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Abstract. It has been proposed that α-fetoprotein (AFP) is a 
new member of the intracellular signaling molecule family 
of the phosphoinositide 3-kinase (PI3K)/AKT signaling 
pathway via interaction with the phosphatase and tensin 
homolog  (PTEN). In this study, the effects of anti-human 
AFP antibody on the functions of PTEN were examined using 
an AFP-producing human hepatoma cell line. The antibody 
caused significant inhibition of cell growth, compared to a 
normal IgG control, with the accumulation of intracellular 
immune complexes followed by significant reduction of 
cytosolic functional AFP. Decrease in the amount of AKT 
phosphorylated on serine (S) 473 indicated that PI3K/AKT 
signaling was suppressed in the cells. S380-phosphorylated 
PTEN increased markedly by the second day after antibody 
treatment, with slight but significant increase in the PTEN 
protein level. Since phosphorylation at S380 is critical for 
PTEN stability, the increase in S380-phosphorylated PTEN 
indicated maintenance of the number of PTEN molecules 
and the related potential to control PI3K/AKT signaling. 
p53 protein (P53) significantly, but slightly increased during 
antibody treatment, because PTEN expression increased the 
stability and function of P53 via both molecular interactions. 
P53 phosphorylated at S20 or at S392 dramatically increased, 
suggesting an increase in the stability, accumulation and 
activation of P53. Glucose transporter 1 (GLUT1) increased 
immediately after antibody treatment, pointing to a deficiency 
of glucose in the cells. Immunofluorescence cytology revealed 

that antibody-treatment re-distributed GLUT1 molecules 
throughout the cytoplasm with a reduction of their patchy 
localization on the cell surface. This suggested that trans-
location of GLUT1 depends on the PI3K/AKT pathway, in 
particular on PTEN expression. Antibody therapy targeted at 
AFP-producing tumor cells showed an inhibitory effect on the 
PI3K/AKT pathway via the liberation, restoration and func-
tional stabilization of PTEN. PTEN simultaneously induced 
both P53 activation and intracellular translocation of GLUT1, 
since these are closely associated with PTEN.

Introduction

More than forty years ago, Mizejewski et al (1-4), Tsukada 
et al  (5) and others  (6-8) demonstrated in mouse, rat, and 
human cultured cell systems in vitro and mouse and rat experi-
ments in vivo, that treatment with anti-α-fetoprotein (AFP) 
serum or its purified antibody had a growth inhibitory effect on 
AFP-producing tumor cells, such as hepatocellular carcinoma 
and yolk sac tumor. Ohkawa et al focused on the finding that 
the administered anti-AFP antibody led to remarkable inhi-
bition of sugar uptake by the neoplastic cells (8), suggesting 
that one of the main mechanisms of the antitumor effect of 
the antibody was impeding the transportation of nourishment 
across the cell membrane. However, most of the mechanisms 
of action of the antibody-derived antitumor effect remained 
obscure, because the main research focus shifted to the appli-
cation of the specific antibodies as carriers of anticancer drugs 
or toxins in drug delivery systems (9-17). In addition, antibody-
mediated immuno-radioimaging experiments aimed at tumor 
diagnosis and/or therapeutic modalities using the antibody 
directed against tumor markers coupled to radioisotopes was 
promulgated (7,18-23) and the mechanism of action underlying 
the antitumor effect of anti-AFP antibody was overlooked.

The possibility that AFP is a cell growth factor has been 
discussed recently (24-31), and its effect in promoting cell 
proliferation has been reported in a number of cell types. There 
have also been many reports that the cell growth-promoting 
effects of intracellular AFP are based on the close relationship 
with the phosphoinositide 3-kinase (PI3K)/AKT (known as 
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protein kinase B) signaling pathway (30-36). Interactions of 
intracytoplasmic membrane-bound AFP with several kinds of 
intracellular functional and essential proteins have been also 
reviewed (31). These findings suggest that AFP must be a new 
member of the intracellular molecule family of the PI3K/AKT 
signaling pathway. It has been reported that AFP in the cell 
strongly interacts with the phosphatase and tensin homolog 
deleted on chromosome 10 (PTEN), which is a tumor suppressor 
molecule that strictly regulates PI3K/AKT signaling (30-36), 
and the interaction leads to a functional decline of PTEN. As 
a result, the PI3K/AKT signaling pathway might be activated 
as a tumor survival system. Conversely, experiments on the 
suppression of AFP protein expression using the RNA inter-
ference technology or microRNA network demonstrated that 
a severe decrease in AFP within the cell liberated intracel-
lular PTEN molecules from the cytoplasmic AFP molecules, 
and led to restoration of the phosphatase-dependent and/or 
-independent activities with a regulatory function to the PI3K/
AKT signaling pathway (32-34). Innovative research with a 
breakthrough result was recently reported and entailed adding 
a novel antibody with single-chain variable fragment (scFv) 
to AFP, thereby blocking AFP and inhibiting hepatoma cell 
growth via the PI3K/AKT/PTEN signaling pathway  (37). 
However, possible inhibitory mechanism of action of anti-AFP 
antibody against tumor cell growth did remain obscure in the 
report.

In the present experiments, to determine the antitumor 
efficacy of the antibody, the effect of antibody against human 
AFP on the AFP denaturation and/or degradation caused by 
antigen-antibody immune reactions, as well as on the biological 
behavior of PTEN molecules and on the PI3K/AKT signaling 
pathway were investigated using the AFP-producing human 
hepatocellular carcinoma cell line, FLC7. FLC7 cells are able 
to grow in chemically defined synthetic medium without any 
addition of peptide growth factors or animal proteins. Use of 
this cell line in the study is convenient and essential in order 
to determine the effects on cells of an antibody under a culture 
environment in which the trace effects of known and unknown 
growth-related materials are absent. This study was conducted 
to elucidate part of the mechanism underlying the antitumor 
effect of anti-AFP antibody.

Materials and methods

Cell culture. The FLC7 cell line (previously known as 
JHH-7), initially established from Japanese patient with 
hepatocellular carcinoma  (38), has been adapted to grow 
under serum‑free condition with differentiated liver functions. 
In brief, FLC7 cells were initially cultivated in ASF104N 
medium (Ajinomoto Healthy Supply Co., Inc., Tokyo, Japan), 
which is a chemically defined serum-free medium containing 
only recombinant human transferrin and insulin as growth 
factors. Then the media were replaced with chemically defined 
completely synthetic media (IS-RPMI, RPMI-1640, 5 mM 
HEPES, 3x10-8  M Na2SeO3, 1x10-8 M NH4VO3, 3x10-9  M 
(NH4)6Mo7O24-4H2O, 1x10-7 M FeSO4-7H2O, 3x10-9 M linoleic 
acid, 3x10-9 M oleic acid and 1.55x10-2 M NaHCO3) without 
any addition of peptides or animal materials (39) and then 
the cells were continuously cultivated under the conventional 
culture conditions in a CO2 incubator. The spent culture media 

of IS-RPMI (CM) of FLC7 cells culturing were stocked as 
supplement for sub-culture. FLC7 cells were routinely plated 
and sub-cultured with 50% CM-containing IS-RPMI and 
the media were replaced with fresh IS-RPMI after 2 days of 
culture.

Cytotoxicity. FLC7 cells (5x104) were initially cultured in 
24-well culture plates (Greiner Bio‑One, Tokyo, Japan) with 
1 ml of IS-RPMI containing 0.5% of ASF104N, instead of 
CM in which AFP and other growth factor related various 
materials with known and unknown types were probably 
contained. After 12 h of culture, the cells, attached to the 
plates, were twice washed with 2 ml of warmed IS-RPMI 
and then media were replaced completely with 1 ml of fresh 
warmed IS-RPMI, which contained various concentrations of 
rabbit immunoglobulin (Ig) G of anti-human AFP antibody 
or rabbit pre-immune (normal) IgG. The cells were cultured 
continuously for 96 h with each IgG. After the incubation, 
viable cells were determined with the colorimetric assay 
using WST-8 (Cell Counting kit-8, Dojindo Lab., Kumamoto, 
Japan) and the results were expressed by the following equa-
tion: survival rate  (%) = 100 x (absorbance at 450 nm of 
the each IgG-exposed cells) / (absorbance at 450 nm of the 
non‑treated control cells). Additionally another type of cyto-
toxic assay was also carried out using each rabbit anti-human 
AFP antibody IgG or rabbit normal IgG at the concentration 
of the 50% growth inhibitory concentration value  (IC50), 
determined with the above results. In brief, to determine the 
IC50 in this assay, the cell viability assessed by WST-8 was 
expressed as the fraction of surviving cells in anti-human 
AFP antibody IgG-treated cells relative to those in the 
normal IgG-treated controls, instead of IgG non‑treated cells 
and the IC50 was calculated. At the concentration of IC50, 
the cells were cultured for indicated periods of time in the 
IS-RPMI. Results were calculated as mean ± SD of triplicate 
determinations of two independent experiments.

Cell lysate. Either rabbit anti-human AFP antibody IgG- or 
rabbit normal IgG-treated cultured cells with various time 
intervals and concentrations were rapidly washed twice with 
2 ml of ice-cold Dulbecco's PBS (-) in wells, then added 200 µl 
of ice-cold cell lysis buffer (50 mM Tris-HCl, pH 7.5, 0.15 M 
NaCl, 1  mM EDTA, 0.1% sodium dodecyl sulfate  (SDS), 
1  mM phenylmethylsulphonyl fluoride, 1% Triton X-100, 
1% deoxycholate, 1 mM Na3VO4, 1 mM NaF, 0.02% NaN3 and 
protease inhibitor cocktail and phosphatase inhibitor cocktail 2 
and 3 (Sigma-Aldrich Japan, Tokyo, Japan). After incubation for 
20 min on ice, collected lysates were centrifuged at 23,000 x g 
for 20 min at 4˚C. The supernatants were kept frozen at -80˚C 
until use. The protein concentration was measured by the DC 
protein assay kit  (Bio‑Rad, Richmond, CA, USA). Bovine 
serum albumin (BSA) was used as the standard.

AFP-enzyme-linked immunosorbent assay  (ELISA). AFP 
concentrations in the cultured media and the cell lysates 
were determined using the sandwich ELISA system (AFP 
ELISA kit; Abnova, Taipei, Taiwan), according to the manu-
facturer's instructions. Intracellular AFP concentrations were 
expressed as (ng)/(mg of cell lysate). Data were expressed as 
mean ± SD of two independent experiments.
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SDS polyacrylamide gel electrophoresis/immunoblotting 
(SDS‑PAGE/WB). After SDS‑PAGE/WB, the polyvinylidene 
fluoride filters (Abcam, Tokyo, Japan) were blocked and then 
incubated with the corresponding primary antibodies, followed 
by horseradish peroxidase (HRP)-labeled second antibodies 
directed against rabbit, mouse, or goat IgG  (Abcam), as 
described previously  (40). Enhanced chemiluminescence 
(ECL) signals (ImmunoStar, Wako Pure Chemical Industries, 
Ltd., Tokyo, Japan) were detected by a cooled CCD camera 
system (ATTO light-capture II type AE-6981; ATTO Co., 
Tokyo, Japan). Primary antibodies used were AKT, AKT 
phosphorylated at serine (S) 473 (pAKT), p53 protein (P53) 
phosphorylated at S20 (pP53S20), MDM2 phosphorylated 
at S166 (pMDM2) (Cell Signaling Technology Inc., Tokyo, 
Japan), extracellular signal regulated kinase 1/2 (ERK1/2), 
PTEN, β-catenin (BD Biosciences, Tokyo, Japan), ERK1/2 
diphosphorylated at T183 and Y185 (pERK1/2), β-actin, 
α-tubulin (Sigma-Aldrich Japan), PTEN phosphorylated at 
S380 (pPTEN), glycogen synthase kinase 3β phosphorylated 
at S9 (pGSK3β), glucose transporter isoform 1 (GLUT1), P53, 
P53 phosphorylated at S392 (pP53S392), P53 phosphorylated 
at S46 (pP53S46) and AFP (Abcam). Densitometric analysis 
of bands was performed using ImageJ software (1.50i, NIH). 
Data were expressed in arbitrary units as average of at least 
three independent experiments. The data of densitometric 
analyses from all bands were corrected by densities of each 
α-tubulin band, which was used as a loading control, and this 
provided the exact changes of the protein levels after antibody 
treatment. The data were calculated according to the following 
formula: the relative intensity =  (the band intensity of the 
indicated day) / (the band intensity at day 7 of rabbit normal 
IgG-treated cells, instead of IgG non-treated control cells at 
day 0 or day 7).

Dot blot analysis. Cell lysates prepared from cells treated with 
either rabbit normal IgG or anti-human AFP antibody IgG for 
7 days at 50.0 µg/ml were spotted (each 1 µl of 10, 5, 2.5 and 
1 µg/µl) on nitrocellulose filters (Bio‑Rad), dried and blocked. 
For detection of rabbit IgG, such as antibody administered and 
probably internalized in the cells, HRP-labeled goat anti‑rabbit 
IgG was employed. For detection of intracellular AFP, the 
same above filters were used after procedure of de-probing 
the antibodies with signal stripping buffer (Restore™ PLUS 
Western Blot Stripping Buffer; Thermo Fisher Scientific Inc., 
Yokohama, Japan). After blocking, the filters were incubated 
with goat anti-human AFP antibody (Abcam) followed by 
HRP-labeled donkey anti-goat IgG (Abcam). Signals of each 
spot were obtained by ECL capture (ATTO light-capture Ⅱ). 
Densitometric data were expressed as mean ± SD of three 
independent experiments.

Immunofluorescence cytology of subcellular localization of 
GLUT1. FLC7 cells were cultured with media containing 
either rabbit normal IgG or rabbit anti-human AFP antibody 
IgG, at 75 µg/ml concentration using a glass bottom culture 
dish (Iwaki Glass Base Dish, Asahi Glass Co., Ltd., Tokyo, 
Japan). After 5 days of culture, the cells were gently rinsed 
twice with cold Dulbecco's PBS (-), fixed with 3.3% formal-
dehyde in Dulbecco's PBS (-) for 10 min at 4˚C. After rinsing 
with Dulbecco's PBS (-), the cells were permeabilized with 

0.1% Triton X-100 in Dulbecco's PBS (-) for 10 min at 4˚C and 
then blocked with 5% BSA and donkey normal IgG (5 mg/ml) 
in Dulbecco's PBS  (-) containing 0.1% Tween-20  (TPBS) 
for 4  h. The cells were incubated with goat anti‑GLUT1 
antibody (C-20; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) diluted with 5% BSA in TPBS for 17 h at 4˚C. 
After gentle washing, the cells were further incubated with 
Alexa  Fluor®  488-labeled donkey anti-goat IgG  (Abcam) 
in 5% BSA containing TPBS for 1 h at 37˚C. After rinsing 
with Dulbecco's PBS (-), immunofluorescence images were 
captured using a Keyence BZ-8000 microscope  (Keyence 
Corp., Inc., Osaka, Japan).

Reagents. For investigation on cell growth inhibition tests, 
rabbit polyclonal anti-human AFP antibody IgG (#PA-012) 
was obtained from Nippon Bio‑Test Lab. Inc. (Tokyo, Japan). 
Rabbit normal IgG was purchased from Sigma-Aldrich Japan. 
For cell treatments, both IgG solutions were extensively 
dialyzed against Dulbecco's PBS (-) followed by IS-RPMI 
at 4˚C. The solutions were filter-sterilized before use. BSA 
and donkey normal serum were from Sigma-Aldrich Japan. 
Donkey normal IgG fraction was prepared from its normal 
serum by the salting out method using 33% ammonium 
sulfate, followed by dialyzed extensively against 0.9% NaCl 
at 4˚C. Protein concentration was measured by the DC protein 
assay kit (Bio‑Rad) using the bovine serum IgG as the stan-
dard. RPMI-1640 medium was from Nissui Pharmaceutical 
Co., Ltd. (Tokyo, Japan). All other chemicals were of reagent 
grade.

Statistical analysis. Values of p<0.05 were considered statisti-
cally significant using Fisher's exact test.

Results and Discussion

Growth inhibition by anti-AFP antibody. Continuous expo-
sure of the cells for 96 h to rabbit anti-human AFP antibody 
dose-dependently inhibited cell growth of the human hepato-
cellular carcinoma FLC7, as compared with the normal IgG 
control (Fig. 1A). The concentration of IgG of anti-human 
AFP antibody at IC50 was calculated to be ~50.0 µg/ml. As a 
result of treating cells for up to 7 days with rabbit anti-human 
AFP antibody at the concentration of 50.0 µg/ml, the antibody 
exhibited significant and time-dependent growth inhibition 
compared to the rabbit normal IgG used as the control (Fig. 1B).

Possibility of the formation of immune complexes. ELISA-
determination of AFP showed that addition of anti-human 
AFP antibody decreased the AFP concentration in the medium 
below the detection limit (data not shown). At the same time, 
anti-human AFP antibody significantly reduced intracellular 
AFP levels up to 3.67-15.7% of the AFP concentration in 
rabbit normal IgG-treated control cells (Fig. 2A). Interestingly, 
however, SDS‑PAGE/WB analysis of cell lysates using a goat 
antibody against human AFP and an HRP-labeled donkey anti-
goat IgG antibody without cross-reactions to rabbit IgG revealed 
that the amount of AFP in the anti-AFP antibody-treated cells 
did not decrease substantially compared with that in IgG-treated 
control cells (Fig. 2B and C). Additionally, by anti-AFP antibody 
treatment of the cells, three detectable immunoreactive bands 
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Figure 1. Growth inhibition of anti-AFP antibody. (A) Cells were continuously treated with either rabbit anti-AFP antibody IgG or rabbit normal IgG at various 
concentrations for 96 h. (B) Cells were treated with either rabbit anti-AFP antibody IgG or rabbit normal IgG at the IC50 concentration of 50.0 µg/ml for the 
indicated periods of time. Viable cell numbers were examined by the WST-8 colorimetric assay. Details are seen in Materials and methods. Points, means 
of triplicate determinations of two independent examinations; bars, SD (indicated unless smaller than the point as plotted). *Significant difference (p<0.05) 
compared to rabbit normal IgG-treated cells.

Figure 2. Reduction of intracellular functional AFP concentration. Cells were treated with either rabbit anti-AFP antibody IgG (aAFP) or rabbit normal IgG 
(nIgG) at 50.0 µg/ml for 7 days. Cell lysates were prepared. (A) AFP concentration was assayed with ELISA. Columns, mean of triplicate determinations of two 
independent examinations; bars, SD. nIgG, mean ± SD of six selected samples obtained from cells treated with rabbit normal IgG on days 0 and 7. *Significant 
difference (p<0.05) compared to cells treated with rabbit either aAFP at day 0 or nIgG at days 0 and 7. **Non-significant difference (p>0.05) compared to 
cells treated with aAFP at day 0. Details are seen in Materials and methods. (B) Detection of anti-AFP antibody-reactive bands using SDS‑PAGE/WB. 
Densitometric intensities of bands were analyzed by NIH ImageJ software and were corrected by densities of each α-tubulin band. The data were calculated 
according to the following formula: the relative intensity (ratio) = (the band intensity of the indicated day) / (the band intensity of the nIgG-treated cells on 
day 7). Details are seen in Materials and methods. (C) Typical SDS‑PAGE/WB pattern of intracellular anti-AFP antibody reactive bands (a) and α-tubulin (b). 
(D) Dot reactivities of cell lysates to anti-AFP antibody (AFP), or anti-rabbit IgG antibody (rabbit IgG). Immunoreactivities were determined in the lysates 
from cells treated with either aAFP or nIgG for 7 days at 50.0 µg/ml, using ECL-densitometric analyses. Details are seen in Materials and methods.
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were found and they might be degradation products of the AFP 
molecules. Typical result is shown in Fig. 2C. Dot blot analyses 
demonstrated that the presence of anti-rabbit IgG specific immu-
noreactive substances, presumably derived from administered 
rabbit anti-AFP antibody to the cells, was sufficiently detectable 
with higher significance compared to normal IgG-administered 
cells  (Fig.  2D and Table  I). By contrast, the AFP reactive 
densitometric signals in both cell lysates were nearly the same. 
In each concentration of cell lysates applied on nitrocellulose 
filters, rabbit IgG derived signals were ~2.4‑3.4 times higher 
in the anti-AFP antibody-treated cell lysates as compared to 
normal IgG-treated corresponding cell lysates (Table I). In these 
results, treatment of the cells with anti-AFP antibody might 
have led to the presence of free antibody due to an excess of 
antibody and the presence of immune complex (IC) generated 
from the administered antibody and AFP in the cell. When 
intracellular AFP is measured by an immunochemical tech-
nique such as ELISA, it can be predicted that both the excess 
antibody and the IC competitively inhibit the assay system. 
Analysis of the amount of intracellular AFP molecules by two 
different methods showed an obvious discrepancy between the 
results of each method, pointing to the generation and accumu-
lation of IC in the cells. These results suggest that the amount 
of AFP was not reduced in antibody-treated cells, but rather, 
the reaction products of AFP and polyclonal anti-AFP antibody 
administered, the so-called ICs, had accumulated. Generation 
and accumulation of ICs consisting of multimeric aggregates of 
antibody and AFP is expected to inhibit AFP function without 
a large fluctuation in the amount of intracellular AFP. In other 
words, a large amount of AFP exists in the cytoplasm, but it 
is possible that its functions have been lost. As shown for the 
first time in this experiment the existence of intracellular IC 
derived from the antibody added extracellularly is sufficiently 
suspected.

Intracellular uptake of IgG molecules such as antibodies 
is known to occur by pinocytosis, macropinocytosis or 

endocytosis across the cell membrane. However, the 
mechanism for maintaining the function of antibody 
internalized in the cytoplasm is not well known (41-43). In 
recent years, McEwan et al and Watkinson et al and their 
co-workers proposed the concept of intracellular antibody 
immunity (44,45) and many investigators reported methods 
for screening cell-internalizing antibodies, which possess high 
cell-internalizing activity, from polyclonal antibodies (46,47). 
It is possible that the cell-internalized antibody exerts its 
own unique function in the cell. Accordingly, there are many 
unknown factors to elucidate in this interesting field.

It is well-known that the cell growth promoting effect of AFP 
is exerted by interaction with many other molecules (32-37). 
Furthermore, in principle, intermolecular interaction is based 
on the three-dimensional structure of related molecules. As 
a result of antibody binding followed by IC generation, it is 
highly possible that AFP molecules with a conformational 
change may lose their ability to interact with other related 
molecules and become so-called non-functional AFP. Even 
though abundant non-functional AFP is present in the cell, 
AFP functions such as growth promotion must be suppressed. 
Conversely, it is reasonable to infer that the intracellular AFP 
concentration measured by ELISA may correspond to the 
amount of AFP, which is not affected by IC generation and 
remains functional. Based on these results, it can be deduced 
that most of the AFP molecules detected by SDS‑PAGE/WB in 
antibody-treated cells are non-functional AFP, and the cellular 
environment resulting from anti-AFP antibody treatment in 
this study was very similar to the environment of intracellular 
AFP elimination caused by experiments on RNA interference 
and microRNA technology, as reported previously (32-34,37). 
Therefore, we confirmed the importance of further analyzing 
the changes in some major molecules interacting with the AFP 
molecule in the cell induced by anti-AFP antibody treatment.

Additionally in this experiment, the amount of AFP in 
the antibody-treated cells fluctuated slightly (Fig. 2B). The 

Table I. Increased densitometric intensities of intracellular rabbit IgG-immunoreactivity in cell lysates treated with rabbit 
anti‑AFP antibody IgG (dot blot analysis).

	 Integrated density
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 aAFP-treated cells	 nIgG-treated cells
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Antibody to	 Cell lysate (µg)	 Mean	 SD	 Mean	 SD

Rabbit IgG	 10	  205936a	 34735.3	 67785.7	 28598.6
	 5	  142118a	 31881.8	 51623.7	 17121.1
	 2.5	  101126a	 13536.7	 44261.0	 20816.0
	 1	  63133.7a	 30589.2	 18683.3	 7903.6

AFP	 10	  408798	 51751.8	 341240	 58997.5
	 5	  315853	 52217.1	 291631	 49265.0
	 2.5	  237805	 31213.6	 221156	 50002.1
	 1	  145434	 49046.1	 123246	 40601.6

aSignificantly higher (p<0.05) density compared to lysate from cells treated with normal rabbit IgG (nIgG). Details are seen in Materials and 
methods. aAFP, rabbit anti-AFP antibody IgG.
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possible cause of this variation is considered to be the result 
of intracellular degradation of AFP derived from ICs, based 
on the anti-AFP antibody reactive bands in the low molecular 
weight region recognized by SDS‑PAGE/WB analysis of the 
cell lysate treated with anti-AFP antibody (Fig. 2C). It is also 
another possibility on AFP-fragmentation that anti-AFP anti-
body in the cytoplasm binds to fragments of AFP molecule on 
messenger RNA being translated at the ribosomes, as reported 
in the purification experiment for messenger RNA of AFP by 
Miura et al (48). If this phenomenon occurs in the cell, it can 
be predicted that AFP protein synthesis would be inhibited 
and the protein fragments with incomplete length would be 
generated.

Anti-AFP antibody-induced suppression of the PI3K/AKT 
pathway via PTEN stabilization. In this study, phosphoryla-
tion on S473 of the AKT molecule which is the protagonist of 
the PI3K/AKT signaling pathway was reduced by anti-human 
AFP antibody treatment (Fig. 3A). This result indicated that 
the PI3K/AKT signaling pathway was suppressed in anti‑AFP 

antibody-treated FLC7 cells. It has been reported that in 
AFP-producing tumor cells, intracellular AFP molecules 
bind and interact closely with PTEN molecules, thereby 
suppressing the PTEN functions (both phosphatase-dependent 
and -independent activities) and consequently upregulating 
the PI3K/AKT signaling pathway (30,32-35). Interestingly, 
the phosphorylated PTEN molecules at S380 were increased 
markedly by antibody treatment, with an extremely slight 
but significant variation in the intracellular protein level 
of PTEN  (Fig.  3). At the same time, phosphorylation of 
ERK1/2 (T183 and Y185) was also reduced, suggesting an 
inhibition state of the MAP kinase signaling systems in the 
cells (Fig. 3A). There have been some reports that each PTEN 
molecule, which localizes in the nucleus or cytoplasm, exhib-
ited different effects on various signaling pathways (49-53). 
According to these reports, PTEN localizing in the cytoplasm 
decreases the level of phosphorylated AKT, upregulates 
P27kip1 and is required for apoptosis, whereas PTEN localizing 
in the nucleus downregulates phosphorylated MAP kinase and 
cyclin D1 and is crucial for cell cycle arrest, respectively. A 

Figure 3. Changes in some key proteins after treatment with antibody. (A) Cells treated with 50.0 µg/ml of either rabbit anti-AFP antibody IgG (aAFP) or 
rabbit normal IgG (nIgG) for 7 days were washed and lyzed, and the resultant lysates were examined using SDS‑PAGE/WB. (B) Cells treated with 50.0 µg/ml 
of either rabbit anti-AFP antibody IgG or rabbit normal IgG for the indicated periods of time were washed and lyzed, and the prepared lysates were examined 
using SDS‑PAGE/WB. (C) Densitometric intensities of bands were analyzed and corrected by densities of each α-tubulin band, like the determination of AFP 
bands. a, PTENS380; b, PTEN; c, GLUT1; d, P53; e, P53S20; f, P53S392. Details are seen in Materials and methods. *p<0.05 compared to nIgG-treated control 
at day 7.
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recent study demonstrated that the anti-proliferative effect of 
synthetic anti-AFP scFv antibody on hepatic tumor cells was 
based on induction of G1 cell cycle arrest and apoptosis, prob-
ably related to the PI3K/AKT/PTEN signaling network (37), 
but a possible mechanism of action of anti-AFP scFv on 
cell-growth inhibition was not discussed in their report. As a 
result, the PTEN molecule can be expected to participate in 
the mechanism underlying the antitumor effect manifested by 
anti-AFP antibody.

PTEN was modified through strong phosphorylation at 
S380 of the carboxyl-terminal region (C-terminal tail domain) 
on the second day and thereafter due to antibody treatment. 
Phosphorylation of the S380, S385, T382, and T383 residues, but 
not T366, in the C-terminal region of PTEN molecules is known 
to not only increase the stability of the PTEN molecule but also 
decrease its phosphatase activity (54-60). The C-terminal tail 
domain of PTEN has been shown to be important in regulating 
the stability and half-life of the molecules. Specifically, it is 
known that phosphorylation of the S380 residue is critical for 
PTEN protein stability (61-64). Phosphorylation on S380 of 
PTEN at an early stage after antibody administration indicated 
that molecular stability was improved, but, on the other hand, 
excessive phosphatase activity was somewhat inhibited. It is 
thought that this phenomenon may be related to maintaining the 
molecular numbers of PTEN and to sustaining the potential for 
PTEN to control the PI3K/AKT signaling pathway. However, 
further investigations are necessary to clarify the true action 
mechanism(s) of each PTEN molecule with phosphorylation 
at various target residues, because neither change in PI3K 
enzyme activity nor exact contents of phosphatidylinositol-
3,4,5-triphosphate was determined in this study.

As a result of a decrease in phosphorylated AKT (S473), phos-
phorylation on S9 of the GSK3β molecule, which is one of the 
target molecules of AKT (65), was relatively reduced (Fig. 3A). 
Conversely, enhancement of kinase activity of GSK3β is prob-
able. Participation of GSK3β in PTEN‑phosphorylation is 
already well recognized (54,55,58,65,66), and it is thought that 
an increase in kinase activities of GSK3β might enhance phos-
phorylation at T366 on the target PTEN molecules (58). T366 
phosphorylation promotes destabilization and degradation of 
PTEN molecules as reported previously (58,67). However, in 
the present study, PTEN protein levels did show gradual and 
significant increase during treatment for up to 7 days (Fig. 3B 
and C). Due to the failure of molecular co-localization and 
interaction between AFP and PTEN occurring in the cyto-
plasm of the AFP-producing tumor cells, acute and severe 
reduction of the intracellular functional, immunoreactive AFP 
concentration due to IC generation caused by the administra-
tion of anti-AFP antibody resulted in a massive release of 
free and probably functional PTEN molecules from AFP in 
the cytoplasm. Moreover, intracellular protein levels of PTEN 
after antibody administration in this experiment were elevated 
slightly but significantly as shown in Fig. 3B and C. This 
finding suggests that selective phosphorylation on S380 of the 
free PTEN molecules induced molecular stabilization with the 
suppression of enzyme activity, as a mechanism to maintain 
potential control of the PI3K/AKT signaling pathway without 
degrading the rapidly increased level of PTEN molecules in 
the cell. To the contrary, this reaction should maintain the 
cancer cell property of preferential growth as a cancer cell 
inactivates excess PTEN molecules, which act as a major 
suppressive regulator in the PI3K/AKT signaling pathway 
and are, therefore, an impediment to proliferation reactions 
of the cancer cells. This mechanism is a self-defense reaction 
that usually occurs in cancer cells in order to survive. This 
is an interesting phenomenon in cancer biology and requires 
further elucidation. It has been reported that phosphorylation 
at S380 of the PTEN molecule at the C-terminal tail, does not 
involve casein kinase 2 and GSK3β (58-60), but a result of the 
interaction of other proteins, such as protein interacting with 
carboxyl terminus-1 (PICT-1) (63,64). Okahara et al suggested 
that PICT-1 is a PTEN-interacting protein that promotes the 
phosphorylation and stability of PTEN, and can regulate 
the phosphorylation of PTEN at S380 (63,64). The authors 
concluded that the binding of PTEN to PICT-1 governs its 
turnover via phosphorylation of the C-terminal region. Their 
result and the findings of our present study provide insight 
into unknown other molecular mechanism(s) by which PTEN 
turnover is controlled.

Upregulation of P53 functions by anti-AFP antibody treat-
ment. Protein levels of P53 were slightly and significantly 
increased during antibody treatment (Fig. 3), because PTEN 
increased P53 stability and function via interaction of 
both molecules, which bind the C2 domain of PTEN to the 
C-terminus of P53 (68,69). Therefore, in cells lacking PTEN, 
P53 levels are significantly reduced owing to decreased 
stability as reported previously (68). Expression of wild-type 
or phosphatase-dead forms of PTEN with a recombinant 
construct also increases P53 stability in MDM2 (a ubiquitin 
ligase for P53)-independent manner  (68). Phosphorylation 

Figure 4. Subcellular distribution of GLUT1. Cells were treated with 
75.0 µg/ml of either rabbit normal IgG (A) or rabbit anti-AFP antibody 
IgG (B) for 5 days in the glass based microchamber. After gentle washing, 
the fixed cells were stained with anti-GLUT1 antibody followed by Alexa 
Fluor  488-labeled second antibody and examined under fluorescence 
microscopy. GLUT1 immunoreactivities indicated by arrowheads. Original 
magnification, x400. Details are seen in Materials and methods.
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reactions of P53 on S20 and on S392 were significantly 
enhanced after antibody treatment (Fig. 3), suggesting stabi-
lization and activation of the molecule. Post translational 
modifications of the P53 molecule, such as phosphorylation, 
acetylation, and ubiquitination, have been recognized to 
regulate the stability and functions of P53 proteins (69-74). It 
is well-known that DNA damage-induced phosphorylation at 
S20 of P53 leads to a reduced interaction between P53 and its 
negative regulator, MDM2. As a result, S20 phosphorylation 
impairs the ability of MDM2 to bind P53, promoting both 
accumulation and functional activation of P53 in response to 
DNA damage (72). MDM2 plays a central role in regulating 
the stability of P53 and inhibits P53 accumulation by targeting 
it for ubiquitination and proteasomal degradation  (75-77). 
Phosphorylated P53 at S392 is also essential for promoting its 
tetramerization, stability, and functional activity as well as for 
S20-phosphorylation reactions (70,71). These findings indicate 
that the regular functions of P53 recovered after antibody 
treatment. Phosphorylation of P53 at S46, which regulates the 
ability of P53 to induce apoptosis (73), also increased slightly, 
suggesting the triggering of apoptotic signaling (Fig. 3A).

It is of interest that an extreme and significant increase 
in phosphorylated MDM2 on S166 (pMDM2) was observed 
in antibody-treated tumor cells within 2  days after the 
beginning of antibody administration  (Fig.  3). As known 
previously  (76,77), the presence of pMDM2 indicates the 
enhancement of E3 ligase activity to promote ubiquitin-depen-
dent degradation of P53. Additionally, phosphorylation at S166 
and at S186 of MDM2 has been shown to depend on AKT 
enzyme activity (76,77). In the present study, antibody admin-
istration elicited a decrease in intracellular AFP, releasing 
PTEN from AFP, followed by stabilization of the molecular 
functions of free PTEN. The resultant free but functional 
PTEN was able to suppress the PI3K/AKT signaling system, 
which also serves as a survival pathway in cancer cells. PTEN 
also promoted stabilization and expression of the biological 
functions of the P53 molecule that interacts with the PTEN 
molecule. Under such circumstances, it can be deduced that 
the accumulation and abnormal increase of pMDM2 (S166) 
in liver cancer cells are needed in order to maintain a steady 
state of the cancer cells and enhance the degradation of P53, 
the tumor suppressor molecule, even when AKT enzyme 
activity is inhibited. There was no difference in the expres-
sion level of β-catenin protein (Fig. 3A), a major protein of 
the Wnt/β-catenin pathway, which is one of the important cell 
survival regulatory pathways involving the PI3K/AKT/GSK3β 
axis (66).

Induction of subcellular translocation of GLUT1 by anti‑AFP 
antibody. In the present study, protein levels of a universal 
molecule in the glucose transporter species, GLUT1, showed 
a significant increase immediately after antibody treatment 
and continued for 7 days (Fig. 3). The increase in GLUT1 
protein levels observed early during antibody treatment clearly 
pointed to a deficiency of and need for glucose in the tumor 
cells. It is known that a proliferating tumor cell vigorously 
consumes sugar, especially glucose, irrespective of the pres-
ence or absence of oxygen. The fact that the PTEN function in 
FLC7 cells with a high level of AFP production was strongly 
suppressed by the AFP is compatible with the above-mentioned 

results. Under the condition of malfunction of PTEN, immu-
nofluorescence cytology revealed a change in the subcellular 
localization of GLUT1 molecules (Fig. 4). In control cells with 
malfunction of PTEN, treated with rabbit normal IgG, many 
GLUT1 molecules were localized patchily on the surface of 
the cell membrane. In contrast, in cells treated with rabbit anti-
AFP antibody IgG, the distribution of the weak fluorescence 
indicating GLUT1 was found throughout the cytoplasm, and 
localization of GLUT1 on the cell surface membranes was 
reduced. Morani et al reported that in genetically manipulated 
human thyroid cancer cell lines, the loss of PTEN expression 
was associated with increased expression of GLUT1 on the 
cell surface plasma membrane and enhanced the translocation 
of GLUT1 proteins onto the surface of plasma membrane 
from the cytoplasm  (78). They concluded that the PTEN 
protein regulated plasma membrane expression of GLUT1 and 
that the loss of function of PTEN increased the probability 
of cancer detection by 18F-fluorodeoxyglucose positron emis-
sion tomography or other glucose-based imaging diagnosis 
in a clinical setting. This result was similar to the reported 
finding that the plasma membrane translocation of GLUT1 
was dependent on the PI3K/AKT signaling pathway (79-81). 
Immunocytohistologic studies have also shown that enhanced 
glucose uptake in cancer cells correlates with overexpression 
of GLUTs, especially of GLUT1 (78,81). Our results fully 
supported the previous findings that the restored PTEN mole-
cules liberated from AFP closely participated in the process of 
intracellular distribution of GLUT1. To clarify the relationship 
between PTEN function and the translocation of GLUT1, it 
may be important to investigate other unknown function(s) 
of the PTEN molecule involved in regulating subcellular 
migration of the target molecules. As reported previously in 
our study (8), the inhibition of glucose uptake by the treat-
ment of AFP-producing rat hepatoma AH66 cells with horse 
anti-rat AFP antibody occurred within a few hours after the 
treatment. There was no remarkable change in the Km value 
in the kinetic analysis of the uptake, while a decrease in the 
Vmax was observed indicating that non-competitive inhibition 
was the main cause of glucose uptake failure. At that time, it 
was assumed that no qualitative change in the transport carrier 
occurred, but there was a quantitative change and a decrease 
in the number of unknown sugar transporters. Currently, one 
of the effective treatments of hepatocellular carcinoma in the 
clinical setting is inhibition of angiogenesis in liver cancer 
tissue to induce malnutrition, such as deficiency of sugar, other 
nutrients and oxygen (82-85). The induction of such malnutri-
tion in cancer cells in the present study by administration of 
anti-AFP antibody is a significant finding.

There have been several reports that small but detectable 
amounts of autoantibodies against human AFP were produced 
by an unknown factor in vivo, including in the presence of 
cancer (86-90). Generation of autoantibodies to carcinoem-
bryonic antigen (CEA) has been also reported in several kinds 
of cancers and the expression of these anti-CEA autoanti-
bodies depleted the serum CEA antigen levels (91-94). It can 
be postulated that by a similar unknown mechanism, excess 
amounts of autoantibodies raised against AFP in the serum 
or in the cells are generated, and then bind to AFP, thereby 
decreasing the AFP concentration. However, there are no 
reports yet of any findings related to AFP that might compare 
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with the rapid deletion of serum CEA due to increased expres-
sion of anti‑CEA autoantibody. The phenomenon of anti-AFP 
antibody eliminating abundant functional AFP from the cyto-
plasm as well as from the extracellular matrices, with severe 
accumulation of ICs as a result of some unknown phenomenon 
cannot be expected for liver cancer cells. Liver cells, paren-
chymal and non-parenchymal interstitial cells, as well as liver 
cancer cells exhibit a confusing biological reaction in response 
to the cellular environment resulting from anti-AFP antibody 
treatment.

As shown in this study, the administration of anti-AFP 
antibody had an inhibitory effect on cell growth via suppres-
sion of the PI3K/AKT signaling pathway. Because of a 
decrease in intracellular functional AFP resulting from the 
generation of ICs consisting of AFP and anti-AFP antibody, 
the production and accumulation of ICs derived from the 
AFP-anti AFP antibody reaction exerted the same cell 
growth inhibitory effect as inhibition of intracellular AFP 
expression. Unfortunately, the cytotoxicity and antitumor 
efficacy of the specific antibody alone were weaker in 
comparison to so-called anticancer agents. However, a more 
recent report indicated that intracellular AFP expression 
is closely related to hepatocarcinogenesis, as well as liver 
cancer progression (95). For such reasons, elucidating the 
mechanism of action of cytotoxicity of anti-AFP antibody 
on AFP-producing tumor cells serves as a sound basis not 
only for use in combination with other effective liver cancer 
therapy but also for developing strategic measures for liver 
cancer prevention.
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