
Core-1 (Galβ1-3GalNAcα1-Thr/Ser) is an interme-

diate structure in the biosynthesis of O-glycans of the

mucin type. It was detected by serendipity as a blood

group-related antigen (occurring on contaminated red

blood cells) in the mid-twenties of the last century, and

named after the authors Thomsen–Friedenreich (TF or T)

antigen [1]. Its chemical nature was described by Gerhard

Uhlenbruck in the sixties [2]. However, it was only in 1975

that Georg F. Springer determined that TF is in fact a

tumor antigen, or more correctly an oncofetal antigen [3,

4]. Since then many publications have confirmed the out-

standing tumor specificity [5, 6] and broad tumor distribu-

tion (e.g. [7-11]) of this glycan structure in adult human

tissues. In spite of this fact, the TF antigen has attracted

much less attention than most other tumor antigens. One

reason may be that it is a glycan and not a protein. As such,

it requires a different experimental approach, and its

expression follows divergent and complex rules. Another

fact is that specific antibodies to this structure were diffi-

cult to generate and are relatively rare [12].

Whereas the tumor specificity of TF in adult human

tissues is very high, its sensitivity is not. Immunohisto-

chemical studies have shown that TF is expressed on many

different tumor types, especially on epithelial tumors.

However, the percentage of positive cases varies among

carcinoma types from almost 100% in ovarian cancer, 85%

in breast cancer, 60% in colon cancer, and 50% in acute

lymphatic leukemia (T cell ALL) to around 15% in renal

cell cancer. In addition, the frequency of TF-positive cells

within individual tumors varies. Studies with human cell

lines revealed a similar expression pattern. Whereas nor-

mal (non-malignant) cell lines are throughout negative,

tumor cell lines are in most but not all cases TF-positive,

and often not all cells are actually stained even after

cloning. In addition, the percentage of positive cells of a

given cell line may vary over time for unknown reasons.

The variability of expression of the Thomsen–

Friedenreich glycotope on cancer cells has an obvious

impact on its potential use as a therapeutic target. Some

evidence suggests that TF may be a (not necessarily

exclusive) marker of cancer stem cells [13]. In this case,

TF would be a promising therapeutic target irrespective of

its absence on parts of the tumor. Therefore, the mecha-

nisms leading to the expression of this exceptional tumor

antigen should be of considerable interest.

CARRIER MOLECULES OF CORE-1/TF

TF does not exist as such in the body. It is exclusive-

ly expressed on carrier proteins. Whether it is also found

on glycolipids is not certain. Glycolipids often carry a
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structurally related glycan, Galβ1-3GalNAcβ1- (the so-

called TFβ antigen), which is immunologically distinct,

and is not per se a tumor antigen. Two questions arise:

first, which proteins are carrier proteins of TF, and sec-

ond, how are these carrier molecules distributed?

TF is a ubiquitous primary (core-1) sequence of O-

glycans. As such, it is present on almost all membrane

glycoproteins of the mucin type, although immunologi-

cally masked through the elongation of the sugar chain.

Since the expression (or more correctly demasking) of TF

on tumor cells is generally considered as the result of dis-

torted (truncated) glycosylation [14], many glycoproteins

should theoretically be candidate carriers of TF after

malignant transformation. However, this is apparently not

the case. In Western blots of tumor cell lysates, only one

or very few TF-positive bands are detected. So far, only a

handful of carrier proteins have been identified [13, 15].

Each of them is apparently characteristic for a certain

tumor type, e.g. CD44 for colon cancer, MUC1 for breast

cancer, or CD34 for leukemia. Interestingly, most of these

proteins are known stem cell markers [13]. The reason for

this selectivity is not known. The simplest answer would

be that the identified carrier molecule is the most promi-

nent glycoprotein of the cell in question. However, the

fact that in most cases not all cells of the tumor are TF-

positive also speaks in favor of a selective process. This is

clearly different from embryonic epithelial cells, and also

different from normal adult cells after treatment with sial-

idase, in which case virtually all epithelial cells are TF+.

Therefore, it is even more important to ask what may

control the expression of TF on tumor cells.

EVIDENCE FOR ENZYME ACTIVITY CHANGES

The first question to be asked is whether common

changes in the expression and/or activity of enzymes

involved in the glycan biosynthesis, for instance glycosyl-

transferases, are observed in tumor cells. This has been

examined in numerous studies and assessed in several

reviews [16-19]. A drawback of most of these studies is

that they were performed on tumor cell lines, which in

most cases are derived from ascites cells and do not rep-

resent primary tumors.

The best examined tumor types in respect of glyco-

sylation defects are colon and breast cancer. Normal

colonic epithelial cells express predominantly glycans of

the core-3 type (table), whereas colorectal cancers

express core-1 and other short glycan chains. The

enzyme responsible for the elongation of the primary

GalNAc residue to core-3, core3GlcNAcT, is dimin-

ished in colon cancer [16]. This might redirect the glyco-

sylation towards core-1. In a similar way C2GnT2, which

leads to further extension of core-3, is often diminished

[20]. The interpretation of data from certain other

enzymes is not as easy. For example, in a study encom-

passing 40 primary colorectal cancer cases, four relevant

glycosyltransferases were examined by RT-PCR (and

partly also for their enzyme activity) and correlated with

the expression of TF [21]. Three sialyltransferases, which

are able to modify (mask) core-1, were found to be

enhanced in colorectal cancer, but not in inverse corre-

lation with the expression of core-1 (TF), as could have

been expected. Normal breast epithelial cells express

predominantly core-2-related glycans (table). Breast

cancer cells carry sialyl-Tn, TF, and sialyl-TF. ST3Gal-I

is consistently overexpressed in breast cancer [22]. At the

same time, C2GnT1 expression is lower than in normal

breast tissue [22], consistent with the observed decline in

core-2 glycans and the accumulation of TF. In other

studies, no mutants or major changes of the relevant

transferases were found. Among hundreds of breast car-

cinoma samples, no sign of loss of activity of the core-1

transferase (C1GalT) was seen [23]. In a recent study on

46 cases of pancreatic cancer, no evidence for mutations

in any of over 200 different transferases examined was

observed [24]. Instead, the chaperone COSMC was

found hypermethylated in 40% of these cases. COSMC

is necessary for the activity of C1GalT1 [25]. Another

aspect to be considered is the availability of sufficient

amounts of substrates for the transferases, which depends

on the activities of the respective transporter enzymes.

For instance, transfection with UDP-Gal transporter

cDNA led to the expression of TF in colon cells [26]. In

accord with this, the amount of mRNA for the UDP-Gal

transporter has been found to be enhanced in colon can-

cer tissues [26].

Taken together, the observed changes in the expres-

sion or activity of relevant enzymes alone are apparently

not sufficient to explain the phenomenon of core-1

expression on tumor cells. We should therefore turn the

attention on changes occurring in the structure and func-

tion of the Golgi apparatus during the process of malig-

nant transformation.
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EVIDENCE FOR DISORDER IN THE GOLGI,

AND THE ROLE OF pH

There is clear evidence that each glycosyltransferase

has a defined place in the cisternae of the Golgi stack, and

that this is of utmost importance for a regular glycan

biosynthesis [27, 28]. Any disturbance of its specific

localization leads to the synthesis of “incorrect” glycans.

This can also be seen on normal cells under experimental

conditions. We have shown that the overexpression of a

non-enzyme Golgi transmembrane protein, RCAS1

(EBAG9), in human embryonic kidney cells (HEK293)

leads to the expression of TF and Tn at the cell membrane

[29]. This observation can be explained as a consequence

of mechanical dislocation of glycosyltransferases from

their normal sites.

In the Golgi of malignant cells, abnormal localiza-

tion of glycosyltransferases and other molecules has

repeatedly been reported. For instance, certain Golgi

proteins were observed at the wrong place in colon cancer

cells [30]. In T-47D breast cancer cells, ST6GalNAc-1

localizes throughout the Golgi instead of its normal posi-

tion in the cis-Golgi, which is considered to be responsi-

ble for the increased expression of truncated glycans [31].

In another example, GalNAc transferases T1-T3 in HeLa

cells are located throughout the whole organelle [32]. As

a possible reason for the redistribution of glycosyltrans-

ferases and/or the expression of TF, an enhanced pH in

the lumen of the Golgi vesicles has been described [33,

34].

Interestingly, incomplete glycosylation as the result

of an experimental increase of the Golgi pH in plasma

cells has been demonstrated as early as in 1986 [35]. This

treatment also led to the loss of polarized transport of

secreted proteins, underscoring the importance of an

acidic pH in the secretory pathway [36]. Recently, more

sophisticated models have been used by Sakari

Kellokumpu and coworkers [37]. They examined normal

and malignant cell lines as well as tissue samples from

normal colon and from colonic cancer, and they applied

bafilomycin A1 (BafA1) and other pH-dissipating drugs to

the cell lines. BafA1 is a specific inhibitor of the vacuolar

H-ATPase (V-ATPase), the major proton pump of the

Golgi. After treatment with BafA1, the normal pH gradi-

ent within the Golgi stack (from 6.7 in the cis-Golgi net-

work to 6.0 in the trans-Golgi network) is replaced with a

uniform luminal pH of around 6.8 [38]. In the experi-

ments of Kellokumpu and coworkers [37], this treatment

led in normal rat kidney (NRK) and other cell lines to a

structural disorganization of the Golgi apparatus and to

the expression of TF. Structural disorganization of the

Golgi and the expression of TF were also seen in colorec-

tal cancer cells but not in normal colonic mucosa.

Another example was shown with MCF7 breast cancer

cells (acidification-defective) and an acidification-com-

petent subline, MCF7/AdrR, whereby the latter was

found to have rescued normal glycosylation potential in

parallel to the regained intracellular pH gradient [37].

The observed correlation between the expression of TF

and an elevated Golgi pH was substantially confirmed in

further studies [39]. Direct measurements of the Golgi

pH revealed significant differences between normal and

malignant cells (around 6.2 in normal human fibroblasts

versus about 6.8 in MCF7, HT29, and SW48 tumor cells).

Treatment of (non-malignant) COS-7 cells with pH gra-

dient dissipating drugs (BafA1, chloroquine, or NH4Cl)

resulted in an increase of Golgi pH and in the (intracellu-

lar) expression of TF. It was found that an increase of 0.2

pH unit was sufficient to inhibit terminal glycosylation.

Finally, MCF7 cells showing a mosaic of TF+ and TF–

cells were individually analyzed for their luminal Golgi

pH. It was found that the median Golgi pH of TF+ cells

was about 0.3 pH unit higher than that of TF– cells.

Further studies have shown that an elevated Golgi pH,

similar to its effect on O-glycosylation, also leads to

incomplete glycosylation of N-glycans [40, 41].

Recent studies give some clue to the mechanism(s)

of the observed pH-sensitivity of glycosylation. It is

known for some time that Golgi vesicles contain defined

heteromeric complexes of glycosyltransferases, which

guarantee an orderly biosynthetic processing of the glycan

chains [28]. These enzyme complexes are stable at low

pH, but disintegrate at higher pH [42]. In fact, the for-

mation of heteromers of glycosyltransferases at low pH

and its disintegration and the formation of homomers at

higher pH, are part of a normal trafficking cycle of these

enzymes [43], which is obviously distorted in cancer cells.

In conclusion, besides occasional changes in the

activity or expression of individual transferases or sub-

strate transporters, a more general reason for the observed

changes in tumor cell glycosylation is apparently the par-

tial or complete loss of the acidic pH of the Golgi lumen.

The question arises, what can explain the loss of the

pH gradient in the Golgi of malignant cells? First, a brief

look on the normal pH regulation of the Golgi cisternae.

Three main ion transport systems are known to be

responsible: the vacuolar H+-ATPase (V-ATPase), the

Golgi pH regulator (GPHR), and the AE2a exchanger

[38, 44-46]. The first is continuously pumping H+ ions

into the Golgi lumen. The second channel protein medi-

ates counter-ion conductance in order to maintain the

membrane potential. The third is a Golgi-specific

HCO3
–/Cl– exchanger responsible for buffering the Golgi

pH during protein import and export processes. All three

must counteract a constant passive leakage of protons

from the Golgi. At present, however, there is no general

explanation available, why the Golgi pH is misregulated

in cancer cells [44].

We should therefore turn our attention to one of the

main hallmarks of cancer, the metabolic changes occur-

ring during malignant transformation, because they lead

to massive pH changes in and around tumor cells.
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METABOLIC CHANGES

In the mid-twenties of the past century, Otto

Warburg demonstrated that tumor cells change their glu-

cose metabolism from oxidative phosphorylation to gly-

colysis even under normoxic conditions (aerobic glycoly-

sis) [47]. After decades of widespread negligence, this fact

has again attracted much attention during recent years to

become one of the major hallmarks of cancer [48]. The

metabolic switch leads to a reverse pH gradient at the cell

membrane with an acidic pH in the interstitial space, and

an alkaline intracellular (cytoplasmic) pH [49-51]. The

acidic microenvironment leads, among other effects, to

the generation of acid-resistant and invasive subpopula-

tions [52].

Could the alkaline intracellular pH (ranging

between 7.12 and 7.65 [50]) be the reason for the alka-

linization of the Golgi lumen? We will first have a brief

look on the mechanism(s) causing the metabolic switch.

Considering the current model of carcinogenesis, which

proposes that a sequence of accumulating mutants of

oncogenes and tumor suppressor genes is the primary

cause of cancer [53, 54], it is necessary to look for genet-

ic changes causing glycolysis. It is astonishing that very

many oncogenes (e.g. PI3K, Akt, HER2, EGFR, c-Myc,

HRAS) or silenced tumor suppressor genes (e.g. PTEN,

p53, SIRT3, VHL) are potentially involved in this

process [49, 53, 59]. Most are also growth-regulating

genes, and they may act either alternatively or synergis-

tically. One pathway involves the Na+/H+ exchanger

(NHE1) [55], which is activated by several oncogenes

such as HRAS. Overexpression of NHE1 is sufficient to

result in an inverse pH gradient at the plasma mem-

brane. In addition, this leads to the elevation of aerobic

glycolysis. In turn, the generation of lactate during gly-

colysis activates the H+/lactate cotransporter (monocar-

boxylate transporter, MCT), which results in a further

increase of intracellular pH [55]. Another case [56] is

initiated by the overexpression of c-Myc, which results

in a change in the expression pattern of pyruvate kinase

(PKM), a key enzyme in the metabolic regulation. PKM

exists in two isoenzymes. The prevailing isoenzyme

PKM1 forms stable tetramers, which direct pyruvate

towards oxidative phosphorylation. c-Myc, however,

leads to the preferential expression of PKM2, which

mainly exists as a dimer and guides the metabolism

towards glycolysis. In addition, PKM2 gives a positive

feedback signal to c-Myc [56]. c-Myc also induces the

upregulation of lactate dehydrogenase (LDH-A) [49]. In

most cases, the metabolic switch towards glycolysis is

coordinated by the transcription factor HIF-1 (hypoxia-

inducible factor 1) [57]. It is upregulated either under

hypoxia (which arises already in very small tumors such

as in carcinoma in situ) or by oncogenes or silenced

tumor suppressor genes, in this case also under normox-

ic conditions. In the latter case, it remains constitutive-

ly activated. HIF-1 is composed of two subunits, HIF-

1α and HIF-1β, of which the former is subject to O2-

dependent degradation. Both, the constitutive overex-

pression of HIF-1α or the inactivation of the tumor sup-

pressor VHL (von Hippel–Landau protein), which is

involved in its degradation, results in a constantly

increased HIF-1 level. HIF-1 is a versatile transforma-

tion factor targeting hundreds of genes, primarily those

active in glycolysis.

It can be added that an artificially generated acidic

extracellular environment without metabolic background

has quite different effects. It results in lowering of the

cytoplasmic pH, and it does not alter the Golgi pH [58].

CONSEQUENCES FOR THE GOLGI pH

In any case, the result of malignant transformation

is an enhanced pH of the cytoplasm of tumor cells. It

can be anticipated that there is a link between the rise of

pH in the cytosol and the rise of pH in the Golgi lumen

of tumor cells. The question is whether the high pH in

the cytosol per se leads to an alkalinization of the Golgi

lumen, or whether there are further mediators involved.

At present, there is no definitive answer available to this

question. The simplest explanation would be to assume

that the (already existing) leakage of the Golgi mem-

brane for protons is enhanced under these conditions

and cannot be compensated by the V-ATPase. This

effect might be potentially aggravated by the observed

volume increase of the lumen of the cisternae [35, 37].

On the other hand, changes in the activities of the Golgi

proton pumps are also possible. Experiments with the

bovine papillomavirus E5 demonstrate that impairment

of the V-ATPase activity caused by its binding to the

transforming protein of the virus is sufficient to generate

an alkaline Golgi lumen [60]. The activity of the V-

ATPase is regulated in many ways. One of the regulatory

elements is its glucose dependency [61]. Since the

turnover rate of glycolysis is very high, the level of free

glucose can be low. Not much is known about the regu-

lation of the newly described Golgi pH regulator

(GPHR) [45]. In conclusion, we have to admit that

these possibilities are so far only speculative. In other

words, there is still a “missing link” in our knowledge

about the mechanism(s) connecting the alkaline cytoso-

lic pH of tumor cells with the dissipation of the pH gra-

dient in the Golgi.

An example for a direct connection between hypo-

xia and the expression of TF is provided in a study in

which human placenta explants or immortalized cytotro-

phoblasts were exposed to normoxic or hypoxic condi-

tions, respectively. In case of low oxygen supply, an

enhanced expression of both HIF-1α and TF was

observed [15]. It should be kept in mind, however, that

trophoblast cells are very unusual cells [62].
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HYPOTHESIS AND CONCLUSION

We propose that the expression of the truncated O-

glycan, core-1/TF, is a (indirect) marker of aerobic glyco-

lysis. This is based on the following facts. The expression

of TF is linked to the dissipation of the pH gradient in the

Golgi. Alkalinization of the Golgi lumen is regularly

observed in tumor cells, and it leads to changes in the

localization of certain glycosyltransferases, in particular to

the dissociation of heteromeric enzyme complexes, which

are essential for an orderly, differentiation-equivalent gly-

cosylation. This leads to incorrect and/or incomplete gly-

cosylation of O- and N-glycans. At the same time, the

cytosolic pH is enhanced because of the basic metabolic

switch of the tumor cell towards aerobic glycolysis, which

is the result of the genetic changes leading to malignancy.

Thus, an almost complete causal chain obviously exist

from altered genes to cancer-specific glycan structures.

New data reveal that subpopulations of tumor cells

with different types of glucose metabolism exist side by

side, showing either pure glycolysis, oxidative phosphory-

lation, or glycolysis mixed with oxidative phosphorylation

in different proportions [48]. Such heterogeneity con-

forms to the fact that the expression of TF on tumors is

also often heterogeneous, perhaps restricted to cancer

stem cell (CSC) areas. However, this has to be substanti-

ated in further studies.

Some questions remain unanswered. One question is,

as mentioned above, how the alkaline pH of the cytosol

(about 7.4) is implementing the neutralization of the Golgi

lumen. A second open question is, whether or under which

circumstances expression of TF may occur on sites of

anaerobic glycolysis, such as at normal stem cell niches

[63]. This seems not to be the case, since in many

immunohistochemical surveys for TF expression in human

tissues, these areas were always TF-negative. Third, new

data show that HIF-1 from cancer cells can reprogram

cancer-associated fibroblasts (CAFs) towards glycolysis

[64]. In return, these cells serve the tumor cells by feeding

them with lactate and other metabolites (“reverse Warburg

effect”). It is not known whether TF expression can occur

under these circumstances, and if so, which cells of this

type of metabolic symbiosis are TF-positive.

The Thomsen–Friedenreich antigen as a blood

group determination artifact and the aerobic glycosyla-

tion of cancer cells were detected almost simultaneously

in the mid-twenties of the past century, about 90 years

ago. Nobody could imagine at that time that there could

be a connection between the two phenomena, but now it

appears that just this seems to be the case.
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