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We have earlier shown that the estrogen-modulated ribo-
flavin carrier protein (RCP) first isolated from the chicken
egg is evolutionarily conserved in mammals and is elaborated
by lactating mammary gland as demonstrated with rat mam-
mary epithelial cells in culture and confirmed by isolation of
the vitamin carrier from bovine milk. In view of several
earlier reports that many milk proteins as well as other
estrogen-inducible proteins are up-regulated and secreted
into circulation in animal models and in women with neoplas-
tic breast disease, we analyzed serum RCP levels in a double-
blind study using a specific radioimmunoassay in pre- and
post-menopausal women with clinically diagnosed breast
cancer at early and advanced stages of the disease and com-
pared these levels with those in normal age-matched control
volunteers. Our data reveal that the serum RCP levels in
cycling breast cancer patients are 3- to 4-fold higher (p <
0.01) than those in their normal counterparts. This difference
in circulatory RCP levels between cancer patients and their
age-matched normal counterparts is further magnified to 9-
to | 1-fold (p < 0.005) at the post-menopausal stage. In addi-
tion, there seems to be a good correlation between rising
RCP levels and disease progression, since significantly higher
RCP concentrations (p < 0.005) are encountered in patients
with advanced metastasizing breast cancer versus those with
early disease. Using specific monoclonal antibodies, RCP
could be localized immunohistochemically in the cytoplasm
of invading neoplastic cells of lobular and ductal carcinomas
of the breast, indicating that the malignant cells are probably
the source of the elevated serum RCP levels in breast cancer.
These findings suggest that measurement of circulatory RCP
and the immunohistochemical staining pattern of RCP in
biopsy specimens could be exploited as an additional marker
in diagnosis/prognosis of breast cancer in women.
© 2001 Wiley-Liss Inc.
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Riboflavin carrigr (or binding proten (RCP is an estrogen-
inducible phospho-glycoprotei(Mr 37 K) required in egg-laying
vertebrats for yolk depositiom of the vitamin to suppot growth
ard developmenof the prospectie embryo! The vitamin carrier
is evolutionarilyy conserve in mammas including sub-huma pri-
mates and human3 and plays apivotd role in embryonc devel-
opmert during gestationInterferene with its function by active or
passie immunization resuls in early embryonc loss ard preg-
nang curtailment34 Riboflavin concentratia in mammaliaa milk
is severa fold highe than in the matern& circulation during
lactation$ even thoudh the circumferenti&tight junctiors between
mammay epithelid cells constitue abarrig for free passag of
blood constituent$. It was therefoe attractiwe to hypothesie that
RCP is elaboratd by the lactatig mammay gland an estrogen
targd tissue to sequestethe vitamin ard for secretio into milk
for neonath nutrition. This working hypothess was amply sup-
ported by researh in our laboratory?-7 which showel that (i) RCP
can be detectel and assayd in the milk of rodents cows bonnet
monkeys and humars by using a sensitive ard specift radioim-
murno assay (ii) it can be bulk purified from bovine milk and
exhibits physico-chemidaand immunologica similarities with its
avian counterpart (iii) rat mammay epithelid cells in culture
elaborag this protein and (iv) estrog@ and progesteroamodulate
its biosynthessin vivo aswell asin vitro.” In view of reporsin the
literature tha expressia of genes correspondig to milk proteins

ard othe estrogen-modulateproteirs are up-regulatd in exper-
imentd animd modeb aswell asin women with breas cance-10
we extende our studies to clinically diagnosd human cancer
patiens to asses whethe RCP is alo up-regulatd during malig-
nang ard if so, whethe a correlation exisss betwea circulatory
RCP levels and stage-dependémeoplasia.

In 1991, we reportel our preliminay data which indicated that
elevatel serun RCP levels could be usel as a possibé biochemical
tuma marker!l Meanwhile a studs by Ramed& Bahlu and
Meenakshiiz seekimy a correlation betwea estroge recepto sta-
tus but not severiy of the diseaseand RCP levelsin breas cancer
patients was somewhéa at variane@ with our findings We then
underto& an extende pha® of our investigatio to validat our
earligr findings and carried out, in addition immunohistochemical
localization of RCP in breas cance tisste specimensWhen these
datawere being organizel for publication asimilar study basel on
our previows findings't appeard in the literature essentiall con-
firming sone of our observationd3 However thee authos did
not attemp to correlae RCP levels with eithe the stag of neo-
plasie or menstruastatis of the women patients In this commu-
nication we repot on the dat obtainal from both phass of the
investigation which sugges stage-dependémip-regulatio of se-
rum RCP levels in cance patients.

MATERIAL AND METHODS
Isolation of RCP

RCP was isolatad from chicken egg white as describe earlier4
ard the purity of the proten was checkel by SDS-PAGE The
proten migrated as asingle bard and had an apparet molecular
weight of 37 K.

Generatio of antibodies

Polyclond antibodies againg RCP were raisel in rabbits as
describeds* The monoclon& antibodies (MAbs) to chicken RCP
usel in thisinvestigatio have been describeé earlie and shown to
cross-reacwith purified mammalianincluding human RCP15.16

Serun samples

Serun sample were collected for routine laboratoy investiga-
tions from 43 breas cance patiens from the Kidwai Memorial
Institute of Oncology Bangalore India (Study |, 1986/87% and
from 47 breas$ cance patiens from the Bangaloe Institute of
Oncology Bangalore India (Study 11, 1995/96) Blood samples
were collectad from patiens at the time of diagnoss$ or prior to
treatment and sel were separatd and storel at —20°C until
analysis Contrd serum sample were obtainel throudh informed
conseh from pre-menopausanormd healtty voluntees who had
regula menstruacyclicity (28 + 4 days) those from post-meno-
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pausal women were obtained through the Health Centre of tbe addition of the substrate diaminobenzidine (Img/ml in PBS

Indian Institute of Science, Bangalore. containing 0.06% KO,). The sections were counter-stained with
. hematoxylin, dehydrated, clarified in xylene and mounted in DPX.
Radioimmunoassay of serum The sections were observed using a Zeiss microscope with a

RCP was radiolabeled with®3 for use as a tracer by the camera attachment and photographed using Kodak film.
iodogen method? RCP was quantified in the serum samples b
liquid-phase radioimmunoassay (LPRIA) using the double am}/mmunoassay for estrogen and progesterone receptors
body-polyethylene glycol (PEG) precipitation method standard- Estrogen and progesterone receptors in tissue sections were
ized for assay of human serum sampleslsing suitably diluted localized immunohistochemically using the corresponding specific
serum samples from patients, the levels of RCP in the varioastibodies obtained as part of the kits purchased from Novocastra
specimens were measured by LPRIA. Intra- and inter-assay vdfilew Castle, Tyne, UK). The kits used were NCL-ER-6F1 for
ations were insignificant, and the assay method had a sensitivéstrogen receptors (ER) and NCL-PG-1 for progesterone receptors
range of 10—0.01 ng. Variations in the standards and the samp|EBR). The secondary antibodies for the assays were purchased
were in the accepted range ©86%. Every sample was assayed irfrom Lab Vision (Fremont, CA; cat. no. TP-D15-HD). The assays
duplicate in at least three different RIAs, and for every assay, tweere carried out per the manufacturer’s instructions.
calibrator concentrations of 1 ng and 100 pg of RCP were used to
normalize the RIA. The study was carried out double blind, and the
data on the menarche status of individual patients and the stage of
the disease were ascertained from the clinical records retrospecthe RCP levels were assayed in the serum of breast cancer
tively only after assaying the concentrations of serum RCP. Datatients and control subjects using a sensitive radioimmunoas-
analysis was carried out using Studertttest. say?2! further sensitized and validated for quantification of RCP in

In view of the significant ¢ 26%) sequence homology betweerhuman serurd? In the case of cycling women, we chose to
RCP and human folate binding protein (FBP), the rabbit polyclonaieasure circulatory levels of RCP at days 18—20 of the menstrual
antiserum employed in the RIA was tested for cross-reactivity wigycle when they were highest as assessed earlier in the laboratory.

RESULTS

FBP and found to be nil even at low FBP dilutio¥s. Analysis of the data from both studies showed that the mean level
o _ ) of RCP in the serum of normal healthy cycling women= 14)
Clinical diagnosis was 3.8 ng/ml £0.72, range 2—6 ng). On the other hand, the mean

Clinical staging of the disease was carried out by the UnidgVvel of circulatory RCP in healthy post-menopausal wonres: (
Internationale contre le Cancer tumor size, node involveme®), was 1.7 ng/ml £0.66, range 1-4 ng). This was anticipated,
metastasis (UICC-TNM) staging system. since RCP is an estrogen-inducible protein and the estrogen stim-

ulus falls precipitously with the onset of menopause. In contrast, in
Immunohistochemical localization of RCP in breast cancer patients with clinically confirmed breast carcinoma, the corre-
biopsy speciments sponding values for RCP were markedly higher, with median

Localization of RCP in breast carcinoma cells was acconyalues of 14.7 ng/ml5.25, range 3-50 ng) if they were still
plished by immunohistochemist§employing a mixture of spe- ¢ycling (h = 41) and 17.0 ng/ml£4.6, range 3-50 ng) if they
cific murine monoclonal antibodies to chicken RCP. None of the¥¢ere post-menopausal ¢ 49). The mean RCP levels in cycling
antibodies cross-reacted with the FBPTissue specimens ob- women were 3- to 4-fold highep(< 0.01) in patients with breast
tained from breast cancer patients during surgery were imme@garcinoma than in normal control subjects of the same age group.
ately fixed in Bouin's fluid and further processed for embedding ihhe difference in the RCP levels was even more significant in
paraffin. Tissue sections (Zm) were re-hydrated using standardP0st-menopausal cancer patients, in whom the serum RCP con-
protocols and incubated with specific antibodies. To test for tf€ntrations were 9—11 times higher< 0.005) than those in their
presence of RCP, a mixture of four specific MAbs raised again@@rmal counterparts. However, an overlap in serum RCP levels
RCP was use#1° An anti-mucin-1 MAb (115D8, a kind gift of from cycling cancer patients with that of normal subjects was seen,
Dr. J.H.M. Hilgers, Vrije University Hospital, Amsterdam, Neth-since the values in the normal subjects represented the maximum
erlands) was used as a positive control to detect malignantzeellSXCP level reached during the menstrual cycle.

Normal mouse serum (NMS) IgG was used as a negative control.Table | compares the circulatory RCP concentrations in healthy
After overnight incubation with the primary antibody, the endogwomen (both pre- and post-menopausal) with those in patients
enous peroxidase activity was blocked using 0.6%@}in meth-  with clinically confirmed early breast disease as well as those with
anol, following which the tissue sections were incubated witadvanced breast cancer with metastasis. These results were signif-
rabbit anti-mouse 1gG conjugated to horseradish peroxidase (HR&ant. The mean level of RCP in women with early breast disease
Sigma, St. Louis, MO). Binding of the antibodies was visualizedias 8.4 ng/ml (6.4 and 10.4 ng/ml for Studies | and Il, respec-

TABLE | —ANALYSIS OF SERUM RIBOFLAVIN CARRIER PROTEIN (RCP) LEVELS IN BREAST CANCER PATIENTS
(BOTH EARLY AND ADVANCED METASTATIC CANCER)

Serum RCP levels (ng/ml)

Mean = SEM Range p-Value
Study | (1986/87)
Normal women
Cycling and postmenopausal € 14) 3.0+ 0.48 1-6
Breast cancer patients
Early (0 = 13) 6.4+ 1.2 2-8 <0.005
Advanced, with metastasisa & 30) 21.8+ 2.77 8-50 <0.000%
Study I
Normal women
Cycling and postmenopausal & 9) 2.6+ 1.02 1-5
Breast cancer patients
Early (h = 21) 10.4+5.24 3-22 <0.00%
Advanced, with metastasia & 26) 19.1+ 4.87 10-31 <0.00%

Hn comparison with normal womerfia comparison with patients with early breast disease.
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tively) as against 2.8 ng/ml (3.0 and 2.6 ng/ml for Studies | and Herns depending on whether the cancer was a lobular or infiltrating
respectively) in normal women. Here again the elevations in RQRictal carcinoma, or whether the cancerous tissue had an acute
levels are approximately 3- to 4-folgh (< 0.005). However, the lymphoid response. In lobular carcinomas (specimen 174/95) the
most striking difference was evident when the RCP levels betwelatalization of RCP was intra-cytoplasmic as well as peri-nuclear,
normal subjects (2.8 ng/ml) and those with advanced breast canatiereas in the case of infiltrating ductal carcinoma (specimen
with metastasis were compared. The mean concentration of serbiii95) RCP staining was predominantly intra-cytoplasmic. Sample
RCP in these patients was 20.4 ng/ml (21.8 and 19.1 ng/ml f#01/95 was an infiltrating ductal carcinoma with an acute lym-
Studies | and Il, respectively), which was7 times higher§ < phoid response. In this sample most of the cells were inflammatory
0.0005) than the corresponding serum RCP values encounteredeils and hence did not stain for RCP. However, the cancer cells,
age-matched control subjects. These observations clearly rewshich were very few in number, did exhibit both intra-cytoplasmic
that patients with early breast carcinoma harbor higher levels afd peri-nuclear staining (very faintin Fig. 1). The staining pattern
serum RCP compared with normal disease-free women and thats specific to RCP as none of the samples showed positive
these levels are further elevated in patients suffering from astaining with NMS 1gG. Pathological details on the samples and
vanced breast cancer with metastasis. type of staining pattern observed are collated in Table II.

Clinical evaluation of the study subjects was carried out using Analysis of the samples for ER and PR was carried out by
the UICC-TNM staging system. It was found that levels of serumimmunohistochemistry. Only one sample (174/95) stained positive
RCP exhibited a significant correlation with the stage of thiar ER (40%). However, none of the specimens showed staining
disease and the levels were found to be higher in patients wfthr PR. The results are included in Table II.
advanced disease.

At this stage it was important to ascertain whether the malignant
breast tissue accounts for stage-dependent elevated serum RCP
levels in these carcinoma patients. Using the technique of immu-Clinical and experimental evidence has established the central
nohistochemistry, RCP could be localized in cancer tissue usingae of estrogen in the genesis of breast cancer. About 85% of all
pool of anti-RCP-specific MAbs. To confirm neoplastic nature dfreast cancers are estrogen dependent, and these require the hor-
the cells in the tissue samples, a MAb (115D8, which specificallpone for continued growth and differentiatidhMany studies
reacts with polymorphic epithelial mucin-1 [MUC1]) was used abave also shown that ER levels are also significantly higher in
a positive contrd® to identify the cancer cells. NMS IgG was usedmalignant breast epithelium compared with normal mammary tis-
as a negative control. Tissue samples from six breast cansee?s> Since RCP levels are also regulated by estrogen under
patients were analyzed and the immunohistochemical stainipysiological conditions, we sought to investigate whether there
pattern obtained with the MAb 115D8, anti-RCP MAbs and NM$vas a marked change in RCP levels in patients with breast cancer
IgG for tissues from three of the specimens is shown in Figure dompared with their normal age-related counterparts. Hence the
All the breast cancer tissue specimens exhibited intense stainprgmary aim of our investigations was to compare the serum RCP
with the anti-MUC1 MAb 115D8, as expected. The breast canckvels of individuals who had clinically confirmed breast cancer
tissues also showed positive staining for the presence of R@Rh those of normal healthy individuals. Additionally, it was of
although the staining pattern varied. Whereas the MUCL1 speciiiterest to investigate whether circulating RCP levels exhibit any
antibody staining was mostly membrane bound, the staining pabrrelation with the disease stage, node involvement and metasta-
tern with the anti-RCP MAbs exhibited different distribution patsis. We anticipated that if elevated RCP levels reflect the severity

DISCUSSION

Ficure 1 - Immunohistochemical staining pattern of specimens from three breast cancer patients. I, sample no. 174/95 (lobular carcinoma)
11, sample no. 57/95 (infiltrating ductal carcinoma); and Ill, sample no. 101/95 (infiltrating ductal carcinoma with an acute lymphoid response)
seen with anti-mucin MAb 115D&y, anti-RCP MAbs lp) and NMS IgG ¢). Magnification x200.
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TABLE Il — PATHOLOGY, STAINING PATTERNS AND RECEPTOR STATUS OF THE SAMPLES

SirgPle Type of cancer With Mab 11508 Staining pattern With RCP Mabs ER status PR status
174/95 Lobular carcinoma of ~ Membrane-bound and Intracytoplasmic staining and Positive Negative
the breast (cribiform intracytoplasmic perinuclear staining (40%)

pattern seen) staining
157/95 Infiltrating ductal Membrane-bound staining  Intracytoplasmic staining; no perinucle&tegative Negative
carcinoma staining
121/95 Infiltrating ductal Membrane-bound staining  Intracytoplasmic staining; no perinucle&tegative Negative
carcinoma staining
105/95 Lobular carcinoma of  Uniform membrane- Intracytoplasmic and perinuclear Negative Negative
the breast bound and staining in 50% of cancer cells
intracytoplasmic
staining
101/95 Infiltrating ductal Tumour cells show Intracytoplasmic and perinuclear Negative Negative
carcinoma of the membrane-bound and staining in cancer cells; most of the
breast showing an intracytoplasmic cells are inflammatory cells, which do
acute lymphoid staining, Lymphocytes not show staining
response are negative
57/95 Infiltrating ductal Very intense membrane- Very dense intracytoplasmic staining Negative Negative

carcinoma with
abundant
desmoplasia (fibrous
tissue proliferation)

bound staining

of the malignant disease, the measurement of this specific proteosylated in adenocarcinomas and gains access to the circulation in
could serve as a non-invasive marker for the presence of brepatients?3 Levels of MUCL1 in blood reflect recurrence and pro-
cancer, to monitor the response to therapy and to assist prognogisssion of the diseag@2°Based on these data, it is attractive to
Furthermore, to ascertain whether the enhanced RCP in the cirspeculate that up-regulated RCP production by invading cancer,
lation originates directly from malignant cells due to destruction afells coupled with carcinoma-induced destruction of original tissue
original tissue architecture, we used immunohistochemical tedwchitecture, leads to RCP gaining entry into the stroma, lymph
nigues and specific MAbs to examine the pattern of distribution ahd blood vessels and hence reflects the stage-dependent severity
RCP in biopsy tissue specimens from breast cancer patients. of malignant condition.

In the present study, the serum RCP concentrations measured iBreast carcinoma is the most common form of cancer in middle-
breast cancer patients were significantly higher than those encoaged women and is a leading cause of déathis the second most
tered in control individuals of the same age group and wemmmon form of cancer in women in the Indian subcontinent
dependent on the stage of the disease. In normal women, R&fording to the population-based registry data (NCRP 94). As
levels in circulation vary in concert with estrogen levels dependingith all neoplastic diseases, early detection is of vital importance
on the stage of the menstrual cycle. It has been reported that Ri@Rhe eventual prognosis of the disease. The availability of many
levels in serum were highest 3—4 days after the ovulatory surgerefiable screening methods significantly improves the chances of
estroger?2 These values represent the highest levels of RQRtection, which in turn helps in the immediate commencement of
reached in the circulation, and we chose to use them for compdrerapy. Many prognostic factors, both biological and non-biolog-
ison with those from cancer patients. In a recent publication higal, are used in clinical practice to identify high-risk individuals
Raoet al,13 an average value of 0.7 ng/ml RCP in the circulatiomnd to plan aggressive multi-modality treatment protocols to
of normal women was reported. The authors were apparendghieve better long-term results. However, since no single absolute
unaware of hormonal status influencing circulatory RCP levetsarker has been found so far it, would be advisable to use a panel
during the menstrual cycle and hence the values reported maydienarkers. The ER has also been found to be a very useful tool for
lower than expected. In the present study, as anticipated, w®gnosisit32 Many studies have shown that malignant breast
encountered relatively low levels of RCP in post-menopaust$sues express a higher level of ER than normal breast #8sue,
women. In view of this situation, it is not surprising that theand such patients receive objective benefit from hormonal therapy.
difference in RCP levels between patients and normal individugtowever, approximately 30% of ER tumors fail to respond to
is much more striking in post-menopausal women. Thus, wherearsdocrine therapy, which could be due to tumor heterogeneity or
the patients with early breast disease exhibit significantly higheon-functionality of the hormone recepté#s.
levels of RCP (3- to 4-fold) compared with healthy controls, this |n this study we have evaluated the possibility of using RCP as
difference is strikingly magnified>7-fold) in patients with ad- a marker for breast cancer. Since the protein is estrogen inducible
vanced breast cancer with metastasis. and since it is well established that up to 85% of breast cancers are

In attempts to ascertain the likely tissue source of the elevatedtrogen dependent, it was considered as a possible candidate.
RCP in breast cancer, it was indeed very encouraging to fifithere are several advantages in using RCP as a possible marker for
intense immunostaining of RCP in breast cancer tissues whareast cancer. Its levels can be easily monitored in serum by a
specific anti-RCP MAbs were employed for detection. All sixtandard sensitive LPRIA, which is very easy to carry out routinely
breast cancer tissue samples studied showed positive stainingvith a large number of serum samples; this assay is also non-
RCP as well as for the cancer marker MUC1. However, themevasive and hence could be used to study disease progression over
appear to be significant differences in the pattern of immunostaimperiod of time. RCP is regulated by estrogen under physiological
ing of RCP compared with MUCI in that RCP is mostly localizedconditions! therefore it was surprising to find that five of the six
to the cytoplasm and is occasionally peri-nuclear (probably repiareast cancer tissue samples investigated were negative for estro-
senting the nascent glycoprotein undergoing modification in tlgen receptors by the immunochemical assay kit used. However,
Golgi complex), whereas MUCI is mostly confined to membranesome degree of correlation between RCP levels and estrogen
of cancer cell$5-27In normal breast tissue, MUCL is expressed akeceptor status has been reported by Ramesh Babu and Meenak-
the apical surface of glandular epithelium. However, polarizatisshi*2 in a small sample size. There is a possibility, however, that
is lost in carcinomas, where it is expressed on the entire celliring carcinogenesis, the regulation of RCP synthesis could be-
surface28 Moreover, MUCL1 is overexpressed and deficiently glyeome estrogen independent. A similar situation was encountered
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with cathepsin D, another independent breast cancer markercinomas. The ability to immunolocalize RCP in paraffin-embedded
which the synthesis of the protein is de-linked from regulation byssue sections should make it possible to obtain data on RCP in
estrogen under certain conditions of malignancy. It has beegtrospective series of patients with breast cancer in relation to
shown that in both the estrogen receptor-positive and -negatisinical diagnosis/prognosis. Further research efforts on these lines
breast cancer cell lines the mRNA coding for pro-cathepsin D should be useful in exploring RCP as a biochemical marker for
over-expressed This is further supported by the observation thatalignancies of breast. The above preliminary data were obtained
markedly enhanced levels of serum RCP were found in posetrospectively with a limited population of cancer patients, and
menopausal women with breast carcinoma, whereas their healthgy await confirmation in a larger number of patients. It may be
counterparts exhibited very low levels of the protein. The elevategeful to assess levels of RCP in the same patient over a long
levels of RCP in circulation in breast cancer patients appear period of time starting from the stage of initial diagnosis through
originate from the cancer tissue since patients with metastaaisy treatment regimes since it is likely that assay of serum RCP
showed markedly higher levels of RCP than patients with localizeday become useful as a marker to assess prognosis and follow-up

tumor, the tumor cell burden being higher during metastasis. Wheerapy and to classify risk factors in breast cancer patients.
have earlier observed that immunochemical distribution of RCP in

normal breast tissue is almost exclusively localized to ductal

epithelium, whereas, in the present study with the cancer tissues,
this pattern seems to have altered significantly with respect to RCH-inancial aid from the Department of Biotechnology, Govern-
staining associated with malignancy. It is conceivable therefoment of India is gratefully acknowledged. We thank Dr. M.
that immunohistochemical localization of RCP using fine needkrishna Bharagava, ex-director, Kidwai Memorial Institute of

biopsy specimens maybe useful in early diagnosismdfitu car-
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