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the morphology and counted the nwmbers of mSGP cells
.(

every 24 h by a modified MTT assay. The number of cells
increased in ull cultures. However, glycine suppressed the
number of cells at 24 h and 48 h (Fig. 1b). In the media
with t-alanine or L-serine. no changes were seen in the cell
morphology or the proliferation of mSGP cells (Fig. Ta. b).
To conitrm the efleet of glycine on cell proliteration. we
used an assay with BrdU. These results also showed that
alveine supplementation suppressed the numbers of BrdU-
positive cells ai 24 he similar to the MTT assays (Fig. Te. d).

Short-term ghveine depletion promotes cell proliteration

A decrease in glveine might promote cell proliferation. To
determine the effects of a deprivation of glycine, we
cdtured mSGP cells with various amino acids removed
from the medium, for 48 b We prepared 20 types of
medinm (8 medium). which consisted of amine acid
wroupings with the vemoval of one amino acid each.

&

controi +Gly

+Ala

+8Ser

Fig. I Glycine inhibits cell proliferation of mSGP cells in short-term
culture, mSGP cells were cultured in media supplemented with
alyvine, L-alanine. or L=serine. The morpholugy wus observed. and
the nwmbers of MmSGP cells were counted every 24 h by madified
MTT assav. a Morphology of mSGP cells at 24l this morphology
was maintiined in all cultures, Bar 100 m. b Effects of amino acids
on mSGP eell profiferation (y-axiv numbers of proliferating cells a1
cach time pointnumbers ol eells at U by black bars 24 h. white bary
A8 B Glveine suppressed the sumbers of cells at 24 hand 48 h (24 he
2 23-fold m o conmrod, 1 19-10ld in ~ GO compared with culture ar ume
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fold

BrdU positive cells

Glycine-free medium (8Gly) demonstrated a promotion of
proliferation compared with control at 4% h (Fig. 2y
Depletion of L-cvsteine, L-glutanmine, L-glutamic acid. L-
aspartic acid. L-arginine. or l-proline resulted in a
reduction in cell number at 48 h (Fig. 2b). as did depletion
of L-threouine. L-methionine, L-teucine, L-
isoleucine. L-phenvlalanine. L-tryptophane. L-lysine. or
L-histidine. No chunges were observed i the [.-alanine,

L-valine,

L-serine. |-ausparagine. or L-tyrosine depleted media
compared with the control. Morphology was maintained
in all of the § media (Fig. 2a). Thus. glycine had unique
offects on cell growth: glycine-free medium promoted the
profiferation and glycine supplementation suppressed the
proliteration of mSGP cells.

To investigate whether glycine inhibition of cell prolit-
eration was associated with amino acid toxicity. we cultured
mouse fetal fibroblasts (F13) for 48 h in 0 mM, 2.5 mM,
S miL [0 mM. 20 mdL or 30 mM concentrations of
glycine. We counted the number of cells every 24 h by

i

control

+Ala

+Gly

40

Jtotal cells
N
o
}

(=]
l

control +Gly  +Ala +Ser

0 h 48 e 5.67-fold i conprol, 2.27-t0ld in = Gy, compared with
culture at time 0 h, »/<0.001, #2003y ¢, d Cell proliferation
analysis by BrdU assay. ¢ Immunofluorescent staining of maGP celis.
Glveine suppressed the numbers of BrdU-positive cells tivd)
Countersiained  with -Lé-diamidino-2-phemylindole (24PN, Bui
100 wm. d Quantitative analysis of BrdUi-positive cclls (v-wxiy
numbers of Brdl -positive cells total number of cells). The ratio of
BrdU-positive cells was decreased by glyeine compared with control
teontral 31190, =Ghe 11.9%, L 4503%.0 =Ser
P 0.03)
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Fig. 2 Glveine depletion promotes cell proliferation of mSGP cells in reduction in cell number at 48 R (0.73-0.03-0 in 8C s, 0.87-0.04-fold

short-term colure. a Morphology of mSGP cells wt 48 h: this
morphelogy was mamaimed in all culivres, Bare 100 wun, b Effects of
anvio actd depletion on mSGP cells proliferation Q-axis number of
profiferating cell at cuch time pointnumber of cells wt ¢ W, Alack bais
24 hosedriee Aary A8 I, Glveine-free medium demonstrated proliferation
promadion compared with conwol (3.89=024-fold n SGlv, 3.17=0.23-
fold in control. »#/~0.035), Depletion of L-cyaine. L-glutamine. L-
shuiamic ackld, D-aspariic acid, L-arginine. or T-preline resulted in a

in 8Gin. 2.29-0.21-fold in SGlu, 2 133k m SAsp. 0.970.06-fold
i SArg. LS4H0.09-f0ld in SPro. #P=0.601, 7% 0Lu3). Depletion of | -
threonine. 1-methionine. L-valine. |-leucine. T-isolencine, |-
phenvialwune, L-tnvpiophane. L-lysine. or [-histidine abso residied in o
reduction i cell number (48 h: LOY=0 1 1-fold i S The 139 0.19-40ld in
Shet, 21 2+fold in §Val, 2.32=0.20-f0ld i SFew, 2305 022-told in
Stle. 4=t to-fold in SPhe, 2.27=030-f0id m SMrp. 1 89-0.15-f0ld
in SLys, 2.52-009-fold in SHis, #P<0.00], F10,03)
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moditied M assay. The results revealed a dose-dependent
suppression by glyeine in proliferating cells, In addition.
the number of proliferating cells increased in glycine-free
mediwm (data not shown). Neither apoptotic cells nor
necratic cells could be detected in any of the media. These
results suggested that the suppression of cell proliferation in
glycine-supplemented medium was not caused by amino
acid tonicity. and that glycine wuas a regulator ot cell
proliferation.

Glveine induces cell-eyele arrest/delay in the S-phase

We investigated whether glycine influenced cell-cycle
progression. mSGP cells were synchronized in the GO/G1-
phases in the presence of glycine. and the cell-cycle
distribution paitern was analyzed by quantifying the DNA
content with flow cvtometry analysis at 24 h after glycine
weatment. Treatment with 10 mM glyeine increased the
percentage of cells in the S-phase (Fig. 3a). whercas the
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Fig. 3 Glycine affects on cell-eyele progression. Cell-eycle distribu-
fion was amalyzed by quantification of DNA content and cvelin
expression at 24 b atter 10 mM glveine treatment. a Quantitative
analysis of nuelear DNA contents by using Vybrant Dye-Cyule Green
Staining. Glveine increased the pereentage of cells in the S-phase
compared with control (conpral: 45.95% [hlack bar Gl-phase].
32240 (wahite bar S-phase], 21N {wray bar G2 M-phasc]: + Giv:
F351P0 [Mack har Giphase). 49737 [white har S-phase]. 6.75%%
aray bar G2A-phase]. b Flow evtometry analysis of cyelin
expression. The numbers of cyclinA-positive cells increased afler
glveine treament. whereas the numbers of cyclinDI-positive or
eyelinl3 1-positive cells decreased tgray finex)
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percentage of cells in the G2'M-phase was decreased
(Fig. 3a). The percentage of cells in the Gl-phase was
unchanged (Fig. 3a). To confirm these resuits, we investi-
gated cveclin expression by flow cytometry analysis. The
cyclinA-positive cells. which appeared in the S-phase
increased after 24 h glycine treatment, whereas the
cyclinD [-positive or eyelinBl-positive cells, which
appeared in the G1 or G2/M-phase. significantly decreased
{Fig. 3b). These results suggested that glycine inhibited the
cell-cycle progression in the S-phase. but not in the GO/G1-
phasc. These effects of glycine were independent of
apoptosis (Supplemental Tig. la. b). Therefore, glycine
regulated the cell cyele and cell proliferation without
toxicity.

Fig. 4 Glveine promotes difterentiation of mSGP cells in long-term
culture. To investigate the effects of glyeine on cell differentiation.
mSGP cells were cultured for 2 weeks in medium supplemented with
1 m ulyeine. and the cell morphology and gene expression were
estimated by immunofluorescent stain and RT-PCR. a Morphology of
immature mSGP cells. Cells formed uniform polvgonal cell popula-
tions with large nuckel. assuming the form of an epithelium. Bur
100 wm, b RT-PCR performed on mRNA obtained from mSGP cells
cultured in control medium: the cells expressed alpha-fetoprotein
(AFPY but were negative for evtokeratin 19 (CA79) and albumin (lane
{ mSGP eolls iy control medivm. fane 2 positive control. GAPDIT D-
alveeraldehyde-3-phosphate dehydrogenase). ¢ Morphology of mSGP
cells treated with glyeine for 2 weeks. Small cell accumudation, cluster
formations {(wrrowhead). and duct-like structires tareowe) were
incrcased. The duct-like structures could not be detected in other
media, Bar 100 wm. d Eifect of glyeine on cluster formation,
Numbers of clusters of T mm™ were counted. Clusters comprised
ditferentiated mSGP cells. Glveine promoted the numbers of clusters
compared with the control (conmol: 3.62:2.63 clustersmm™; Gl
14.7=4.17 clusters mnt®. “P-0.001). ¢ Morphology of mSGP cells in
cultires with serwm withdrawal tnon verunn. EGF withdrawal (7GR
and signal transduction inhibitors (-0 3 1M UQE26. 4 LY 20y
TY204112.0 - 40 20 uM Akt-inhibitor. -Rap 3 N rapamyving.
Cluster formations (arrowheadsy and duct-like structures Gurrony)
were increased in wll cultures. Bur 100 um. £ The effect of serum
withdrawal sy, EGE withdrawal, and coll proliteration inhibitors on
cluster formation. The number of clusters was not statistically ditterent
between the media. g Effect of glyeine on EGF signaling pathway.
Western blot analysis was performed on whale-cell lysates from cells
cultured in 10 mM glveine or 3 pM U0L26 supplementaiion for 2.6,
or 24 h. Glveine decrcased phospho-p42 p4MAPK expression at 6. b
in comparison with the control and abolished it at 24 h. Whole cell
Ivsaics fram Hela cells were used as a positive eontrol (= Giv 10 mM
glyeine. = U 3 uM V0126, Hela Hela cells). b i Immunofluorescent
staining of mSGP cells. Ipwnature wSGP cells cultured in control
medium were positive for AFP CDH91L and invaceliular laminin
tantiyens of immaruriny) and negative for CKI9 (expressed by duct
cpitheliun). b Cells cultured in glveine-containing medium  Tor
2 weeks. Glyeine decreased the expression of AFP (grecmn. CDHAGY
(green). and Jaminin (green), whereas it increased that of E-cadherin
(reddy and CK19 ¢ed). Bar 100 wm. i Cells cultured with signal
tansduction inhibitors or withour EGF. The expression of laminin
(ereen) deereased and CK19 tred) incrcased in comparison with the
comrol in . Bar 100 wm. j RT-PCR performed on mRNA obtained
from mSGPs cultured in gheinc-comaining mediam. Glyeine
increased the aene expression of CK19 tune 1 control. lune 2 - Gly.
June 3 positive control)
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Long-term glycine addition promotes differentiation
of mSGP cells

Glyeine has been suggested to promote the difterentiation
of mSGP cells. We investigated the effects of glycine on the
differentiation of mSGP cells cultured for 2 weeks. The
results showed a significant increase in differentiated
clusters in glycine-containing medium (Fig. 4e, d). In
addition, epithelial-duct-like structures appeared in mSGP
cells cultured in this medium. The duct-like structures could
not be detected in other medin (Fig. 4c. arrow). The
morphology of mSGP cells was unchanged with the other
amino acids (Fig. 4c).

To investigate whether the effects of glycine on
differentiation were associated with EGF signaling, we
cultured mSGP cells in media supplemented with signal
transduction inhibitors such as 5 puM MEK inhibitor
(U0126). 20 uM PI3K inhibitor (LY294112), 20 pM Akt-
inhibitor, or § nM rapamycin. The treatment with inhibitors
led to an increase in clusters and duct-like structures,
similar to the treatment with glycine (Fig. 4e, ). Western
blotting analysis revealed that glycine decreased phospho-
p42/p44MAPK and its activity at 6 h in comparison with
control and completely abolished it at 24 h (Tig. 4g).
Increased expression of CK19 was detected in cells
cultured in glvcine-supplemented medium. serum-free
medium, EGF-free medium. or media with inhibitors
(Fig. 4h-). These results suggested that the effects of
glycine on the differentiation of mSGP cells were similar to
that of EGF-signal inhibition.

Discussion

In this study. we have demonstrated that glycine. which is
one of the non-essential amino acids for mammals,
suppresses the proliferation and promotes the differentiation
of mSGP cells.

To investigate the effect of glveine on cell proliferation
in vitro, we have cultured mSGP cells in the presence of
glycine. Glycine supplementation suppresses cell prolifer-
ation of mSGP cells.

Our previous studies have demonstrated three proce-
dures useful for investigating the differentiation of mSGP
cells in three-dimensional culture; autonomous cell-cluster
formation ou monolayer culture. induced 3-D structure
formation in matrigel matrix culture. and spherical culture
(Hisatomi ct al. 2004; Matsumoto et al. 2007; Okumura et
al. 2003: Sato ¢t al. 2007). The clear differences between
each procedure are evident in terms of gene expression and
function of mSGP cells. Cell clusters are formed autono-
mously on monolayer culture, and the dilferentiated mSGP
cells in cell clusters are positive for CK19. whereas they are
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negative for insulin and albumin. This indicates that the
cell-cluster formation on monolayer culture represents an
early stage of mSGP cell differentiation. The cell culture
procedures in matrigel and spherical culture also encourage
mSGP cells to form 3-D structures, inducing differentiation.
The differentiated cells in matrigel are of the hepatic
lineage: they express albumin and antitrypsin and differen-
tiate into hepatocytes after transplantation into the liver
(Hisatomi et al. 2004; Okumura et al. 2003). Spherical
cultures cause mSGP cells to differentiate into the pancre-
atic endocrine lineage via artificial 3-D structural forma-
tions, The differentiated cells in the spheres are positive for
insulin and glucagon. These cells release insulin, when
stimulated by glucose and potassium (Hisatomi et al. 2004;
Matsumoto et al. 2007). In this study. we have used cell-
cluster formation on monolayer culture to analyze the effect
of glycine at the early stage of mSGP cell differentiation.
Glycine supplementation on monolayer culture enhances
cell-cluster formation of mSGP cells: the clusters are CK19
positive. Moreover, glycine supplementation encourages
mSGP cells to form duct-like structures. The increase of
autonomous cell-cluster formation by glycine suggests that
glycine promotes mSGP cell differentiation. These results
indicate that glycine exerts an ctfect on the differentiation
of mSGP cells at an early stage.

We have also investigated the effect of signal transduc-
tion inhibitors, the removal of EGFE. or glycine-
supplementation on mSGP cells. Previous studies have
shown that the phosphorylation and activation of members
of the mitogen-activating protein kinase (MAPK) family
such as p42 pHMAPK and p3SMAPK, which are down-
stream effectors of the EGF receptor. occur during the
development of several vertebral organs including the
salivary glands (Cardoso and Lu 2006: Liu et al. 2008),
Inhibition of PI3K. which is a downstream eftector of the
receptor of fibroblast growth factor (FGF), is reported to
suppress the formation of the salivary gland cpithelial bud,
as shown when the MAPKs are inhibited (Larsen et al
2003). The inhibitors and deprivation of EGF promote the
formation of cell clusters, similar to the finding with
glycine. EGE is an cssential growth factor for mSGP cells
to retain their immaturity. Glycine might therefore function
to inhibit the CGF signaling pathway. leading to growth
suppression, and to promote the differentiation of tissue
progenitor cclls.

During cell proliferation. growth factors are well
known to affect cell-cvele progression. especially the GO
to G1 transition and the G1-S progression (Cardoso and
Lu 2006; Jones and Kazlauskas 2001 Liu et al, 2008;
Meloche and Pouyvssegur 2007): hence. cell proliferation
is suppressed by ccll-cycle arrest in the GO.Gl-phase
(Jones and Kazlauskas 2001; Shackelford et al. 1999).
When deprived of serum or growth factors. cells exit into
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the GO-phase after they complete mitosis. These cells can
be reintroduced into the cell cycle by the re-addition of
serum or purified growth factors (Jones and Kazlauskas
2001: Pardee 1974, 1989). Growth factors such as EGF,
FGF, and hepatocyte growth factor have recently been
reported also to induce G2/M transition delay (Dangi et al.
2006: Nam et al. 2008). We have demonstrated that
glycine induces S-phase arrest/delay in mSGP cells. The
cell-cycle arrest at S-phase usually indicates a delay of
DNA synthesis or DNA repair. A previous study has
shown that the chemical inhibition of pyrimidine nucleo-
tide synthesis in cells delays S-phase progression (Liu et
al. 2007). indicating that S-phase arrest can indeed occur
as a result of a delay in DNA synthesis. In this study, we
have shown that glveine inhibits MAPK signaling (Fig. 4),
suppresses cell proliferation (Fig. 1). promotes differenti-
ation (Fig. 4), and arrests (or delays) the cell cycle
(Fig. 3). Cells with DNA damage caused by radiation or
chemical injury inttiate cellular recovery mechanisms,
such as cell-cycle arrest in the Gl-phase and apoptosis
(Delia et al. 1997; Gentile et al. 2003; Shackelford et al.
1999). Other reports have revealed that the deprivation of
vrowth factors induces caspase and superoxide activities
and cell apoptosis (Lieberthal et al. 1998). OQur results
provide no evidence of cell death resulting from apoptosis
or necrosis after glycine supplementation. Furthermore,
glycine-treated cells are induced to proliferate by the
removal of glycine from culture media, suggesting that
glycine has regulatory functions in cell proliferation, not
in cell toxicity. The S-phase delay in non-proliferating
cells treated with glycine might be caused by a delay in
DNA synthesis or a delay in the G2/M transition
accompanying the inhibition of growth factors.

Non-ketotic hyperglycenemia (NKH), which is an
inherited deficiency of glycine metabolisi. presents severe
neurological symptoms and frequently accompanies brain
malformations (Ichinohe et al. 2004; Sakata et al. 2001). It
is characterized by the accumulation of a large amount of
glycine in serum and cerebrospinal fluid (CSF), indicating
that the normal glycine concentration in CSF is indispens-
able for normal brain development. In NKH. the oxidative
breakdown of glycine is impaired, causing the deprivation
of 5, 10-methylenetetrahydrofolate. which is essential for
the synthesis of DNA during cell proliferation (fchinohe ct
al. 2004; Sakata et al. 2001). This evidence suggests that a
high concentration of glycine might have inhibitory or toxic
effects on neurogenesis.
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