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Abstract

Background/Aim—Cancer cells have an essential demand for vitamin B12 (cobalamin) to

enable cellular replication. The present pilot study quantified the immunohistochemical expression

of vitamin B12 transport protein (Transcobalamin II; TCII), cell surface receptor (Transcobalamin

II-R; TCII-R) and proliferation protein (Ki-67) in human tumor xenografts.

Materials and Methods—Tissue microarray slides containing 34 xenograft tumor tissues were

immunohistochemically stained using TCN2 (anti-TCII), CD320 (anti-TCII-R) and MIB-1 (anti-

Ki-67) antibodies. Representatively stained areas of all slides were digitally imaged and protein

expression was quantified using ImageJ software plugins.

Results—All xenograft tumor tissues stained positively for TCII, TCII-R and Ki-67 proteins;

expression varied both within and between tumor types. Correlation between TCII/TCII-R and

Ki-67 expression was not significant in xenograft tissues.

Conclusion—Proliferating cancer cells express measurable levels of TCII and TCII-R.

Immunohistochemical quantification of these markers may be useful as a tool for detection of

tumors, tailored selection of anti-tumor therapies and surveillance for evidence of recurrent

disease.
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Despite numerous advances in medical research, cancer remains one of the leading causes of

death in the United States. Therefore, use of biological markers to more accurately diagnose

and predict effective therapy is receiving increased interest in clinical cancer medicine. The

ability to direct an individualized diagnostic and therapeutic plan can increase the
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probability of diagnosis, increase likelihood of treatment success, maximize use of valuable

treatment time and minimize financial costs associated with ineffective diagnostics or drugs.

Development of new, accurate biomarkers is critical to increasing our ability to

appropriately select diagnostic and therapeutic modalities unique to each patient.

Vitamin B12 (cobalamin) is an essential micronutrient that was first isolated and crystallized

in 1948 (1). Since then, studies have shown that vitamin B12 plays an important role in the

differentiation, proliferation and metabolic stability of cells (2–4). Once absorbed into the

bloodstream, vitamin B12 binds to transcobalamin II (TCII), a non-glycosylated transport

protein found in blood (5, 6). The vitamin B12-TCII complex is then transported to cells and

undergoes receptor-mediated endocytosis using the transcobalamin II receptor (TCII-R), a

specific vitamin B12 cell surface receptor (5, 6). While all living cells require vitamin B12,

rapidly dividing tumor cells have a highly increased need for this vitamin, which is critical

in the methylation process associated with DNA synthesis. In order to supply this substantial

demand for vitamin B12, proliferative tumor cells: i) increase production of TCII that is able

to scavenge, bind, transport and deliver vitamin B12 (7–9), and ii) express far greater

numbers of cell surface TCII receptors than normal cells do, enabling them to take up and

accumulate vitamin B12 in large quantities (10–14). Vitamin B12 coupling offers an

effective means of targeting diagnostic and therapeutic agents to cancer cells using the TCII/

TCII-R delivery system.

Imaging of primary and metastatic tumors using radio-labeled vitamin B12 analogs to target

the TCII receptors of tumor cells is gaining momentum. The dependence of image quality on

target to non-target ratio, especially with molecular imaging modalities such as single

photon emission computed tomography (SPECT), positron emission tomography (PET) and

magnetic resonance imaging (MRI), highlights the critical need for tumor targeting (15).

Most recently, the vitamin B12 analog diethylenetriaminepentaacetate (DTPA)-

adenosylcobalamin has been used in SPECT imaging to successfully detect a variety of

high-grade primary and metastatic tumors (16). TCII-R-targeted imaging agents such as

DTPA-adenosylcobalamin show promise for early detection of both primary and metastatic

tumors, including those eluding detection by standard diagnostic means. Furthermore,

targeted imaging may play an important role in assessing tumor response to conventional

radiation and chemotherapeutic treatments, and in monitoring patients for development of

recurrent or metastatic disease.

The TCII/TCII-R delivery system may also be used to effectively promote selective uptake

of chemotherapeutic agents by cancer cells, thereby increasing the efficacy of therapy and

decreasing adverse effects on normal tissues (15, 17–20). Studies have demonstrated the

potential use of vitamin B12 as a carrier to target cisplatin (15) and doxorubicin-loaded

liposomes (20) to tumor cells. Nitrosylcobalamin (NO-Cbl), a novel vitamin B12 analog

comprised of nitric oxide (NO) bound to hydroxocobalamin, was developed as a potential

anti-tumor agent (21), and has been shown to inhibit tumor growth both in the laboratory

and in the clinical treatment of canine malignancies (12, 22–24). NO-Cbl functions as a

biological ‘Trojan horse’, using TCII transport and TCII-R-mediated vitamin B12 uptake to

specifically target NO-Cbl to cancer cells (12). Following internalization of NO-Cbl into

tumor cells through TCII-R-mediated endocytosis, NO is liberated from cobalamin resulting
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in decreased cellular metabolism, activation of apoptotic mechanisms and inhibition of

survival pathways (12, 22, 23, 25). Recent work suggests that NO-Cbl may also function as

a folate antagonist (26). The anti-tumor activity of NO-Cbl has been shown to directly

correlate with the expression of TCII-R on the plasma membranes of tumor cells (12).

Uptake of vitamin B12-based imaging and chemotherapeutic analogs has been shown to be

increased in highly proliferative tumors (16, 27). Determination of the proliferative status of

a tumor is most commonly estimated by the immunohistochemical assessment of Ki-67, a

nuclear antigen that is strictly associated with cellular proliferation (28). Ki-67 is present

during all active phases of the cell cycle (G1, S, G2 and M phases) but is absent from resting

cells (G0) (29). Because Ki-67 protein expression is required for progression through the cell

division cycle, it provides an excellent marker of the proliferation status of a given cell

population (28, 29). Ki-67 expression has been measured immunohistochemically in a wide

variety of tumor types, and is typically conveyed as the percentage of positively stained

tumor cells out of the total number of cells. Ki-67 estimation has been used to help

differentiate benign from malignant tissue (30–32), establish tumor grade (33–35), identify

malignant transformation of benign tumors (36), assess extent of peritumoral vascular

invasion (37, 38), evaluate lymphatic invasion (39–41), aid in selection of treatment

protocols (42–44), measure treatment response (45–47), determine prognosis (31, 48–50)

and monitor for recurrent (51–53) or metastatic (54–56) disease. Because of its wide utility,

Ki-67 has become one of the most frequently assessed tumor biomarkers in use today.

Immunohistochemical (IHC) staining is currently the gold standard for the quantitative

measurement of protein biomarkers, especially when biomarker numbers are increased in

proliferative tumor tissues (57). Several studies have demonstrated a significant correlation

between results of IHC protein quantification and quantification using established methods

including enzyme-linked immunosorbent assay (ELISA) (58–60) and western blot (61, 62).

IHC staining uses specific antibodies to differentially stain for the antigens of choice, and

relies on the principle that greater antigen content leads to increased precipitation of immune

complexes coupled to a chromophore such as 3,3’ diaminobenzidine (DAB) (60).

Quantitative analysis of IHC-stained slides has traditionally relied on manual counting of

positively immunostained cells. However, manual counts may be associated with

interpretation subjectivity, intra- and inter-observer variation, reproducibility issues, and

labor intensive protocols (63–66). Computer-assisted analysis of digitally imaged IHC-

stained tissues has been introduced as a means of overcoming the shortfalls associated with

manual counts (60, 67). ImageJ is a public domain, Java-based image processing program,

developed at the National Institutes of Health (Bethesda, MD, USA) and released in 1997

(68). Designed with an open architecture to enable expandability using Java plugins, it has

become the standard in scientific image analysis. The color deconvolution plugin utilizes an

algorithm to calculate the contribution of multiple stains (such as DAB and hematoxylin) on

each tissue slide based on stain-specific red-green-blue (RGB) absorption, and generates a

unitless value corresponding to the amount of chromophore-bound antigen present (69–73).

The Immunoratio plugin utilizes the color deconvolution algorithm to analyze nuclear

immunostains such as Ki-67, and generates a value expressed as a percentage of positively

immunostained area out of total nuclear area (33, 66). ImageJ, as well as the color
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deconvolution and Immunoratio plugins, are freely available web-based applications,

enabling their routine use for quantitative IHC analysis.

The aim of this pilot study was to develop a standardized IHC staining, digital imaging and

computer-assisted software protocol to permit objective quantification and comparison of

expression of TCII, TCII-R and Ki-67 in a variety of human tumor xenografts. Results from

this study may be used to evaluate the potential usefulness of IHC quantification of these

proteins for detecting tumors and for selection and monitoring of vitamin B12-based anti-

tumor therapies.

Materials and Methods

Tissue samples

Commercial tissue microarray slides were purchased from the Tissue Acquisition and

Cellular/Molecular Analysis Shared Service at the University of Arizona Cancer Center

(Tucson, AZ, USA). Expression of TCII, TCII-R and Ki-67 were measured in thirty-four

human cancer cell line xenografts. Cancer cell lines evaluated included: (1) breast carcinoma

MCF7/S; (2) breast carcinoma MDA-MB-231; (3) breast carcinoma ZR-75-1; (4) cervical

carcinoma C-33A; (5) cervical carcinoma Ca Ski; (6) cervical carcinoma HeLa; (7) colonic

carcinoma HCT-116; (8) colonic adenocarcinoma HT-29; (19) epidermoid carcinoma

A431NS; (10) Ewing’s sarcoma CHP-100; (11) glioblastoma multiforme SF-767; (12)

leukemia MDS/SP1; (13) B cell lymphoma Granta-4; (14) Burkitt’s lymphoma Ramos; (15)

Burkitt’s lymphoma Raji; (16) melanoma A375; (17) non-small cell lung cancer (NSCLC)

adenocarcinoma H1975; (18) NSCLC carcinoma MV-522; (19) NSCLC carcinoma NCI:

H460; (20) ovarian carcinoma 2780AD; (21) ovarian carcinoma NIH-OVCAR-3; (22)

pancreatic adenocarcinoma AsPC-1; (23) pancreatic adenocarcinoma BxPC-3; (24)

pancreatic adenocarcinoma CAPAN-2; (25) pancreatic adenocarcinoma CFPAC-1; (26)

pancreatic adenocarcinoma HPAF-II; (27) pancreatic adenocarcinoma MIA PaCa-2; (28)

pancreatic carcinoma Panc-1; (29) pancreatic carcinoma SU.86.86; (30) prostatic carcinoma

DU-145; (31) prostatic adenocarcinoma PC-3; (32) renal adenocarcinoma ACHN; (33) renal

carcinoma Caki; and (34) uterine epithelial carcinoma RL 95-2.

Commercial microarray preparation

Tumor xenografts were developed by injecting 10×106 cancer cells into the flanks of severe

combined immunodeficient mice. When the tumor volume of each xenograft approximated

500 mm3, mice were sacrificed by carbon dioxide asphyxiation and tumors were harvested.

Tissues were fixed for 24 h in 10% neutral buffered formalin, transferred to 70% ethanol,

processed overnight in a Tissue Tek V Tissue Processor (Sakura Finetek, Torrence, CA,

USA), and embedded into paraffin blocks. A hematoxylin and eosin slide was cut and

stained from each individual xenograft block and was reviewed by a board-certified

pathologist, who marked optimal areas for coring. A tissue microarray (TMA) block was

made by removing a 2 mm core from each individual paraffin block and re-embedding

multiple donor cores into a recipient TMA paraffin block. Three-micron thick sections were

cut from the donor TMA block, placed on positively charged glass slides and baked
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overnight for 8–15 h at 65°C to minimize potential loss of core samples during automated

staining. Slides were then allowed to cool at room temperature.

Immunohistochemical staining procedure for TCII and TCII-R

Determination of a staining protocol and selection of antibody dilutions were first

determined by automated staining of formalin-fixed, paraffin-embedded NIH-OVCAR 3

xenograft tissues (Tissue Acquisition and Cellular/Molecular Analysis Shared Service,

University of Arizona Cancer Center, Tucson, AZ, USA) using incremental antibody

dilutions and comparing results to those obtained and used in a previous study (12). Tissue

microarray slides were processed in two changes of xylene for 5 min each, and two changes

of 100% histology grade alcohol (anhydrous ethyl alcohol 90±1% v/v, methyl alcohol

approximately 5% v/v, 2-propanol approximately 5% v/v) for 1 min each. Slides were then

processed with one change of 95% histology grade alcohol for 30 s and rinsed. Once

deparaffinization was complete, endogenous peroxidase activity of the sections was

quenched by incubation in 3% hydrogen peroxide for 15 min at room temperature.

Following rinsing and antigen retrieval in a sodium citrate buffer (pH 6.0), heat-induced

epitope retrieval was accomplished using a Dako Pascal pressure chamber (Dako North

America, Carpinteria, CA, USA) at 120°C for 30 s. Slides were cooled, placed into

Supersensitive™ Wash Buffer 20× (Biogenex, Fremont, CA, USA) and loaded onto an

automated stainer (Dako Autostainer Plus; Dako North America, Carpinteria, CA, USA). In

order to reduce nonspecific background staining, slides were blocked by sequential

incubation with avidin and biotin for 25 min each (Avidin/Biotin Blocking System; Covance

Inc., Princeton, NJ, USA), followed by 10 min with a protein block (Background Sniper;

Biocare Medical, Concord, CA, USA). Slides were then incubated for 1 h at room

temperature with the following primary antibodies: rabbit polyclonal antibody against TCII

(TCN2; 1:50 dilution; Proteintech, Chicago, IL, USA) and rabbit polyclonal antibody

against TCII-R (CD320; 1:50 dilution; Proteintech, Chicago IL, USA). After washing, slides

were incubated with a biotinylated secondary antibody for 20 min, followed by an enzyme-

streptavidin-horse radish peroxidase conjugate for 20 min (Supersensitive™ Link-Label

IHC Detection System; Biogenex, Fremont, CA, USA). Immunostaining visualization was

achieved by immersion of slides in diaminobenzidine (DAB) (Betazoid DAB Chromagen

Kit; Biocare Medical, Concord, CA, USA) for 5 min, followed by counterstaining with

Mayer’s hematoxylin for 30 s. Slides were then air-dried. To ensure the specificity of

immunostaining, negative control TMA slides were prepared by omitting the primary

antibody.

Immunohistochemical staining procedure for Ki-67

Tissue microarray slides were processed in two changes of 70% ethanol, two changes of

0.03% hydrogen peroxide in ethanol, and rinsed three times with phosphate-buffered saline

(PBS). Slides were placed into a citrate buffer (pH 6.0) antigen-retrieval solution. Following

antigen retrieval in a sodium citrate buffer (pH 6.0). heat-induced epitope retrieval was

accomplished using a Dako Pascal pressure chamber (Dako North America, Carpinteria,

CA, USA) at 120°C for 30 s. Slides were cooled, rinsed three times with PBS and blocked

with 10% normal horse serum (Quad Five, Ryegate, MT, USA) for 20 min. One TMA slide

was incubated with a mouse monoclonal primary antibody to Ki-67 (Clone MIB-1; Dako
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North America, Carpinteria, CA, USA) at a 1:40 dilution for 1 h; the second TMA slide was

not exposed to the primary antibody in order to serve as a negative control. Both slides were

rinsed three times with PBS and incubated with a horse anti-mouse secondary antibody

(Biocare Medical, Concord, CA, USA) for 10 min. Slides were rinsed three times with PBS

and incubated with streptavidinhorse radish peroxidase (Biocare Medical, Concord, CA,

USA) for 10 minutes. Slides were rinsed three times with PBS, developed with Nova Red

(Vector Labs, Burlingame, CA, USA), counterstained in Mayers hematoxylin for 15 s and

air-dried.

Microscopic evaluation and imaging

Slides were examined by light microscopy using an Olympus BH-2 microscope (Olympus,

Center Valley, PA, USA), fitted with an Olympus DP71 12.5-megapixel, 12-bit digital color

camera with Peltier cooling and DP Manager and Controller software (version 3.0;

Olympus, Center Valley, PA, USA). An ultra-high resolution mode (4080×3072) was used,

and light settings were standardized for all imaging sessions. TCII- and TCII-R-positive

cells exhibited DAB-positive (brown) staining, and Ki-67-positive cells exhibited Nova

Red-positive (red-brown) staining; negative cells stained with the hematoxylin counterstain

only. Stained slides were reviewed by a board-certified pathologist. A representative area of

solid tumor devoid of connective tissue and ischemic necrosis and with even distribution of

cells was selected and digitally photographed for each tissue sample. Digital images for

TCII- and TCII-R analysis were obtained at 10× magnification (200 micron scale bar), and

images for Ki-67 analysis were obtained at 40× magnification (50 micron scale bar). For

Ki-67 analysis, slide labels were omitted in order to minimize extraneous background

staining. JPEG format was used to capture all digital images.

Digital image analysis for TCII and TCII-R

For each image, the color deconvolution method was used to isolate TCII- and TCII-R

positive DAB-stained cells from TCII- and TCII-R negative hematoxylin-stained cells. DAB

and hematoxylin were digitally separated using ImageJ software (version 1.46c; WS

Rasband, National Institutes of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/) and

an ImageJ plugin for color deconvolution (70), which calculated the contribution of DAB

and hematoxylin, based on stain-specific red-green-blue (RGB) absorption (69). Following

deconvolution, scale was set to the 200 micron scale bar on each image. The deconvoluted

image was subjected to histogram analysis, with the lower threshold set at 10, and the upper

threshold set at 100. For each image, three fields of consistent staining were selected and

measured using 200×200 pixel boxes. A value was assigned to each field using ImageJ

software, and the average value of all three fields was used to assign a staining value

(arbitrary units) to each image.

Digital image analysis for Ki-67

Staining was evaluated using ImageJ software and the ImmunoRatio plugin (66) optimized

for Ki-67 nuclear staining and utilizing the color deconvolution method described above

(69). Background correction was performed using an image from an empty slide background

(blankfield image) to address image color balance and uneven illumination. The number of
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Ki-67-positive NovaRed-stained cells over the total number of cells was calculated and used

to assign a staining value (%) to each image.

Statistical analysis

The Spearman rank correlation co-efficient was used as a non-parametric measure of

statistical dependence between TCII, TCII-R and Ki-67 expression. Correlation co-efficient

values were calculated using an online computer software program (Free Statistics Software,

Office for Research Development and Education, version 1.1.23-r7, URL http://

www.wessa.net). Significance was set at p≤0.05.

Results

Immunohistochemical staining values for all xenograft tissues are summarized in Table 1

and tabulated in Figure 1. Digital images of TCII, TCII-R and Ki-67-stained slides are

included in Figure 2.

All tumor xenografts stained positively for TCII, TCII-R and Ki-67. Average/median

staining values of xenograft tumor tissues were 1985/1310 (TCII), 3487/3964 (TCII-R) and

67%/74% (Ki–67). The range of staining values was 98–5793 (TCII), 149–6413 (TCII-R)

and 17–96% (Ki-67).

There was no statistically significant correlation between TCII and TCII-R expression

(Spearman rank coefficient: 0.03, p=0.87). Grouping of tumors by type did not identify any

correlation between these proteins. Thirty-two percent of tumor tissues had staining values

that were higher for TCII than for TCII-R; in these tissues, staining values for TCII were 2

times greater on average than those for TCII-R. Sixty-eight percent of tissues had higher

staining values for TCII-R; in these tissues, staining values for TCII-R were 10 times greater

on average than those for TCII. Immunohistochemical staining values for TCII and TCII-R

varied both between and within xenograft tumor types.

Overall, there was no statistically significant correlation between TCII and Ki-67 expression

(Spearman rank coefficient: −0.22, p=0.21), or between TCII-R and Ki-67 expression

(Spearman rank coefficient: 0.32, p=0.07). Furthermore, there were no statistically

significant correlations between expression of these proteins when tumors were grouped by

type. Staining values for Ki-67 also varied both between and within tumor types.

Serial passage number for each xenograft tumor included in the TMA block was available

for 19 out of the 34 xenograft tissues. Average passage number was 36, and median passage

number was 18.5, with a range of 3 to 169. There was no statistically significant correlation

between passage number and TCII expression (Spearman rank coefficient: 0.29, p=0.22),

TCII-R expression (Spearman rank coefficient: –0.17, p=0.48) or Ki-67 expression

(Spearman rank coefficient: −0.41, p=0.09).

Discussion

This pilot study is one of the first studies attempting to quantify TCII, TCII-R and Ki-67

expression in a variety of xenograft tumor tissues using a standardized IHC staining,

Sysel et al. Page 7

Anticancer Res. Author manuscript; available in PMC 2014 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.wessa.net
http://www.wessa.net


imaging and analysis protocol. All xenograft tissues were developed, passaged, processed

and fixed in a single laboratory, thus minimizing variables such as specimen handling,

fixative selection, fixation duration, paraffin embedding, storage and sectioning that often

complicate comparison of xenograft tissues from multiple sources (74–76). Use of TMA

slides facilitated identical processing, staining, imaging and analysis of all xenograft tissues,

enabling an objective and comparative quantitative analysis of protein expression.

All xenograft tumor tissues stained positively for TCII and TCII-R expression, suggesting an

intracellular demand for cobalamin during DNA synthesis. Of interest was the fact that in

over half the xenograft tissues, staining values for TCII-R were on average 10 times greater

than for TCII. While TCII-R expression is regulated in part by intracellular cobalamin levels

(77, 78), its expression is reported to be more critically regulated by the proliferation and

differentiation status of the cells (10, 11). Studies have shown that cellular proliferation may

be increased in serially passaged xenograft tumor tissues compared to the original tumor

tissues from which the xenografts were derived (79, 80). It is possible that in the xenograft

tumor tissues of this study, increased cellular proliferation in some serially passaged tissue

samples prompted up-regulation of TCII-R expression. Variations in protein expression in

passaged xenograft tissue cell lines may have also influenced the ability to detect discrete

staining patterns within specific tumor types.

All xenograft tumor tissues exhibited positive nuclear staining for Ki-67, indicating that

xenograft tissues were obtained from actively proliferating tumors. Staining values obtained

for Ki-67 in this study were within ranges similar to those determined in previous IHC

studies utilizing xenograft tumor tissues and computer-assisted image analysis methods (81,

82). Lack of significant correlation between Ki-67 and TCII/TCII-R expression was

somewhat surprising, especially considering that vitamin B12 is an essential requirement for

DNA synthesis during rapid cellular proliferation. Physiological and/or technical variables

may have contributed to this finding. While it has been shown that Ki-67 expression

increases during the latter half of the S and G2 phases and peaks in the M phase of the cell

cycle (28), it is unknown whether expression of TCII and TCII-R are linked to specific

phases of the cell cycle during active cellular proliferation. Furthermore, the half lives of

Ki-67 and TCII are relatively short at 60–90 min (28, 83) in comparison to a half life of 8 h

for TCII-R (84). Due to the dynamic process of protein expression, it may have been

difficult to uniformly capture timing of maximal expression for each protein. From a

technical standpoint, Ki-67 expression has been shown to vary between serial passages of

xenograft tissues (79, 80); effects of passaging on TCII and TCII-R expression are less well

known. It is possible that the range of passage numbers between xenograft tissues in this

study may have had a more pronounced effect on Ki-67 expression than on TCII /TCII-R

expression. In addition, comparison of expression between proteins using TMA slides is best

performed with serial tissue sections from the core TMA paraffin block. In this study, the

commercial TMA slides used for IHC staining were obtained from as close to serial cuts as

possible: the slide made from section 20 of the TMA block was used to stain for TCII, the

slide made from section 21 of the TMA block was used to stain for TCII-R, and the slide

made from section 32 of the TMA block was used to stain for Ki-67. Use of a non-

consecutive TMA section for Ki-67 evaluation may have influenced the ability to identify a

correlation between Ki-67 and TCII /TCII-R expression.
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TCII, TCII-R and Ki-67 expression varied both between and within tumor types. Variation

in expression of these proteins between tumor types was not unexpected due to the diversity

of biological characteristics that are unique to each tumor type. Protein expression within

tumor types may have been influenced by the range of serial passages within cell lines of

each tumor type, as well as by small sample size in the 9 of 15 tumor types that were

represented by more than one cell line in the TMA. However, variations in TCII, TCII-R

and Ki-67 expression were evident even within 8 pancreatic tumor cell lines, suggesting a

significant individual component to protein expression and adding strength to the rationale

for personalized cancer medicine.

The use of digital imaging and color deconvolution-based computer image analysis provided

an efficient and effective way to objectively assign a staining value to each image. With the

ImageJ color deconvolution plugin, upper and lower thresholds for histogram analysis of the

deconvoluted images were chosen such that immunostaining was minimal within fragments

of normal tissues apparent in some of the TMA cores. While selection of upper and lower

thresholds was somewhat subjective, these thresholds were standardized for every image,

enabling direct comparison of staining values between xenograft tumor tissues.

Subjective bias in this study may have been introduced by manual selection of the region of

interest for both TMA tumor coring as well as stained slide imaging. However, recent work

has suggested that use of computer-assisted image analysis may be robust enough to

overcome the variability associated with manual selection of the region of interest for

measurement of protein expression (85). Furthermore, microscopic evaluation of tumor

tissues by a pathologist was beneficial in this study as it provided the opportunity to exclude

normal stromal and inflammatory cells from tissue samples, thus overcoming one of the

reported shortfalls of computer-assisted image analysis (85, 86).

This pilot study established a standardized method to comparatively detect and quantify

TCII, TCII-R and Ki-67 protein expression in a variety of xenograft tumor tissues. Results

from this study suggest that proliferative tumors expressing TCII and TCII-R may be good

candidates for diagnostic imaging with agents such as DTPA-adenosylcobalamin, and for

treatment with vitamin B12-based anti-tumor agents such as NO-Cbl. Furthermore,

measurable changes in TCII and TCII-R expression may be useful in assessing response to

anti-tumor therapy and in monitoring for evidence of disease recurrence. These preliminary

results will be used as a starting point to aid in the design of additional studies evaluating the

IHC expression of these proteins in tumor tissues. Future considerations include: i)

measurement of TCII, TCII-R and Ki-67 in naturally occurring tumors; ii) evaluation of

whole tissue sections to address the heterogeneous nature of tumor tissues that may not be

accurately represented in TMA tissue cores; iii) quantification of TCII, TCII-R and Ki-67

expression in adjacent malignant and benign tissues to identify and measure biomarker up-

regulation in proliferative tumor tissues; and iv) quantification of TCII, TCII-R and Ki-67 in

patient tumors and correlation with outcome, prognosis and monitoring following therapy

with cobalamin analogs such as NO-Cbl in a clinical trial setting. Results of these studies

may support the use of immunohistochemical quantification of TCII, TCII-R and Ki-67

protein expression as a screening tool to detect tumors and to help tailor treatment selection

and monitoring of anti-tumor therapies.
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Figure 1.
Immunohistochemical expression of the transcobalamin II transport protein (TCII),

transcobalamin II cell surface receptor (TCII-R) and proliferative index (Ki-67) in human

cancer xenografts. Immunohistochemical staining was performed using TCN2 (anti-TCII),

CD320 (anti-TCII-R) and MIB-1 (anti-Ki-67)-specific antibodies. Ki-67 percentages were

multiplied by 100 to enable use of the y axis scale.
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Figure 2.
Tumor tissue sections, immunohistochemically stained for TCII (TCN2 antibody, 10×

objective), TCII-R (CD320 antibody, 10× objective) and Ki-67 (MIB-1 antibody, 40×

objective), are shown from left to right for each xenograft tissue sample: (1) breast

carcinoma MCF7/S; (2) Breast carcinoma MDA-MB-231; (3) breast carcinoma ZR-75-1;

(4) cervical carcinoma C-33A; (5) cervical carcinoma Ca Ski; (6) cervical carcinoma HeLa;

(7) colonic carcinoma HCT-116; (8) colonic adenocarcinoma HT-29; (19) epidermoid

carcinoma A431NS; (10) Ewing’s sarcoma CHP-100; (11) glioblastoma multiforme SF-767;
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(12) leukemia MDS/SP1; (13) B-cell lymphoma Granta-4; (14) Burkitt’s lymphoma Ramos;

(15) Burkitt’s lymphoma Raji; (16) melanoma A375; (17) non-small cell lung cancer

(NSCLC) adenocarcinoma H1975; (18) NSCLC carcinoma MV-522; (19) NSCLC

carcinoma NCI: H460; (20) ovarian carcinoma 2780AD; (21) ovarian carcinoma NIH-

OVCAR-3; (22) pancreatic adenocarcinoma AsPC-1; (23) pancreatic adenocarcinoma

BxPC-3; (24) pancreatic adenocarcinoma CAPAN-2; (25) pancreatic adenocarcinoma

CFPAC-1; (26) pancreatic adenocarcinoma HPAF-II; (27) pancreatic adenocarcinoma MIA

PaCa-2; (28) pancreatic carcinoma Panc-1; (29) pancreatic carcinoma SU.86.86; (30)

prostatic carcinoma DU-145; (31) prostatic adenocarcinoma PC-3; (32) renal

adenocarcinoma ACHN; (33) renal carcinoma Caki; and (34) uterine epithelial carcinoma

RL 95-2.
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