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Abstract

Cobalamin, also known as vitamin B12, is an essential cofactor involved in one-carbon
metabolism, mitochondrial function, and epigenetic regulation. As humans rely entirely on
dietary intake of cobalamin paired with a highly coordinated absorption and transportation
system, disruptions to this metabolic process can have profound health consequences.
Breast cancer, the most frequently diagnosed malignancy among women worldwide, ex-
hibits distinct metabolic adaptations, including altered cobalamin uptake and dependency
on B12-driven biochemical pathways. This review summarizes the molecular mechanisms
governing cobalamin metabolism, with a focus on absorption, transport, and intracellular
processes relevant to breast cancer biology. We then examine how breast cancer cells repro-
gram these pathways. Finally, we evaluate emerging pharmaceutical strategies that target
cobalamin metabolism, including B12-based imaging probes, cobalamin-conjugated drug
delivery systems, and inhibitors of B12-dependent enzymes. Although these approaches
show promise, further research is needed to define subtype-specific metabolic signatures,
optimize cobalamin-mediated drug targeting, and clarify how systemic B12 status influ-
ences therapeutic response. By integrating biochemical, epidemiological, and translational
perspectives, this review outlines how cobalamin-centered strategies may contribute to
more precise diagnostic and therapeutic options for breast cancer.

Keywords: breast cancer; cobalamin; transcobalamin CD320; haptocorrin; imaging; cancer
detection; megalin

1. Introduction

Cobalamin (Cbl) is a water-soluble vitamin that is biosynthesized by bacteria and
archaea [1,2]. Humans are unable to synthesize Cbl; therefore, it must be obtained from
animal products, fermented plant-based foods, or supplements [3,4]. Cbl holds a distinctive
place in human biology as the only known cobalt-bound biomolecule and the largest vita-
min in the human body. Cbl’s chemical structure resembles the heme structure present in
hemoglobin, with a corrin ring connected to a 5,6-dimethyl benzimidazole, with diversity
afforded by different ligands (R). These ligands include hydroxyl, cyano, methyl, and
deoxyl-adenosyl groups, which are conjugated to the cobalt core (Figure 1). Its unique
molecular structure enables it to serve as a critical cofactor for two essential enzymes in
humans: 5-methyltetrahydrofolate-homocysteine methyltransferase and mitochondrial
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methylmalonyl-CoA mutase. These enzymes are fundamental to human metabolism, play-
ing vital roles in methionine synthesis and fatty acid metabolism, respectively [5]. Cbl
metabolism in humans is complex and requires specialized proteins which facilitate its ab-
sorption and transport, including haptocorrin (HC), intrinsic factor (IF) and transcobalamin
(TC), that are encoded by TCN1 [6], CBLIF [7] and TCN2 [8], respectively (Table 1).

Cancer is currently the leading cause of death worldwide [10]. In a recent publication,
Zhao et al. reported an almost 80% increase in new cancer cases among people under
50 years old around the world in the period 19902019 [11]. In this study, early-onset breast
cancer was linked to a high mortality rate [11]. Breast tumors can be histopathologically
classified as hormone receptor-positive or -deficient. Within these two types of breast
tumors are distinct subtypes based on the expression of the human epidermal growth
factor receptor 2 [12,13]. It is well-known that among these two types of breast tumors,
triple-negative breast cancer is considered more aggressive [14].

Herein, we explore the relationship between Cbl metabolism and breast cancer, with
a specific focus on how Cbl can be utilized in two key clinical applications: as a delivery
vector for cancer treatments and as an imaging tool for diagnostic purposes in breast
cancer management.
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Figure 1. Chemical structure of cobalamin made on Chemdraw V25.5.

Table 1. Expression of genes related to human Cbl metabolism. Data was obtained from GeneCards
(https:/ /www.genecards.org, accessed on 18 October 2025) [9] and GTEx Analysis Release V8 (dbGaP
Accession phs000424.v8.p2) (https://gtexportal.org, accessed on 18 October 2025).

Organs with Highest Gene

Protein Gene Chromosomal Location :
Expression
Haptocorrin TCN1 11q12.1 Salivary gland, bl(?od, esophagus,
stomach, vagina, spleen
Intrinsic factor CBLIF 11q12.1 Stomach
Breast, adipose (visceral and
subcutaneous), spleen, lung, breast,
Transcobalamin TCN2 22q12.2 small intestine (ileum), thyroid,
uterus, testis, adrenal gland,
Fallopian tube.
Cubilin CUBN 10p13 Kidney, thyroid, ovary, testis,

pituitary, small intestine (ileum).
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Table 1. Cont.

Organs with Highest Gene

Protein Gene Chromosomal Location <
Expression
Amnionless AMN 14q32.32 Small mte:i;jcme (ileum), colon, kidney,
iver, esophagus.
Megalin LRP? 2q31.1 Thyrmd, .k1dney, 'bram, breast,
adipose tissue (visceral), lung.
Testis, spleen, thyroid, breast,
Transcobalamin adipose tissue, uterus, artery,
receptor D320 19p13.2 Fallopian tube, colon, small intestine
(ileum), prostate, ovary.
Asialoglycoprotein ASGR1 17p13.1 Liver
receptor 1
Asialoglycoprotein ASGR2 17p13.1 Liver, blood, spleen
receptor 2
Esophagus, aorta, thyroid, lung,
ATP Binding Cassette testis, prostate, colon, bladder, spleen,
Subfamily C Member ABCC1 16p13.11 vagina, cervix, uterus, small intestine,
1 stomach, ovary, Fallopian tubes,
breast.
2. Topics

2.1. Cobalamin Metabolism

Cbl can be obtained from different foods, mainly animal-derived products such as
meat, fish, eggs and dairy [15]. Cbl absorption’s process starts in the mouth, where
chewing stimulates the secretion of the Cbl binding protein haptocorrin (HC) from salivary
glands [16] (Figure 2). Upon arrival to the stomach, Cbl is freed from the food matrix by
the collaborative action of HCl and pepsin [17,18] and is then bound to HC to prevent
hydrolysis of Cbl by the acidic stomach secretions [19,20]. In the stomach, specialized
epithelial cells named parietal cells produce and secrete another Cbl-binding protein,
intrinsic factor (IF), that also forms part of the chyme [21]. Once in the duodenum, the
pancreatic proteases release Cbl from HC [22,23], allowing IF to bind Cbl [21].

Then, the IF: Cbl complex is absorbed in the last portion of the small intestine, the
ileum [24]. The absorption of IF: Cbl is mediated by the Cubam receptor (Cubilin and
Amnionless) located in the apical surface of the ileal cells [25]. Within the ileal cells, Cbl is
released from IF and exported to the bloodstream through ATP-binding cassette (ABC)-
drug transporter, ABCCI [26]. Once in the bloodstream, Cbl binds HC synthesized by blood
cells [27] or transcobalamin (TC) produced by vascular endothelial cells [28]. In the blood,
around 85% of Cbl is bound to HC, while the remaining Cbl is bound to TC [29].

Megalin [30] and the transcobalamin receptor (CD320) [31,32] mediate the uptake
of TC: Cbl from blood into cells. On the other hand, hepatocytes uptake the HC: Cbl
through the asialoglycoprotein receptors [33] and secrete Cbl into bile [34,35], as part of the
entero-hepatic circulation of Cbl.

Within the cell, Cbl is utilized as a cofactor of relevant metabolic pathways: tricar-
boxylic acid, methionine, and folate cycles (reviewed in [31,36,37]). Therefore, Cbl presence
is essential for key functions of cells. As expected, Cbl deficiency due to malabsorption is
observed in patients with diseases that affect the stomach [38], small intestine [39], or pan-
creas [40]. Importantly, Cbl metabolism has been linked to increased proliferation of cancer
cells [31,41]. In support of this idea, epidemiological studies have shown a direct associa-
tion between elevated serum Cbl and the occurrence of cancer [42—44] and mortality [45].
In particular, Lacombe et al. determined that sustained plasma Cbl concentrations of
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>1000 ng/mL showed a strong association with solid cancer occurrence [42], and Chang-
Gu et al,, in a retrospective study, determined that elevated serum/plasma B12 was associ-

ated with shorter median overall survival and with increased metastasis in colon cancer
patients [46].

A Cobalamin ABCCH

. Dietary matrix LI" Cubam receptor
Intrinsic factor
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. Transcobalamin
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Figure 2. Cobalamin human metabolism. Cbl is obtained from different food sources, such as meat
and dairy products. The matrix that is bound to Cbl in food sources is replaced in the stomach
by haptocorrin secreted in the saliva. Once in the small intestine, pancreatic proteases release Cbl
from haptocorrin, and Cbl is then bound to the gastric intrinsic factor. This IF-bound complex
is then uptaken by intestinal cells, and free Cbl is released to the bloodstream, where it binds
to transcobalamin. Cells from different tissues can uptake Cbl bound to transcobalamin for its
intracellular metabolism in folate, methionine, or the TCA cycles. The figure was generated with the
help of Microsoft® PowerPoint for Mac version 16.105.

2.2. Breast Cancer and Cobalamin

It has been demonstrated that breast cancer cells express receptors for Cbl-binding
proteins. Analysis by immunohistochemistry of tumor xenografts derived from the human
breast cancer cell lines MCF-7, ZR-75, and MDA-MB-231 showed that both TCN2 and
CD320 are expressed in this model of solid tumor development [47], suggesting that
breast cancer cells possess the ability to absorb Cbl. Notably, the triple-negative breast
cancer (TNBC) cell line MDA-MB-231 exhibits significantly higher levels of CD320 protein
expression compared to the ER+/PR+ breast cancer cell line MCF-7 [47], implying that
Cb1 metabolism may confer a more aggressive phenotype. Moreover, CD320 expression
is upregulated in breast cancer stem cells. Importantly, Jiang et al. [48] reported that
the promoter of CD320 contains binding sites for transcription factors involved in cell
proliferation, which could be further exploited by cancer cells for promoting tumor growth
or resistance to apoptosis. Moreover, downregulation of CD320 decreases cell proliferation
in vitro [41]. Thus, the CD320 expression in breast cancer cells may facilitate the endocytosis
of TC: Cbl to promote tumor growth.

In addition, gene expression of Megalin (LRP2) has been detected to be higher in the
ER+/PR+ breast cancer cell lines MCE-7 and T-47D compared to immortalized human
mammary cells [49]. Although no mechanistic studies on Megalin’s role in breast cancer are
available, it has been reported that metformin-induced downregulation of megalin induces
cell death of thyroid cancer cells in vitro via the c-Jun N-terminal kinase [50]. Moreover,
siRNA-mediated downregulation of LRP2 decreased cell proliferation and increased cell
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death in melanoma cells [51]. Further studies are still required to define the role of Megalin
in TNBC cells and metastasis.

Few studies have addressed the roles of Cubilin and Amnionless in breast cancer.
So far, Cubilin gene expression has been detected in T-47D breast cancer cells, but not in
MCEF-7 cells [49,52]. Meanwhile, the expression of Amnionless in breast cancer has not
been addressed.

Interestingly, it has been reported that HC is highly expressed in lobular, ductal, and
mucinous human breast tumor cells [53], suggesting that the asialoglycoprotein receptors
might be upregulated in these tissues to ensure the uptake of HC: Cbl. Although no
specific studies to define the role of asialoglycoprotein receptors in human breast tissue
have been conducted, it has been reported that the breast cancer line MCF-7 does not
express ASGR1 [54,55]. Since the asialoglycoprotein receptor 2 promotes migration and
metastasis of gastric cancer cells [56], more studies are required to evaluate the expression
and function of the asialoglycoprotein receptors in aggressive TNBC.

As aforementioned, ABCC1 functions as a free-Cbl exporter in ileal cells [26]. Using
immunohistochemistry, it has been shown that ABCC1 expression levels remain comparable
between normal breast tissue and different breast cancer subtypes (both estrogen receptor-
positive and triple-negative breast cancers) [57]. Although more experiments should be
performed to clearly delineate the role of ABCC1 in breast cancer cells, this report indicates
that Cbl export through ABCCI may not influence breast cancer cell growth.

Interestingly, it has been recently suggested that Cbl promotes proliferation and pre-
cludes cisplatin-induced apoptosis in breast cancer cells by preserving mitochondrial
membrane potential and decreasing the activation of caspases [58]. Altogether, the infor-
mation presented here points to the idea that breast cancer is able to uptake Cbl mainly
through CD320 to proliferate and acquire resistance to chemotherapy. This hypothesis
should be further tested in pre-clinical and clinical studies.

2.2.1. One-Carbon Metabolism and Breast Cancer Risk

One-carbon (1C) metabolism is a critical biochemical network that integrates B vita-
mins, folate, riboflavin (B2), pyridoxine (B6), and Cbl to support nucleotide synthesis, DNA
methylation, and genomic stability [59]. Dysregulation or hyperactivation of this pathway
can alter epigenetic patterns and promote carcinogenesis by influencing chromatin structure
and gene expression through changes in methyl donor availability (S-adenosylmethionine,
SAM) [60]. Epidemiologic studies indicate that adequate intake of B vitamins, particularly
folate, is associated with reduced breast cancer risk, whereas deficiencies may increase
susceptibility [59]. Furthermore, Zeng et al. suggest that B vitamins involved in one-carbon
metabolism may play a protective role against breast cancer, particularly ER+/PR+ sub-
types. However, given the inconsistent evidence reported thus far and the likelihood that
the relationship between B vitamins and breast cancer risk is influenced by multiple, as
yet unidentified factors, further research is needed [61]. Notably, Zhang et al. identified
seven 1C metabolism-related genes that could be used to generate a risk score model to
accurately predict the prognosis of breast cancer patients, including MAT2B, DNMT3B,
AHCYL1, CHDH, SHMT2, CHKB, and CHPT1, using a risk score model that accurately
predicts the prognosis of breast cancer patients [62]. Through this model, they found that
high-risk patients are characterized by elevated expression of SHMT2 and DNMT3B, higher
mutational burden, unfavorable tumor microenvironments with low levels of T follicular
helper cells and naive B cells, and higher neutrophil infiltration. The study also found
that MAT2B and CHKB are closely associated with immune checkpoints, suggesting that
patients with elevated expression of these genes may benefit from immune checkpoint
inhibitors. Additionally, the model revealed differences in drug sensitivity between high-
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risk and low-risk groups, providing a potential tool for personalized chemotherapy and
immunotherapy. Enrichment of pathways such as the IL-17 signaling pathway in high-risk
patients and peroxisome metabolism in low-risk patients further highlights the role of
1C metabolism in BC progression and treatment response. These findings offer valuable
insights into BC prognosis and therapeutic strategies [62]. Later, Galvez Navas et al. also
related some of the genes mentioned by Zhang et al. in an in silico functional database
study [63]. Additionally, genetic polymorphisms in key enzymes of the 1C metabolism
pathway, such as methylenetetrahydrofolate reductase (MTHFR), have been linked to vari-
ations in breast cancer risk, with certain alleles conferring higher susceptibility, especially
in individuals with low folate intake [64]. These findings underscore the importance of
1C metabolism in breast cancer etiology and highlight potential targets for genetic and
nutritional risk stratification, including Cbl.

2.2.2. Epigenetic Reprogramming: The Influence of Cobalamin on Breast Cancer
Gene Expression

Epigenetic reprogramming denotes the process by which gene expression is altered
without altering the underlying DNA sequence, as modifications like DNA methylation,
histone formation, and chromatin remodeling are erased and re-established. This process
occurs naturally during early embryonic development and in the formation of germ cells,
where it resets the epigenetic landscape to a pluripotent state, allowing for proper devel-
opment and differentiation [65]. Cancer development involves a close interplay between
genetic and epigenetic mechanisms, both of which contribute to the malignant phenotype.
Epigenetic alterations can lead to gene mutations, while mutations often occur in genes
responsible for regulating the epigenome. These alterations are typically manifested as
abnormal DNA methylation patterns, disrupted histone post-translational modifications,
and changes in chromatin structure or organization. Most epigenomic disturbances arise
from dysfunctions within the cellular epigenetic machinery, leading to altered expression
of genes that are otherwise genetically normal. In some cases, these epigenetic disruptions
directly cause changes in gene activity. The identification of an epigenetic landscape of
cancer has provided significant insights into tumor initiation, progression, and potential
strategies for diagnosis, therapy, and prevention [66,67].

In breast cancer, key epigenetic mechanisms include DNA methylation, histone mod-
ifications, and non-coding RNA regulation, all of which play crucial roles in the onset
and progression of the disease. Epigenetic alterations often induced by genetic mutations
(~30%) and sporadic influences (~70%) disturb normal gene expression patterns and acti-
vate transcriptional pathways associated with processes such as cell dedifferentiation and
epithelial-to-mesenchymal transition, facilitating the transformation of healthy cells into
malignant ones. As breast cancer progresses, its epigenetic landscape undergoes continuous
changes. The complex interaction between accumulating genetic and epigenetic alterations,
along with influences from the microenvironment, shapes the phenotypic diversity of
cancer cells and promotes tumor advancement, including the development of invasive and
metastatic traits [68].

As described in Section 2.1, folate and other methyl-associated B vitamins, including
Cbl, are essential nutrients that play crucial roles in DNA synthesis, repair, and methylation
(processes intricately connected to epigenetic regulation). These vitamins are central to
maintaining genomic stability and modulating epigenetic mechanisms involved in can-
cer progression [69,70]. 1C metabolism supports various cellular processes by providing
one-carbon units (methenyl, formyl, and methyl groups) required for molecular synthesis,
nucleotide balance, gene expression control through epigenetic mechanisms, and antioxi-
dant defense. This system forms a core biochemical foundation for understanding how B
vitamins affect gene expression [71]. Acting as a coenzyme in methyl transfer reactions,
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Cbl facilitates the conversion of homocysteine to methionine, generating the methyl groups
necessary for biosynthetic methylation [72]. Additionally, methylcobalamin helps regener-
ate the folate cofactor 5-methyltetrahydrofolate into tetrahydrofolate, enabling the folate
cycle to continue its role in the synthesis of purines and pyrimidines [73] (Figure 3).

Epigenetic
w Regulation

DNA synthesis
repair
methylation

One-Carbon (1C)
metabolism
Methyl (CH3)

N\

7'y gg‘(l l
e
£ Gene Expression

Nucleotide Balance
Antioxidant Defense

Figure 3. Cellular one-carbon (1C) metabolism. After cellular Cbl uptake, Cbl is metabolized to
regulate nucleotide balance, gene expression, and DNA repair and to promote antioxidant defense
(made on BioRender® https:/ /app.biorender.com /user/signin accessed on 18 October 2025).

The clinical significance of breast cancer is evidenced by findings that Cbl and me-
thionine participate in 1C metabolism. This process is essential for DNA synthesis, repair,
and methylation, and a deficiency in these nutrients may interfere with DNA methyla-
tion and synthesis, leading to aberrant gene expression, DNA instability, and eventual
development of cancer [71]. Earlier studies of Naushad et al. found that homocysteine
and polymorphisms in 1C metabolism genes modulate the epigenetic regulation of two
pivotal genes (RASSF1 and BRCA1), thereby exerting a direct influence on breast cancer
progression and elucidating the methionine dependency characteristic. They also observed
an inverse correlation between Cbl levels and DNA methylation at the RASSF1 and BRCA1
loci, suggesting that, if validated clinically, maintaining optimal Cbl status could represent a
promising public health intervention to mitigate breast cancer risk [74]. Later, it was found
in an analysis for breast cancer patients that combined deficiencies of folate and Cbl may
elevate the incidence of breast cancer tumors exhibiting altered methylation at the RARB
and BRCA1 genes. While RASSF1A transcription appears to be only modestly influenced
by 1C metabolism nutrients, its methylation-driven downregulation may offer deeper
insights into the gene-specific regulatory roles of individual one-carbon metabolites [75].
Galvez-Navas et al. confirmed direct correlations between 1C metabolism, B vitamins, and
different genes in breast cancer, including RARB, BRCA1, and RASSF1A [63].

Recent findings indicate that transient expression of the reprogramming factors OCT4,
S50X2, KLF4, and MYC (OSKM) in mice leads to a systemic depletion of Cbl and induces
molecular signatures characteristic of methionine deprivation. Supplementation with Cbl
has been shown to enhance reprogramming efficiency both in vivo and in cultured cells,
suggesting a cell-intrinsic mechanism. The authors propose that similar plasticity-driven
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mechanisms may be conserved across multiple adult tissues with limited regenerative
capacity, implying that Cbl could likewise facilitate tissue repair in these contexts [76].

2.3. Targeting Breast Cancer Cobalamin Metabolism

A retrospective study of hospitalized cancer patients in Italy showed that Cbl hy-
pervitaminosis was found to be associated with a worse clinical condition and that Cbl
levels were significantly elevated in advanced cases compared to early-stage patients [77].
Additionally, Haghighat et al. found that serum levels of Cbl in patients with breast cancer
are higher than in healthy individuals [78]. These works highlight the importance of Cbl
metabolism in breast cancer, which could be used for targeting these malignant cells.

Emerging strategies in cancer metabolism highlight several potential therapeutic tar-
gets within the 1C metabolism pathway. Inhibiting Cbl uptake through the transcobalamin
receptor CD320 may restrict vitamin B12 availability to tumor cells. The evidence that
breast cancer cells can uptake Cbl, combined with Cbl transport mechanisms, suggests that
developing modified Cbl derivatives could serve as an effective strategy for delivering
anti-cancer drugs specifically to breast cancer. In fact, an early study by Bagnato et al.
found that a colchicine derivative conjugated to Cbl was cytotoxic to the breast cancer cell
line SK-BR-3 exposed for 96 h [79]. In addition, it has been reported that Cbl derivatives
can target lysosome and mitochondria function in MCEF-7 cells with cytotoxic activities
(ICs50) below 10 uM [80].

Another interesting strategy is to target rapidly dividing cancer cells with anticancer
agents bound to antibodies against CD320. Since it has been reported that cancer cells
(including MCF-7 and MDA-MB-231 cells) show an increased and sustained expression of
CD320, Quadros et al. developed a monoclonal antibody against the extracellular domain
of CD320 coupled to saporin, an inhibitor of ribosomal assembly [81]. This treatment
inhibited the cancer cell growth in vitro more efficiently than in normal cells. However, no
in vivo assays have been performed with this conjugate.

Recently, an increased interest in in vivo imaging of primary and metastatic tumors
using radioisotope-labeled Cbl is under development. Thus, 8zirconium-labeled Cbl
was demonstrated to be uptaken by the CD320-expressing breast cancer cell line MDA-
MB-453 [82], indicating that Cbl derivatives may be used as suitable tracers for tumor
visualization. In another study, '!lindium labeled Cbl (*''I-Cbl) was detected in breast
tumors of invasive ductal carcinomas, high-grade ductal carcinoma in situ, invasive lobular
carcinoma, and inflammatory breast cancer in women with breast cancer intravenously
injected with M1-Cbl prior to biopsy or breast surgery [83]. Interestingly, the signal
intensity was significantly higher in triple-negative and HER2-positive tumors compared to
ER+/PR+ tumors. This latter finding was confirmed using the triple-negative breast cancer
line MDA-MB-231 in murine xenograft tumor models [83]. The clinical and pre-clinical
evidence indicates that radioactive-labeled Cbl is a plausible method to detect breast cancer
cells in vivo and also supports the idea of using CD320 to target these cells.

The integration of Cbl with photodynamic therapy represents an innovative therapeu-
tic strategy in breast cancer treatment. Mantareva et al. investigated the potential of Cbl-
modified compounds by creating derivatives that incorporated Zinc(II)-phthalocyanines,
which are light-sensitive compounds. Using two distinct breast cancer cell lines, MCF-7
and MDA-MB-231, they demonstrated that the presence of Cbl enhanced the effectiveness
of photodynamic therapy [84]. This improvement is likely to occur because Cbl facilitates
better cellular uptake and targeting of the photosensitive compounds. When exposed to
light, these compounds trigger cell death specifically in cancer cells.

Researchers are investigating the transcobalamin receptor CD320 and Cbl-dependent
metabolic pathways as emerging therapeutic targets to inhibit cancer cell proliferation. La-
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combe et al. conducted a comprehensive analysis examining the role of Cbl and transcobal-
amins in cancer diagnosis and prognosis, as well as their potential application in ther-
apy [85]. Their study delves into how Cbl-dependent pathways function within cancer
cells, alongside variations in plasma and tumor levels of transcobalamins, ultimately lead-
ing to novel proposals for screening and treatment strategies that integrate these elements
(Figure 4).

Labeled ﬁz ‘.Drug-linked
cobalamin Y cobalamin

Transcobalamin
receptor (CD320)

A

Breast cancer

A Cobalamin

cel
Transcobalamin
Transcobalamin

. receptor
Imaging Treatment

Figure 4. Novel strategies to target breast cancer cells based on vitamin B12 metabolism. Considering
that breast cancer cells and breast cancer stem cells express CD320, the proposal to apply novel
therapies or detection tools with modified Cbl becomes a plausible strategy for treatment and imaging.
Therefore, Cbl-based vectors may be useful to target breast cancer cells or stem cells. These vectors
could carry radionuclides labeled cobalamin (yellow star) or chemotherapeutic-conjugated cobalamin
(red circle) for visualization with magnetic resonance imaging or specific anticancer treatment. The
figure was generated with the help of Microsoft® PowerPoint for Mac, version 16.105.

As aforementioned, targeting Cbl metabolism of breast cancer cells through CD320
interaction with TCN2 shows a plausible way to detect and attack breast cancer cells,
especially since CD320 is cell-cycle-regulated and upregulated in highly proliferating
cells such as many cancer types, meaning that individuals with tumors or high-turnover
tissues can show markedly higher CD320 expression compared with healthy controls. In
this context, it would be relevant to detect polymorphisms present in both CD320 and
TCN2 to improve the success of this personalized treatment, as CD320 polymorphisms
were reported to promote functional variability in receptor abundance or activity between
subjects [86,87]. Similarly, a missense polymorphism in TCN2 has been reported to change
the transcobalamin structure and negatively affect its interaction with its receptor [88].
Taken together, the available evidence suggests that pre-therapeutic screening for CD320
and TCN2 polymorphisms should be considered to optimize the efficacy of Cbl-based
anticancer therapies.

3. Limitations and Conclusions

With respect to the potential clinical applications of cobalamin and its derivatives,
Wolffenbuttel et al. reviewed the therapeutic use of these compounds and reported evi-
dence demonstrating that cobalamin is essential for the restoration of normal hematological
function, including the reversal of anemia, as well as for neurological recovery, with
documented improvements in cognitive impairment and peripheral neuropathy [89]. In ad-
dition, cobalamin supplementation supports the normalization of key metabolic pathways.
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The authors further note that long-term parenteral administration of hydroxocobalamin,
even at high doses, is generally well tolerated, with decades of clinical experience indicating
minimal systemic toxicity. Reported adverse effects associated with hydroxocobalamin are
uncommon and include transient hypokalemia during initial treatment, dermatological
reactions such as acne or rosacea, and rare hypersensitivity responses. In contrast, isolated
reports suggest that high-dose cyanocobalamin may, in rare cases, be associated with
neuropsychiatric and dermatological adverse effects [90]. Moreover, emerging evidence in-
dicates that excessive vitamin B12 intake may alter gut microbiota composition, potentially
increasing susceptibility to infection [91]. Future studies incorporating novel biomarkers
and accounting for potential risk modifiers and genetic polymorphisms are warranted to
better clarify these associations.

Cbl metabolism plays an active role in breast cancer cells, as suggested through
extensive research. These cancer cells exhibit a sophisticated mechanism for Cbl uptake,
characterized by their ability to both produce and secrete TC and express TC receptors.
This natural biological pathway makes Cbl particularly valuable as a delivery vehicle in
breast cancer applications. The versatility of Cbl as a vector stems from this inherent uptake
system, making it an excellent candidate for two key applications: carrying pro-drugs
directly to cancer cells and serving as a carrier for imaging labels. This dual functionality of
Cbl and its ability to serve both therapeutic and diagnostic purposes make it an especially
promising tool in the development of targeted breast cancer interventions. It should
be highlighted that there is a lack of in vivo studies as a proof-of-concept methodology,
as well as clinical trials to fully validate the usefulness of targeting Cbl metabolism in
breast cancer.
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