) 0 4(13) 7 (14.6) 0 7(1.8)
29 C 2(5.6) 72.5) 9(2.9) 5(10.4) 309 8(2.0)
30 (al) C 11 (30.6) 151 (54.3) 162 (51.6) 9(18.8) 201 (57.8) 210 (53.0)
31 C 0 7@2.5) 722) 121) 9(2.6) 10 (2.5)
32 (al+2) C 0 10 (3.6) 10(3.2) 0 7(2.0) 7(1.8)
34 (al+4) c 0 4(1.4) 4(1.3) 121 5(1.4) 6(1.5)
36 (al+6) C 3(8.3) 1(04) 4(1.3) o 6(125) 1(0.3) 7(1.8)
37 R 0 1(04) 1(0.3) 0 0 0
38 R 1(2.8) 0 1(0.3) 0 1(0.3) 1(0.3)
39 R 0 1(04) 1(0.3) 0 0 0
41 R 0 0 0 0 '1(0.3) 1(0.3)
44 R 0 1(0.4) 1(0.3) 0 0 0
45 C 0 1(04) 1(0.3) 12.1) 2(0.6) 3(0.8)
46 (a2) C 0 34 (12.2) 34(10.8) 0 38(10.9) 38 (9.6)
47 C 12.8) 3(L1) 4(13) 0 5(1.4) 5(1.3)
55 R 12.8) 1(0.4) 2(0.6) 0 0 0
59 R 3(83) 4(14) 722) 12.0) 1(0.3) 2(0.5)
61 R 1(2.8) 0 1(0.3) 0 0 0
66 R 3(8.3) 0 3(1.0) 12.1) 0 1(0.3)
67 R 0 0 0 0 1(0.3) 1(0.3)
68 R 0 0 0 0 1(0.3) 1(0.3)
69 (a3) C 0 23(8.3) 23(7.3) 0 27(1.8) 27(6.8)
70 C 0 5(1.8) 5(1.6) 1.0 4(1.1) 5(1.3)
72 R 0 0 0 0 1(0.3) 1(0.3)
73 R 0 0 0 0 1(0.3) 1(0.3)
78 R 0 0 0 0 1(0.3) 1(03)
80 R 1(2.8) 0 1(0.3) 0 0 0
81 R 0 1(0.4) 1(0.3) 0 0 0
85 (ad) C 2(5.6) 2(0.7) 4(1.3) 6 (12.5) 1(0.3) 7(1.8)
86 (a4) c 0 8(2.9) 8(2.5) 0 4(L1) 4(1.0)
87 (a4) C 0 11 (4.0) 11 (3.5) 0 23 (6.6) 23(5.8)
88 (a4) C 2(5.6) 2(00.7) 4(1.3) 8(16.7) 9(2.6) 17 (43)
89 R ] 0 0 12.1) 0 1(0.3)
94 R 1(2.8) 0 1(0.3) 0 0 0
114 R 0 0 0 0 1(0.3) 1(0.3)
Total 36 278 314 48 348 396

8 a-ras alleles are classified by PCR length analysis as common (C), having individual frequencies >0.5%, or rare (R), having individual
frequencies of <0.5% in the total control group*.
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Table 2: H-ras 5' MVR Sequence Distributions in Breast Cancer Cases and Controls

5' MVR
Pattern

__5' MVR Allele Sequence

MVR Repeat Sequence

(repeats 1-20)

Number of Alleles

Case Control Total

Allele Lengths Associated
with Each MVR Patfern
Length in No. Repeats (No. Alleles)

Common MVR Patterns
A1.02 (al-2) 5-001321.11311313121131

Ala(al) 5'-001321.13113221311222
Alb (al) 5-001321.13113221312122
Al2(al+2) §-001321.13113221223112
Al4(al+4) 5'-001321.13113221324131
Al6 (al+6) 5'-001321.22212113113221
A2 (a2) 5'-001321.22221311313123
A3a(a3) 5'-001321.21132141224123
A3b (a3) 5'-001321.21132111241231
A3c (a3) 5'-001321.21132141324123
A4 (ad) 5'-001321.41224123241222
Variant MVR Patterns

AlaC-3 5'-001321.13113221312222
AlaD-1 5-001321.13112213112223
AlaD-2 5'-001321.13113221311223
Alal-1 §'-001321.12311322131122
Alal-2 5'-001321.13113222131122
Alal-3 5-001321.13113221312112
Alal4 5'-001321.11311322131122
AlbC-1 5-001321.11113221312122
AlbC4 5'-001321.43113221312122
AlbD-1 5'-001321.13113221121222
AlbD-2 5'-001321.11132213121222
Albl-1 5'-001321.13311322131212
Albl-3 5'-001321.11311322131212
Al.2C-1 5'-001321.13113221223132
Al.4C-1 5'-001321.13113221314131
A2C-1 5'-001321.02221311313123
A2C-3 5'-001321.12221311313123
A2D-2 5'-001321.22221311313131
A3d 5'-001321.21132113241231
A3aC-1 5-001321.21232141224123
A3aD-1 5'-001321.21132112241231
A3aM-1 5-00131.131133213112223
A3bC-3 5'-001321.21132110241231
A3bC4 §'-001321.21132111241234
A3dD-1 5-0011.2113214112412314
A4AC-2 5'-001321.41224123241221

Rare MVR Patterns

AlR-1
AlIR-2
AlS8
A59-1
A59-2
AS59-3
A3R-1
A4R-1
A4R-3
U-1
U-2

Total Alleles

5'-001321.13113221311322
5'-001321.13113221223131
5'-001321.22221131231413
5'-001321.23113214232412
5'-001320.23113214123241
5'-001321.23113214233412
5'-001321.21132121132121
5'-001321.41224123133241
5-001321.41222221312433
5'-001321.11113311311311
5'-001321.41231132213112
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28 (11)

30 (310), 29 (11), 31 (1), 32 (1), 34 (1), 39 (1)
30 (59), 31 (8), 29 (1)

32(14)

34(8)

36 9)

46 (68), 47 (9), 45 (2), 55 (1), 72 (1)

69 (10), 70 (6), 66 (4), 59 (1)

69 (21), 30 (1), 59 (1), 68 (1)

69 (9), 70 3)

87 (34), 88 (17), 85 (11),86 (10), 89 (1), 94 (1), 114 (1)

30 (1)

29(1)

29(2)

31(1)

31(1)

32(1)

31(1)

46 (1)

30 (1)

29 (1)

29 (1)

31Q)

31(3)

36 (1)

34(1)

46 (2)

44 (1), 46 (1)
45(2)

69 (3),73 (1)
69 (1)

69 (3)

69 (2)

70 (1)

69 (1)

67(1)

86 (2), 88 (4), 80 (1)

37(1)
36 (1)
38(2)
59 (2)
59 (1)
59(1)
81 (1)
59 (3), 55 (1), 61 (1)
78 (1)
41(1)
32(1)

MVR patterns are classified as common, variant, or rare. Each common MVR pattem is strictly associated with a specific allele length. The
variant or rare pattern names incorporate D, I, C, M, R or U to indicate the sequence alteration relative to the common progenitor allele, if
known. Variant MVR patterns (D; deletion, I; insertion, C; change of repeat type, M; multiple (two) changes) have one or two repeat
differences out of 20 repeats compared with the common progenitor allele. Rare alleles deviate by more than two repeats compared with the
common progenitor allele. The U-1 and U-2 rare alleles are unique in sequence and appear unrelated to other common or rare alleles.
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Table 3: Structural Characterization of the Common and Rare H-ras Alleles

Common Allele *5' MVR Pattern **5' MVR Sequence lationshi tween Al ue)
Allele or Length Indicating (repeats 1-20) Common Alleles Rare Alleles
Subject (repeats) Allelic Origin Matched Mismatched
Number CL+CS RL+RS RL+CS CL+RS CL+CS
Common Alleles***
al-2 28 Al1.02 5'-001321.11311313121131 + - - - -
al 30 Ala 5'-001321.13113221311222 + - - - -
al 30 Alb 5'-001321.13113221312122 + - - - -
al+2 32 Al2 5'-001321.13113221223112 + - - - -
al+4 34 Al4 5'-001321.13113221324131 + - - - -
al+6 36 Al6 5'-001321.22212113113221 + - - - -
a2 46 A2 -001321.22221311313123 + - - - -
a3 69 A3a . 5'-001321.21132141224123 + - - - -
a3 69 A3b 5'-001321.21132111241231 + - - - -
a3 69 Alc 5'-001321.21132141324123 + - - - -
a4 85-88 A4 5-001321.41224123241222 + - - - -
Rare Alleles
Black Case .
415 38 Al.8(A2?7) 5-001321.22221131231413 - + - - -
- 55 A4R-1 5'-001321.41224123133241 - + - - -
166 59 A4R-1 5'-001321.41224123133241 - + - - -
421 59 A4R-1 5'-001321.41224123133241 - + - - -
- 94 Ad 5'-001321.41224123241222 - - + - -
425 59 A59-2 §'-001320.23113214123412 - + - - -
- 61 AdR-1 5'-001321.41224123133241 - + - - -
335 66 Ala 5'-001321.21132141224123 - - + - -
527 66 Ala 5'-001321.21132141224123 - - + - -
500 66 Ala 5'-001321.21132141224123 - - + - -
565 80 A4C-2 5'-001321.41224123241221 - - + - -
Black Control
45 59 A4R-1 5'-001321.41224123133241 - - - -
604 66 A4C-2 5'-001321.41224123241221 - - + - -
419 89 Ad 5'-001321.41224123241222 - + - -
White Case
544 30 A3b 5'-001321.21132111241231 - - - - +
462 32 U-2 (A4?) 5'-001321.41231132213112 - - + -
302 36 A12C-1 5'-001321.13113221223132 - - - - +
136 37 AlR-1 5'-001321.13113221311322 - + - - -
51 39 Ala 5'-001321.13113221311222 - - + - -
402 44 A2C-3 §'-001321.12221311313123 - - + - -
59 46 AlbC-1 5'-001321.11113221312122 - - - - +
116 55 A2 5'-001321.22221311313123 - - + - -
542 59 A3b 5'-001321.21132111241231 - - + - -
529 59 A59-3 §'-001321.23113214233412 - + - - -
379 59 A59-1 §'-001321.23113214232412 - + - - -
194 59 A3a 5-001321.21132141224123 - - + - -
348 81 A3R-1 5'-001321.21132121132121 - + - - -
White Control
97 32 Ala 5'-001321.13113221311222 - - - - +
490 32 Alal-3 5'-001321.13113221312112 - - - - +
238 34 Ala 5-001321.13113221311222 - - - - +
343 36 AlR-2 5'-001321.13113221223131 - - - + -
512 38 Al8(A27) 5-001321.22221131231413 - + - - -
37 41 U-1(?) 5'-001321.11113311311311 - + - - -
287 59 AS59-1 5'-001321.23113214232412 - + - - -
513 67 A3dD-1 5'-001121.13214112412314 - - + - -
39 68 Alb 5'-001321.21132111241231 - - + - -
499 72 A2 5'-001321.22221311313123 -- - + - -
458 73 A3d 5'-001321.21132113241231 - - + - -
397 78 A4R-3 5'-001321.41222221312433 - + - - -
292 114 Ad §'-001321.41224123241222 - + - -

*The underlined portion of the MVR pattern indicates the common progenitor allele. If this cannot be definitely established, the suspected
progenitor allele is given in parentheses. **The underfined sequence indicates that portion of the rare allele which varies from the common
progenitor sequence. ***Common alleles with minor sequence variations are considered CL+CS (not shown); see Table 2 for a listing of all
MVR variants. CL; common length, CS; common MVR sequence, RL; rare length, RS; rare MVR sequence.

23




aouanbas orer pue y3us] arex Yioq Suiaey sa[a[[e ey,

114

‘[BAISYUL 9OUSPIJUOD
‘1D "onwI Sppo *YO "SI[|[e a1 oM} passassod $oo[qns 221y} oY 0N “SO+TD POYIIRWISIN PUR SY+TO SU+TA ‘SU+TO ‘SO+T ‘B0 Aue £q soaf[e orel [[Vp “(SY+T)

*SosATeUR 3SOY) JOJ UOUNUOD PIIIPISUCD JI9M ‘S3OUSISNIP jeadar g 1o | Sulaey ‘sjuelrea YAW Jouiur oy ° € 9jqe],

ul paynuapl 21am pue (g Jo 1no sjeadar omy uey) atowr Aq j9[e JojusSord uounuods oy w0y PAIPIP (SY+TH PuUe SY+TD) AJUo LD ouanbas YA Juisn saaje g
*] 9[qBL Ul PSYNUAPI 21oM PUB ‘94505 JO satouanbaly [enpialpul sARY‘(SY+T Pue SO+ TY) AJuo euajud yidus| Suisn sojoyfe orey, '109fqns Aq pountoprad a1om sasAfeue jysry

$'€-60 1'-5°0 9°6-L0 960 1D %S6
8’1 S| 0Z 61 JO
SS¢€ (968) 81  (b01) LE (T's6) 8€€ 8% st (1'96) 1¥€ ((X3X4! (8°16) 92€ T3 6T eI0],
861 (6'16) 281 (18)91 (5'96) 161 €L (0°'L6) T61 099 (6'¢6) 981 (19) a1 fonuo)
LS1 (998)9¢1  (HE1) 124 (6'¥6) 6+1 (1°6) 8+ (€v6) 8yl (LS) 6+ (Zes)ovl  (8°01) L1+ ase)
pauiquio)y
6790 0'€-T0 SHP-€0 £€-60 1D %56
£1 80 | €1 h: (o)
13 £ (L'16) L8T (£8) 9z (8°96) €£0€ (Te)ol (1°L6) ¥0€ 606 (T'¥6) s6T (8°9)81 0L,
vL1 (s°26) 191 (Y33 (9'96) 891 oo (1°L6) 691 6Ds (8'v6) $91 @96 fonuo)
6€1 (9°06) 921 @6 €1 (1'L6) s€1 (XX (°96) ¥€1 0es (¢°€6) 0O€1 (€96 ase)
SN
8'SZ-T1 6%9-L°0 6'¥9-L°0 86T-T1 1D %S6
9'¢ 99 9'9 9°g i (6]
w (8'cL) 1€ @9 11 (1'88) LE 61s (1'88) L€ 611)s (8°€L) 1€ (90 11 @0l
¥T (sL8) 1T sz ¢ (856) €T @1 (8°56) €2 @1 (s'28) 12 (s e [onuo)
81 (9:ss) 01 Fvp) 8+ @®LL) 1 TT0) v+ @®L) i @20 ¥ (9's$) 01 ('vh) 8« ase)
e
(%) "oN (%) "ON (%) "N (%) 'ON (%) "N (%) "oN (%) "oN (%) 'OoN
-.-QEEOU CALS =°EEOU o.—um EOEEOU CALD ) | EQEEOU ey
spfqng spalqng
1ej0L >UAIN pue y3udy qfI10 YA LToRELCY |
pEHANID Auy £q aaey oy £q iy Aq aaey Aq aaey

SR 199UE)) J5EIIY U0 SPOYRIA Pseg-YDd Aq POUHUIP] SIPIV S61-H 248Y JO 10PH AL ¥ e



Figure 1
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Figure 3
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