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Figure 2. Effect of PKC inhibitor on FGF-2 signaling in hPS cells. The phosphorylation levels in H9 hES cells were measured by AlphaScreen®
SureFire® assay kit. The values of the y-axis are the ratio of each phosphorylation to each total signal protein. (A) The cells were stimulated with FGF-2
(100 ng/ml) in fresh medium without insulin after overnight starvation and incubated with (open square) or without GFX (5 uM, closed square) for
180 minutes. The data are represented as means = SE (n=3). *P<0.05. (B) The cells were stimulated with FGF-2 (100 ng/ml) in fresh medium without
insulin after overnight starvation. Fifteen minutes after FGF-2 addition together with each inhibitor as indicated on the panel. The data are
represented as means * SE (n=3). *P<0.05. (C) The cells were treated with FGF-2 (100 ng/ml), BMP-4 (100 ng/ml) or activin A (100 ng/ml) in fresh
medium without insulin after overnight starvation. Fifteen minutes after the addition of each growth factor as indicated on the panel. The data are
represented as means * SE (n=3). *P<<0.05. (D) The cells after growth factor starvation were stimulated with FGF-2 (10 ng/ml) and activin A (10 or
100 ng/ml) together with U0126 (5 uM) and GFX (5 uM) or Gb6976 (5 uM) in fresh medium without insulin for 15 minutes. Fifteen minutes after the
addition of each growth factor/inhibitor as indicated on the panel. The data are represented as means *+ SE (n=3). ¥*P<<0.05.
doi:10.1371/journal.pone.0054122.g002

cantly reduced phosphorylation of not only AKT, but also ERK-
1/2 and GSK-3.
Neither BMP-4 nor activin A in the absence of FGF-2 induced

cells (Fig. 2C, Fig. S1C). From our previous report that activin A
acts synergistically with FGF-2 in stimulating the phosphorylation
of ERK-1/2 [20], we speculated that activin A may increase the

the phosphorylation of AKT, ERK-1/2, or GSK-38 in 201B7 iPS
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of increasing concentrations of activin A with FGF-2 increased
phosphorylation of both GSK-3f and ERK-1/2 in a dose-
dependent manner in H9 hES cells (Fig. 2D, Fig. S1D). Addition
of U0126 with FGF-2 and activin A had little influence on
phosphorylation of both AKT and GSK-38, and completely
inhibited phosphorylation of ERK-1/2. Addition of GFX together
with U0126 in the presence of FGF-2 and activin A not
significantly increased phosphorylation of AKT, while it com-
pletely inhibited phosphorylation of both ERK-1/2 and GSK-3f
(Fig. 2D, Fig. SID). A selective inhibitor of classical PKC (a, f3,
and v isoforms) [29], G66976 had little influence on phosphor-
ylation of AKT and decreased phosphorylation of GSK-3f less
than GFX. These results suggested that FGF-2-induced PKC
stimulated phosphorylation of GSK-3B and that GFX inhibited
the PKC-induced phosphorylation of GSK-3B, but it increased
phosphorylation of AKT (Fig. S2).

Effect of GFX and PMA on colony morphology of the cells

To confirm the speculation that PKCs play roles in regulating
self-renewal in hPS cells, the effect of the PKC activator PMA with
several kinase inhibitors on the culture of 201B7 hiPS cells was
determined (Fig. 3A). Treatment with PMA scattered the iPS cell
colony dramatically. PMA-treatment with LY-294002, lithium
chloride (LiCl, GSK inhibitor), Y-27632, or U0126 did not reverse
the morphological change whereas GFX negated the effect of
PMA on cultured 201B7 cells. G66976 did not negate the effect of
PKC. The effect of G66976 was compared with that of GFX on
ALP-activity of the cells: GFX with FGF-2 increased the ALP-
activity of 201B7 iPS cells, while G66976 with FGF-2 had little
effect on ALP-activity of the cells (Fig. 3B). GFX increased colony
forming efficiency in hESF9 medium (Fig. 3C). G66976 did not
increase the colony sizes of 201B7 cells and also cell numbers of
H9 and 201B7 cells whereas GFX increased the colony sizes and
also cell numbers (Fig. 3D, 3E, 3F). PMA activates PKCa, B, v, 0,
g, 1, and 8 whereas GFX inhibits PKCa, B, v, §, €, and { isoforms.
G66976 inhibits PKCa, B, and vy isoforms. These results and
findings suggested that PKCS or € isoforms regulate undifferen-
tiated state of hPS cells.

Isoform-specific function of PKCs in FGF-2 signaling

To determine the isoform-specific function of PKCs on FGF-2
signaling, at first the expression of 11 PKC isoform genes in 201B7
iPS cells was determined by RT-PCR. The results showed that the
cells expressed all of 11 PKC isoforms examined here (Fig. 4A).
The PKC inhibitor results described above suggested that PKC3&
or PKCe might be responsible for GSK-3f phosphorylation but
there is a possibility that PKCC might also be involved. Then, we
examined whether FGF-2 stimulated phosphorylation of PKC9,
PKCe or PKCE with or without GFX. Image analysis of western
blotting showed that the phosphorylation of PKC6 and PKCe was
increased in a time-dependent manner after stimulation of FGF-2
and the phosphorylation of PKC{ was increased in 15 min after
stimulation of FGF-2 and then decreased, suggesting that
activation mechanism of PKCC might be related with GSK-3B
phosphorylation (Fig. 4B). GFX diminished the increased phos-
phorylation of all three PKCs. These result indicated that FGF-2
induced PKC3, PKCeg, and PKC{ in hPS cells.

We next examined the effects of short interfering RNA (siRINA)
targeting PKCd, PKCe or PKC{ on FGF-2 signaling in 201B7 iPS
cells. The efficacy and specificity of siRNA was confirmed by
quantitative RT-PCR (Fig. S3A). The expression of the targeted
PKC genes was inhibited for at least 60%. The phosphorylation
levels of AKT, ERK-1/2 and GSK-3p were measured in these
PKCs-knockdown cells by AlphaScreen® SureFire® assay kit. The
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results showed that knockdown of PKC8, and PKCC did not affect
FGF-2-induced AKT phosphorylation while knockdown of PKCe
significantly reduced it (Fig. 4C). Knockdown of either PKCeg or
PKCC isoform significantly decreased FGF-2-induced ERK-1/2
phosphorylation. GFX which is reported to target PKCa, B, v, 3, €
and { isoforms did not change the level of FGF-2-induced ERK-1/
2 phosphorylation, as shown above (Fig. 2 and Fig. S1). These
results implied that cross-interaction among PKC isoforms might
affect on the level of FGF-2-induced ERK-1/2 phosphorylation.
Then, the cells were treated with the inhibitory peptide cocktail for
all isoforms (PKCa, B, v, 0, € and {), or the inhibitory peptide
cocktail for PKC3, €, and . The inhibitory peptide cocktail for all
isoforms did not affect on FGF-2-induced ERK-1/2 phosphory-
lation. On the other hand, the inhibitory peptide cocktail for
PKCS3, ¢, and { inhibited the ERK-1/2 phosphorylation (Fig. S4).
These results suggested that inhibitions of all isoforms neutralized
the reducing effect on FGF-2-induced ERK-1/2 phosphorylation
by the inhibition of PKCe and {. GSK-3f phosphorylation was
significantly reduced by the knockdown of all three PKC isoforms,
compared with that by non-target siRNA. These results suggest
that FGF-2 induced PKCs, followed by phosphorylation of ERK-
1/2 and GSK-3B in hPS cells (Fig. S3B). From these results, we
showed that FGF-2 induced PKCY, & and {, resulting in
stimulation of differentiation in hPS cells which might cause
instability of the self-renewal state of hPS cells and that GFX
targets these PKC isoforms in hPS cells, resulting in enhanced self-
renewal of hPS cells.

Stability of self-renewal of hPS cells in the presence of
inhibitors of ERK-1/2 and PKC

Based on the results above, we hypothesized that inhibition of
both PKC and ERK-1/2 might provide stable culture of hPS cells
in our minimal defined medium hESF9 with activin A. Dissociated
single hPS cells were inoculated on FN in hESF9 medium
supplemented with activin A (10 ng/ml) [8,20], U0126 (5 pM) or
GFX (5 uM). When dissociated single cells were cultured in
hESF9, hESF9 + activin A, hESF9 + U0126, or hESF9 + activin A
+ U0126, many cells died or differentiated (Fig. 5A). On the other
hand, when dissociated single cells were cultured in hESF9 +
activin A + GFX, or hESF9 + activin A + GFX + U0126 (21), cells -
could proliferate enough to be passaged. However, usually after 3
passages, epithelial-like cells appeared in the culture of hESF9 +
activin A + GFX condition (Fig. S5A). Immunocytochemical
analysis by image analyzer showed that ratio of OCT3/4-positive
cell population in the culture of hESF9 + activin A + GFX +
U0126 (2i) condition was slightly higher than that in the culture of
hESF9 + activin A + GFX (Fig. S5B and S5C). Gene expression in
the cells cultured in these culture conditions was analyzed by real-
time PCR (Fig. 5B). The expression of an endoderm marker,
FOXA2, and a mesoderm marker, T were increased by activin A
but it was significantly reduced by the addition of U0126. When
the cells were cultured in hESF9 + activin A + U0126 + GFX,
both FOXA2 and T were inhibited at lower level and also the
undifferentiated makers, NANOG and OCT3/4 were maintained
at higher ratio in the cells than those in other culture conditions.
Next, the serial culture of dissociated single cells of hES H9, hES
KhES4, hiPS 201B7 and hiPS Tic [33] cell lines were tested in
hESF9 medium supplemented with activin A (10 ng/ml), U0126
(5 uM) and GFX (5 pM) (designated hESF9as; medium; Table
S1). Dissociated single hPS cells were grown on FN in hESF9ay;
medium for 3 passages. Phase-contrast image showed that cell
morphology seemed undifferentiated although they did not form
hPS typical cell colony. OCT3/4 expression profiles were

confirmed by immunofluorescence analysis using image analyzer,
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Figure 3. The effect of PKC on the morphologies of hPS cells with or without GFX. (A) Phase-contrast image of 20187 hiPS cells cultured in
feeder-free hESF9 defined medium on FN 24 hours after treatment with DMSO, PMA (10 nM), 4a-PMA (10 nM), GFX (5 uM), PMA (10 nM) with GFX
(5 uM), PMA (10 nM) with G66976 (5 uM), PMA (10 nM) with LY-294002 (50 uM), PMA (10 nM) with LiCl (1 mM), PMA (10 nM) with Y-27632 (10 pM),
or PMA (10 nM) with U0126 (20 pM). An inactive PMA analogue, 40-PMA is used as negative control. Scale bars, 200 um. (B) Quantitative ALP-based
assay of 201B7 hiPS cells cultured in feeder-free hESF9 medium with GFX (closed circle) or G66976 (open circle) as indicated concentrations. (C)
Colony forming efficiency of dissociated single hPS cells cultured with or without GFX. Dissociated single 201B7 cells seeded at 250,000 cells/well
were grown on a 6-well plate coated with FN (2 pug/cm?) in hESF9 medium supplemented with and without 1 pM GFX. A in 5 days and stained with
ALP fast-red substrate. (D) Phase-contrast image of 201B7 hiPS cells or H9 hES cells cultured in feeder-free hESF9 medium with DMSO (open square),
GFX (5 uM, gray square), or G86976 (5 uM, closed square). (E) Growth of cell colony area of hPS cells in the presence of -GFX or G66976. The whole
images of 201B7 celi colonies grown in a 6-well-plate coated with FN in the presence of DMSO, GFX or G66976 in hESF9 medium was measured by an
analysis software, Cell-Quant. The images were captured every 12 hours in live cell imaging system Biostation CT. The data are represented as means
* SD (n=3). (F) Cell growth of hPS cells in the presence of GFX or G66976. The numbers of H9 (open bars) and 201B7 celis (closed bars) grown in a 6-
well-plate coated with FN in the presence of DMSO, GFX or G66976 in hESF9 medium were counted on 5 days. The data are represented as means *
SD (n=3).

doi:10.1371/journal.pone.0054122.9003
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Figure 4. Specific-isoform of PKCs function in FGF-2 signaling. (A) RT-PCR analysis of PKC isoform expression. Total RNA was extracted from
the undifferentiated 201B7 hiPS cells cultured on feeder cells (CF-1) with KSR-based medium or the feeder cells. Primers were listed in Table S3. (B)
Phosphorylation of PKCS, ¢, or { isoforms induced by FGF-2 (open square) with GFX (closed square). 201B7 hiPS cells were stimulated with FGF-2
(100 ng/ml) after overnight starvation and incubated with or without GFX (5 M) for 180 minutes. The cells were lysed and followed by western blot
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analysis using an antibody detecting the phosphorylation or total protein amount of PKC8, PKCe, or PKCC. Protein content quantified from the gel
blot images (n=3). The values of the y-axis are the ratio of each phosphorylation to each total signal protein. (C) FGF-2 signaling in hPS cells with
specific PKC isoforms-targeting siRNA. 201B7 iPS cells were transfected with specific PKC3, ¢, or { isoforms-targeting siRNA or non-targeting siRNA.
The phosphorylation levels of the cells treated with FGF-2(100 ng/ml) after overnight starvation were measured by AlphaScreen® SureFire® assay kit.
The values of the y-axis are the ratio of each phosphorylation to each total signal protein. The data are represented as means = SE (n = 3). *P<<0.05.

doi:10.1371/journal.pone.0054122.9g004

suggesting that the hPS cells maintained undifferentiated state.
Another undifferentiated maker, TRA-1-60 expression was also
confirmed in hPS cells grown in hESF9ay; medium for 3 passages
(Fig. S6).

Serial culture more than 10 passages of undifferentiated H9 hES
cells and 201B7 hiPS were tested on FN in hESF9ay; medium.
Undifferentiated morphologies of 201B7 hiPS (Fig. S7A) and H9
hES colonies (Fig. S8A) were maintained for more than 30
passages using the conventional passage procedure. The growth
rates of H9 hES and 201B7 hiPS cells in hESF9ay; medium were
similar to those of cells grown in the conventional KSR-based
medium on feeders (Figs. S7B and S8B). The cells retained
expression of stage-specific embryonic antigen (SSEA)-4 [34], cell
surface antigens TRA-1-60 [35], TRA-1-81 [35], CD90 (Thy-1)
[36], and TRA-2-54 [36] (alkaline phosphatase), but did not
express SSEA-1 [37] or a neural marker A2B5 [36] (Fig. S7C,
S7D and S8C, S8D). The cells retained normal karyotypes (Fig.
S9A), pluripotency in vitro (Fig. S9B) and in vivo (Fig. S9C). These
results confirmed that inhibition of both ERK-1/2 and PKC
supported the self-renewal of hPS cells.

Discussion

Many studies reported that FGF-2 activates both the MAPK/
ERK, and PI3K/AKT pathways, which are important for
maintaining pluripotency and viability in hPS cells [9,14-16].
However, FGF-2 downstream signaling is not clearly understood
in hPS cells. In this study using a minimum essential defined
culture system [8,20], we showed that FGF-2 activated PI3K/
AKT and MEK/ERK-1/2, but also PKC3J, ¢ and { isoforms in
hPS cells (Fig. 6).

The PKC family has been implicated as an intracellular
mediator of several neurotransmitters, hormones, tumor promot-
ers, o] -adrenergic agonists, and phorbol esters, and it is important
in the regulation of growth, differentiation, cell death, and
neurotransmission [38]. The PKC family comprises classical
(PKCu, B, and v; activated by Ca®" and phorbol esters), novel
PKC (PKCSY, €, 1, and 6; activated by phorbol esters but not
regulated by Ca”"), and atypical PKC (PKC{ and PKC1/A; not
activated by Ca®" or phorbol esters). Different isoforms may
perform distinct functions, as suggested by their differential pattern
of localization, differences in condition of activation, and some
differences in substrate specificity [39—40]. PKC has previously
been implicated in GSK-3 regulation [41-42]. Fang et al. [43]
showed that PKCe, BI, v, m, and & were capable of
phosphorylating  GSK-3B while PKCe and PKC{ did not
phosphorylate GSK-3 by in vitro kinase assays; also, expression
of constitutively active PKCa, BL 7, n enhanced phosphorylation
of cotransfected GSK-3f in HEK293 cells. On the other hand,
Eng et al. [15] reported that negative construct of PKCe isoform
prevented phosphorylation of GSK-3 in migrating fibro-
blasts._These pieces of evidence suggested that specific isoforms
of PKC have different roles in different types of cells. Shuibing et
al. [44] reported that activation of PKCo. and/or B directs the
pancreatic specification of hES cells. Recently, Feng et al. [45]
reported that activation of PKCS induces extraembryonic
endoderm differentiation of hES cells. These studies suggested
that PKCs might be involved in differentiation of hPS cells. Our

PLOS ONE | www.plosone.org

study showed that FGF-2 induced PKC3, &, and {, resulting in
phosphorylation of GSK-38, ERK-1/2, or AKT. Chou, et al. [46]
reported that the phosphorylation of PKC{ was regulated by PI3-
kinase and PDK-1 in NIH 3713 fibroblasts. Intriguingly, PKC{ can
stimulate GSK-3 activity, by relieving PKB-imposed inhibition
[47]. In mouse ES cells, it has been shown that PKCC plays an
important role in inducing lineage commitment in mESCs
through a PKC{-nuclear factor kappa-light-chain-enhancer of
activated B cells signaling axis [48]. However, PKC inhibition
does not change phosphorylation of ERK-1/2 or GSK-3p. In view
of the fact that LIF mainly regulates self-renewal in mouse ES
cells, isoform specific function might be cross-regulated by other
signaling in the cells. Further, our study showed that the
combination effect by inhibition of PKCa, B, v, 8, €, and { was
different from that by inhibition of PKCe and {, suggesting that
each PKC might interact in different contexts and also PKC39, &,
and { might have different activation mechanisms in hPS cells. It is
needed further investigation in future.

GSK-38 is inhibited by phosphorylation stimulated by the
canonical Wnt signal pathway, which is followed by the
accumulation of B-catenin to the nucleus [49]. From the above
findings, it follows that FGF-2 may activate Wnt signaling through
PKC leading to differentiation of hPS cells. This conclusion
contradicts the findings of previous studies demonstrating that
canonical Wnt signaling supports self-renewal of stem cells [50—
52]. However, it is consistent with a study showing that canonical
Whnt signaling does not appear to promote stem cell maintenance,
which prevents differentiation of stem cells [53]. On the other
hand, some studies have shown a dual function for Wnt signaling
in hES cells in that the pathways of self-renewal or differentiation
are dependent on the presence of hES cell supporting factors [51-
52]. Recently, Ding et al. [32] showed that FGF-2 modulates Wnt
signaling through AKT/GSK-3p signaling and suggested that the
differences in the results could be due to the culture platform. Our
findings suggest that GSK-3f activity is regulated by FGF-2
through both PI3K/AKT and PKC pathways. AKT/GSK-38
signaling may support self-renewal whereas PKC/GSK-33 may
promote cell differentiation of hPS cells. However, GFX decreased
the phosphorylation level of GSK-3 to lower level than non-
treatment. GSK-3f signaling might be stimulated also by other
signal pathway in hPS cells. Target genes of these pathways and
further regulation mechanisms in GSK-3B signaling should be
analyzed in future.

TGF-B/activin/nodal pathways are thought to crosstalk with
FGF signaling in regulating hPS cells. Vallier et al. [1-2,54]
demonstrated that activin/nodal pathway in co-operation with
FGF-2 is necessary for the maintenance of pluripotency in hES
cells. We recently reported that activin A enhances FGF-2-induced
ERK-1/2, which permits neural and mesendodermal differentia-
tion of hES cells [20]. In this study we showed that activin A
enhanced FGI-2-induced phosphorylation of not only ERK-1/2
but also GSK-3p. Inhibition of these pathways provided stable
culture of hPS cells for long-term. In this study, we used both GFX
and U0126 to inhibit these pathways. GFX targeting all of PKCa,
B, v, 8, & and { had no inhibitory effect on ERK-1/2 pathway
although siRNA targeting PKCe or PKC{ decreased it. If more
specific inhibitor is developed in future, it would be more useful.
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Figure 5. Single cell culture of hPS cells in the hESF9a,; medium. (A) Cell growth of dissociated single H9 hES cells cuitured in each indicated
condition for three passages. Cells were reseeded at the cell density of 1x10° cells/well every 5 days. When the cells were passages, cell numbers
were counted. Cell growth in the hESF9a,; medium was significantly different (P<<0.05) from hESF9 (FGF-2), FGF-2 + activin A, FGF-2 + activin A +
U0126. Cell growth in hESF9a + GFX was significantly different (P<<0.05) from hESF9 (FGF-2), FGF-2 + activin A, FGF-2 + activin A + U0126, and FGF2 +
U0126. The data are represented as means *+ SE (n=3). (B) Gene expression in the hPS cells cuitured in each indicated condition for three passages.
The gene expression levels of NANOG, OCT3/4, FOXA2, T in the cells were measured by real-time RT-PCR. On the y axis, the gene expression level in
the cells cultured with FGF-2 in a experiment was taken as 1.0. The data are represented as means = SE (n =3). ¥*P<<0.05. (C) Phase-contrast image of
hPS cells grown on FN in hESF9a,; medium for 3 passages. The cells were dissociated into single cells for passage, and reseeded at a ratio of 1:3 - 1:5
every five days. Scale bars, 200 um. (D) OCT3/4 expression in hPS cells grown on FN in hESF9ay;. The cells grown in hESF9ay; as described above in
Figure 5C were reseeded on a 6-well-plate and cultured for 5 days. The cells stained with anti-OCT3/4 antibody were visualized with Alexa Fluor 488
(upper panels). Nuclei were stained with Hoechst 33342 (blue). Scale bars, 200 um. Whole cell images in whole plate were captured and OCT3/4
expression profiles were analyzed by Image Analyzer (lower panels). Antigen histogram (red); control histogram (green); Y axis is cell numbers and X
axis is fluorescence intensity for anti-OCT3/4 antibody.

doi:10.1371/journal.pone.0054122.g005
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undifferentiated state of hPS cells. Blue arrow indicated pathway
promoting hPS cell self-renewal and black arrow indicated pathway
promoting hPS cell differentiation.
doi:10.1371/journal.pone.0054122.g006

To maintain undifferentiated state, balancing among ERK-1/2,
PI3K, SMAD, and PKC signal pathways may be required in any
culture conditions. KSR of which components are not disclosed in
public is known to have BMP-4-like activity [55]. Some
components including BMP-4 in KSR together with secreting
factors from mouse feeders might regulate PKC/ERK-1/2
signaling. Using our defined conditions, more molecules including
growth factors would be screened to detect their accurate effects
on hPS cells.

In conclusion, our study suggested that FGF-2 induced PI3K/
AKT and MEK/ERK-1/2, but also PKCs in hPS cells. PI3K/
AKT promotes cell self-renewal whereas the MEK/ERK-1/2,
PKC/ERK-1/2 and PKC/GSK-3f pathways down-regulate hPS
cell self-renewal. This study helps to untangle the cross-talk
between molecular mechanisms regulating self-renewal and
differentiation of hPS cells.

Materials and Methods

Chemicals

A chemical library of kinase inhibitors (Biomol, Plymouth
Meeting, PA, USA), LY-294002 (Cell Signaling Technology,
Beverly, MA, USA), BIO (Merck, Darmstadt, Germany), U0126
(Promega, Madison, WI, USA), Y-27632 (Wako Pure Chemical,
Osaka, Japan), PMA (Sigma, St. Louis, MO, USA), 40-PMA
(Promega) and Go6976 (Sigma) were dissolved in dimethyl
sulfoxide (DMSO). LiCl (Sigma) and GF109203X hydrochloride
(Sigma) were dissolved in water.

PKC inhibitory peptides

Membrane-permeable PKC3 inhibitory peptide 9V1-1
(SENSYELGSL: amino acids 8-17 of PKC8) or PKCe inhibitory
peptide €V1-2 (EAVSLKPT: amino acids 14-21 of PKCg) were
designed according to the method of Mochly-Rosen [56-57]. The
peptides were custom-synthesized by Sigma (purified to >95% by
HPLC). Myristoylated PKCa, B, and 7y inhibitory peptide and
myristoylated PKCC inhibitory peptide were purchased from
Promega and Calbiochem (Darmstadt, Germany), respectively.
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Cell culture

The hES cell lines, H9 [10,31] (WA09, WISC Bank, WiCell
Research Institute, Madison, WI, USA) and KhES-4 (provided by
Kyoto University, Kyoto, Japan), and hiPS cell lines, 201B7 [26]
(provided by Dr. Shinya Yamanaka, Kyoto University) and Tic
(JCRBI1331, JCRB Cell Bank, Osaka, Japan) [33,58] were
routinely maintained on mitomycin C-inactivated mouse embryo
fibroblast feeder cells (MEF, Millipore Co., Billerica, MA, USA) in
an KSR-based medium supplemented with 5 ng/ml (H9, khES-4),
4 ng/ml (201B7) or 10 ng/ml (Tic) human recombinant FGF-2
(Katayama Kagaku Kogyo LTD., Osaka, Japan) previously
described [10]. Human ES cells were used following the
Guidelines for utilization of human embryonic stem cells of the
Ministry of Education, Culture, Sports, Science and Technology
of Japan after approval by the institutional ethical review board at
National Institute of Biomedical Innovation. The cells were
passaged with 1 mg/ml dispase (Roche, Mannheim, Germany) in
DMEM/F12 medium and a plastic scraper (Sumitomo Bakelite
Co., LTD Tokyo, Japan). The cells were split at a ratio of 1:5-1:8
every 5 days.

Human ES/iPS cell culture in feeder-free and growth
factor defined serum-free medium

Prior to culture in feeder-free conditions, the medium was
changed from the KSR-based medium to a growth factor-defined
serum-free hESF9 medium [8] (Table S1). Two days after the
medium change, the cells were harvested with 1 mg/ml dispase or
TrypLE (Invitrogen), and reseeded on plastic plates coated with
bovine FN (Sigma, 2 pg/cm?) [21]. For long-term culture, hPS
cells were maintained on FN in hESF9 medium supplemented
with 10 ng/ml human recombinant activin A (R&D Systems
Minneapolis, MN, USA) in the presence of both 5 pM U0126
[20], and 5 pM GFX, designated hESF9ay; medium. The medium
was changed every day.

Single hPS cell culturing with two inhibitors

hPS cells were dissociated with TrypLE (Invitrogen) into single
cells, and seeded on a 6-well plate coated with FN at the cell
density of 1x10° cells/well in hESF9, or supplemented with
10 ng/ml activin A, 5 pM U0126, or 5 pM GFX. The medium
was changed every day.

Quantitative ALP activity-based high-throughput
screening assay

The hPS cells were dissociated with accutase into single cells
and seeded at 5x10* cells/well on a 96-well plate coated with FN
(FN, 2 pg/cm? in hESF9 medium. Each compound in the
chemical library was added at 2.5 uM to each well. After further 5
days-culture, the cells were washed with 3-[4-(2-Hydroxyethyl)-1-
piperazinyl] propanesulfonic acid (EPPA) buffer (30 mM, pH 8.2).
Fluorescence ALP substrate (0.2 mM, 4-methylumbelliferyl phos-
phate) [59] in EPPS buffer was added into the wells. After
incubation for 30 min at 37°C, EPPS buffer (100 mM, pH 7.7)
supplemented with 1 M KoHPO, was add to terminate the
enzyme reaction. The amount of 4-methylumbelliferone (4-MeU)
produced via the enzyme reaction was measured with a
fluorescence microplate reader (Gemini EM, Molecular Devices,
Menlo Park, CA). The specific activity of ALP was quantified by
reference to a standard fluorescence curve generated with known
concentrations of 4-MeU (Sigma).
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Colony formation assay

Dissociated single hPS cells were seeded at 10,000-250,000
cells/well on a 6-well plate coated with FN (2 pg/cm?) in hESF9
medium supplemented with and without 1 pM GFX. After 5-
days-culture, the colonies were fixed in 4.5 mM citric acid,
2.25 mM sodium citrate, 3.0 mM sodium chloride, 65% metha-
nol, and 3% formaldehyde for 5 min, and stained with ALP fast-
red substrate (Sigma) for 15 min at room temperature.

Immunocytochemistry

Immunocytochemistry was performed as described previously
[20,60]. The image analysis was performed with In Cell analyzer
2000 and Developer tool box software (GE Healthcare, Little
Chalfont, Buckinghamshire, UK), or a confocal microscope (Carl
Zeiss). The primary and secondary antibodies used were listed in
Table S2.

Western blotting

Western blots were performed as described previously [8,20,60].
Protein (2 ug/lane) was separated by 12.5% SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF) membranes (Milli-
pore). The membranes were reacted with primary antibodies,
peroxidase-conjugated secondary antibodies, and ECL Plus
reagent (GE Healthcare). Protein bands were visualized using
LAS-4000 imager (Fujifilm, Tokyo, Japan). The primary antibod-
ies used were listed in Table S2.

AlphaScreen assay

AlphaScreen® SureFire® Cell-based Assay (Perkin-Elmer, Wal-
tham, MA, USA) was performed to measure phosphorylation of
AKT-1/2/3, ERK-1/2, and GSK-3 in the cells according to the
manufacturer’s instructions. Materials used were listed in Table
$2. The fluorescence signal was measured using an EnSpire™
plate reader (PerkinElmer).

Gene expression analysis

Total RNA extracted from cultured cells using RNeasy Mini kit
(Qiagen, Valencia, CA, USA) were treated with DNase I to
remove any genomic contamination, and reverse-transcribed using
Superscript VILO ¢cDNA synthesis kit (Invitrogen) according to
the manufacturer’s instructions. For RT-PCR, PCR products were
amplified with AmpliTaqg Gold DNA polymerase (Applied
Biosystems, Foster City, CA, USA), following manufacturer’s
instruction. The DNA was separated by gel electrophoresis and
visualized under ultraviolet light for photography. For quantitative
real-time RT-PCR, PCR was performed based on the TagMan or
the SYBR Green gene expression technology in a 7300 Real Time
PCR System (Applied Biosystems), following manufacturer’s
instruction. Threshold cycles were normalized to the housekeeping
gene GAPDH and translated to relative values. Specific primers
used are listed in Tables S3 and S4. For PCR-array, TagMan low-
density human stem cell pluripotency card PCR array (Applied
Biosystems, Foster City, CA) was performed as previously
described [61]. Expression levels were all normalized against the
housekeeping gene B-actin. The relative expression levels of each
gene in embryoid bodies were compared to the levels in H9 hES
cells or 201B7 hiPS cells grown on feeders in KSR-based medium.

Transfections with siRNA

Transfections with siRNA were performed using Dharmafectl
(Dharmacon, Chicago, USA) as previously described [62]. Prior to
transfection, the hiPS cells were incubated with ROCK inhibitor
Y-27632 (10 uM) for 1 hour and dissociated with TrypLE
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(Invitrogen) and pelleted by centrifugation. To prepare siRINA/
lipid solutions, 50 pmol of siRNAs were diluted in 100 pl of
hESF9 medium. In a separate tube, 6 pl of Dharmafect] was
diluted in 100 pl of hESF9 medium. The solution of the two tubes
were mixed and incubated at room temperature for 20 mins. The
resulting 200 pl of siRNA/lipid solution in hESF9 medium was
used to resuspend the cell pelleted containing from 1x10* to
1x10° cells, and suspension incubated at room temperature for
10 min. After incubation, 1.5 ml of prewarmed hESF9 medium
containing ROCK inhibitor (10 uM) was added and the
suspension transferred into a FN-coated well of 24-well or 6-well
plate, followed by culture for 24 hour. After recovery in fresh
hESF9 medium, cells were transfected again at 24 hours. Total
RNAs or proteins were extracted for analysis 72 hours after the
fast transfection. siRNAs were listed as Table S4.

Live cell imaging analysis

After seeded on a 6-well plate coated with FIN, the cells were
incubated in a live cell imaging system, BioStation CT (Nikon
Instruments Inc., Tokyo, Japan) at 37°C 10% COg. The images
were captured every 12 hours and analyzed by a soft ware CL-
Quant (Nikon Instruments Inc.).

Cell Growth

The cells were inoculated on a 6-well plate coated with FN at
the cell density of 250,000 cells/well in hESF9 medium including
10 ng/ml FGF-2, supplemented with 0.1% DMSO, GFX in HyO,
or G66976 in DMSO. After 5 days culture, the cell numbers were
counted by Coulter Counter (Beckman Coulter, Inc).

Flow cytometry

Flow cytometry was performed as described previously [61]
with a FACS Canto flow cytometer (BD Biosciences). The primary
antibodies used were listed in Table S2.

In vitro cell differentiation

In vitro differentiation was induced by the formation of
embryoid bodies as described previously [61]. Floating embryoid
bodies were maintained in DMEM with 10% FCS for more 14
days.

Teratoma formation

The cells were harvested by dispase treatment, collected into
tubes, and centrifuged, and the pellets were suspended in DMEM
supplemented ROCK inhibitor. The cells from a confluent one-
well in 6-well plate were injected to the rear leg muscle or thigh
muscle of a SCID (C.B-17/lcr-scid/scid]cl) mouse (CLEA japan,
Tokyo, Japan). Nine weeks after injection, tumors were dissected,
weighted, and fixed with 10% formaldehyde Neutral Buffer
Solution (Nacalai tesque, Kyoto, Japan). Paraffin-embedded tissue
was sliced and stained with hematoxylin and eosin. All animal
experiments were conducted in accordance with the guidelines for
animal experiments of the National Institute of Biomedical
Innovation, Osaka, Japan.

Karyotype analysis

Log phase hPS cells (day 3—4 after subculture) were treated with
metaphase arresting solution (Genial Genetic Solutions Litd.,
Cheshire, UK) for 5 hr. The treated hPS cells were collected with
0.1% EDTA and processed according to the quality control
protocol in the JCRB Cell Bank (http://cellbank.nibio.go.jp/
cellbank.html). Chromosome numbers were counted in 20
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metaphases, and G-banding karyotype analysis was performed on
20 metaphase cells per sample.

Supporting Information

Figure S1 The phosphorylation of AKT, GSK-3B, and
ERK-1/2 was confirmed by western blot analysis using
an antibody to AKT, GSK-3B, and ERK-1/2 and their
phosphorylated forms. Each gel image is a representative of
independent three to five experiments. (A) Time course of
phosphorylation level of AKT, GSK-3f, and ERK-1/2. H9 hES
cells were stimulated with FGF-2 (100 ng/ml) with or without
GFX (5 uM) for 180 minutes after overnight starvation of FGF-2
and insulin. (B) Effect of inhibitors on phosphorylation level of
AKT, GSK-3B, and ERK-1/2. After starvation of FGF-2 and
insulin overnight, 201B7 hiPS cells were stimulated with FGF-2
(100 ng/ml) for 15 min with L.Y294002, GFX, U0126, or BIO or
without GFX (5 pM). (C) Effect of BMP-4 or activin A on
phosphorylation level of AKT, GSK-3B, and ERK-1/2. After
starvation of FGF-2 and insulin overnight, 201B7 hiPS cells were
stimulated with with FGF-2 (100 ng/ml), BMP-4 (10 ng/ml) or
activin A (100 ng/ml). (D) Effect of addition of activin A with and
without inhibitors on phosphorylation level of AKT, GSK-3f, and
ERK-1/2. After starvation of FGF-2 and insulin overnight, H9
hES cells were stimulated with FGF-2 (10 ng/ml) and activin A
(10 or 100 ng/ml) together with U0126 (5 uM) and GFX (5 pM)
or Go6976 (5 uM) for 15 minutes. (E) Effect of GFX concentra-
tion on phosphorylation level of AKT, GSK-38, and ERK-1/2.
After starvation of FGF-2 and insulin overnight, H9 hES cells were
stimulated with FGF-2 (100 ng/ml) with GFX at 1~10 uM. The
phosphorylation levels in the cells were measured by AlphaS-
creen® SureFire® assay kit. The values of the y-axis are the ratio of
each phosphorylation to each total signal protein. The data are
represented as means * SD (n = 3). ¥P<<0.05.

(TIF)

Figure §2 Summary of the result of the effect of PI3K,
MEK-1/2, or PKCs inhibitor on FGF-2-induced phos-
phorylation of AKT, GSK-3f, and ERK-1/2.

(T1F)

Figure 83 Knockdown efficacy and effect of siRNA
targeting PKC9, ¢, and . (A) Total RNAs were extracted for
analysis 72 hours after the fast transfected to 201B7 iPS cells. The
efficacy of siRINA was evaluated by quantitative RT-PCR. siRNAs
and primers were listed as Table S4. (B) Summary of the result of
the PKC3-, PKCe-, PKC{-knockdown effect on phosphorylation
of GSK-3B and AKT in FGF-2 signaling.

(TIF) :

Figure S4 Effect of inhibitory peptides for PKCs on
phosphorylation level of ERK-1/2. After starvation of FGF-2
and insulin, the H9 hES cells (right panel) or the 201B7 iPS cells
(left panel) were stimulated with FGF-2 (100 ng/ml) for 15 mins
with indicated combination of membrane-permeable specific
inhibitory peptides for PKC isoforms; PKCo, B, and 7y inhibitory
peptide (50 uM), PKCS inhibitory peptide (50 uM), PKCe
inhibitory peptide (50 UM), or PKC{ inhibitory peptide (20 uM).
The phosphorylation levels in the cells were measured by
AlphaScreen® SureFire® assay kit. The values of the y-axis are
the ratio of each phosphorylation to each total signal protein. The
data are represented as means * SD (n=3). *P<0.05.

(TIF)

Figure 85 Culture of hiPS$ cells in the hESF9 + activin A +
2i or the hESF9 + activin A + GFX conditions. (A) Phase-
contrast image of H9 hES cells serially cultured in hESF9 + activin
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A + 21 (hESF9ay;) or hESF9 + activin A + GFX mediums at three
passages, as described in Figure 5A and 5B. Scale bars, 200 um.
(B) Immunocytochemical staining for OCT3/4 expression of H9
cells cultured as described (A). The H9 hES cells stained with anti-
OCT3/4 antibody were visualized with Alexa Fluor 488 (green).
Nuclei were stained with Hoechst 33342 (bluc). Scale bars, 50 pm.
(C) Anti-OCT3/4 staining intensity profiles in the cell population
grown in the hESF9 + activin A + 2i or the hESF9 + activin A +
GFX conditions were analyzed by IN Cell image analyzer (lower
panels). Antigen histogram (red); control histogram (green); Y axis
is cell numbers and X axis is fluorescence intensity for anti-
OCT3/4 antibody.

(TIF)

Figure $6 Immunocytochemical staining of H9, KhES-4,
201B7, and Tic hPS cells for TRA-1-60. The cells grown on
FN in hESF9ay; as described in Figure 5C were stained with TRA-
1-60 antibody and Alexa Fluor 647-conjugated secondary
antibody. Nuclei were stained with Hoechst 33342 (blue). Scale
bars, 200 pm.

(TIF

Figure S7 Long-term culture of hiPS cells in the
hESF9a,; medium. Human iPS 201B7 cells were cultured on
FN in hESF9ay; medium serially for more than 30 passages. The
cells were split at a ratio of 1:3-1:5 every five days. (A) Phase-
contrast image of 201B7 hiPS cells cultured on FN in hESF9ay;
medium. (B) A comparison of the growth of 201B7 cells in
hESF9ay; medium or KSR-based media. The cells were seeded on
feeders in KSR-based medium (closed circles) or on FN in
hESF9ay; medium (open circles; mean + s.d. of three experiments.
Cell numbers were counted every 2 days. (C) Immunocytochem-
ical staining for SSEA-1, SSEA-4, TRA-1-60 and TRA-1-81 (red)
expression of 201B7 cells (passage 10) cultured on FN in hESF9ay;.
Nuclei were stained with Hoechst 33342 (blue). Scale bars,
200 um. (D) FACS profiles for SSEA-1, SSEA-4, TRA-1-60,
TRA-1-81, TRA-2-54, A2B5, CD90, and HLA-Class! expression
of hiPS 201B7 cells (passage 22) cultured on FN in hESF9ay;
medium. Antigen histogram (red); control histogram (green); the
horizontal bar indicates the gating used to score the percentage of
antigen-positive cells.

(T1F)

Figure S8 Long-term culture of hES cells in the hESF9a,;
medium. Human ES H9 cells were cultured on FN in hESFOa,;
medium serially for more than 30 passages. The cells were split at
a ratio of 1:3-1:5 every five days. (A) Phase-contrast image of H9
hES cells cultured on FN in hESF9ay; medium. (B) A comparison
of the growth of HO hES cells (passage 13, 16, and 17) in hESF9ay,
(open circles) or KSR-based media (closed circles). Mean + s.d. of
three experiments. (C) Immunocytochemical staining for SSEA-1,
SSEA-4, TRA-1-60, TRA-1-81, TRA-2-54, A2B5, CD90, and
HLA-Class! expression (red) in H9 hES cells (passage 13). Nuclei
were stained with Hoechst 33342 (blue). (D) FACS profiles of H9
hES cells (passage 14). Antigen histogram (red); control histogram
(green). Scale bars =200 pm.

(T1E)

Figure 89 Karyotype analysis and differentiation po-
tential of H9 hES cells and 201B7 hiPS cells maintained
in hESF9a,; conditions. (A) Karyotype analysis of H9 hES cells
at passage 15 and 201B7 hiPS cells at passage 21, showing a
normal diploid 46, xx karyotype. (B) Heat-map of gene expression
in H9 hES cells (at passage 10-13) and 201B7 hiPS cells (at
passage 10-20) those during in vitro differentiation in triplicate
experiments (Sample No. 3-5). TagMan low density PCR arrays
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(Applied BioSystems) were performed as previously described [61].
Expression levels were all normalized against B-ACTIN. The
relative level of each gene expression were generated from the
undifferentiated H9 hES cell or 201B7 hiPS cells cultured on
mitomycin-inactivated mouse embryonic fibroblasts (MEF) in
KSR-based medium (Sample No. 1-2). Heat-map colors (red for
up-regulation, blue for down-regulation) depict gene expression.
(C) Teratomas derived from H9 hES cells at passage 44 or 201B7
iPS cells at passage 26 maintained in hESF9ay; conditions.

(TIF)

Table S1 The composition of media used for serum-
free culture. * The composition of the basal medium, ESF for
culturing mouse ES cells, is described in Furue et al., 2005 [22]. **
hESF9 medium is described in Furue et al., 2008 [8]. *** hESF9a
medium is described in Hayashi and Furue et al., 2010 [23].
(DOC)

Table S2 A list of the used antibodies.
(DOC) )

Table S3 A list of the used primers for RT-PCR.
(DOC)
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Beware Imposters: MA-1, a Novel MALT
Lymphoma Cell Line, is Misidentified and
Corresponds to Pfeiffer, a Diffuse Large B-cell
Lymphoma Cell Line

To the Editors:

We noted with some anticipation a recent publi-
cation in this journal, describing the establishment
of a novel mucosa-associated lymphoid tissue
(MALT) lymphoma cell line, MA-1 (Kuo et al,,
2011). To our knowledge, this would be the first
cell line to be successfully established from gastric
MALT lymphoma, an unusual extranodal form of
B-cell lymphoma. MALT lymphoma has been
extensively characterized over the last several dec-
ades, but further discoveries are hampered by lack
of access to appropriate in vitro models for the dis-
order (Du, 2007).

Our anticipation was tempered, however, by
the knowledge that novel cell lines often do not
match up to expectations because of cross-
contamination and misidentification. Cultures
being handled for prolonged periods—for exam-
ple, during cell line establishment—can easily be
cross-contaminated if cells from another culture
are introduced by accident (Capes-Davis et al.,
2013). The original culture is almost always over-
grown by the imposter cell line, often without the
scientist at the microscope being aware of the
change. The end result is a misidentified cell
line, and a series of publications that relate to the
imposter rather than the original tissue, cell type
or disease state.

Cell line cross-contamination and misidentifica-
tion are not new. Publications dating from the
1960s to the present day (Masters et al., 2012)
have urged the scientific community to thoroughly
characterize novel cell lines, and authenticate cell
line stocks used in experimental work. Recently,
however, a sustained effort has been made to
standardize the methods used to authenticate
human cell lines. Short tandem repeat (STR)
profiling is now accepted as an effective way to
authenticate human cell lines. A Standard has
been published by the American National Stand-
ards Institute (ANSI), giving protocols and guide-
lines for STR profiling as applied to cell lines
(ANSI/ATCGC ASN-0002-2011, 2012). The Inter-
national Cell Line Authentication Committee

© 2013 Wiley Periodicals, Inc.
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(ICLAC) was established following publication of
the Standard to increase awareness and provide
resources to help address these ongoing problems
(Masters et al., 2012).

The MA-1 cell line was analyzed using STR
profiling, and its STR profile was published as
part of its characterization (Kuo et al., 2011).
However, for a cell line to be authenticated, there
is a requirement to compare that profile to
another sample—preferably from the same donor.
Online databases have been developed to allow
comparison to other commonly used cell lines,
with results made available for this purpose by
cell line repositories worldwide (Dirks et al.,
2010).

An STR profile for the donor of MA-1 was not
made available (Kuo et al,, 2011), so we com-
pared the cell line result to several STR profile
databases (Dirks et al., 2010). A match was
found to the Pfeiffer cell line, held by the Amer-
ican Type Culture Collection (ATCC) and
established in 1992 from a patient with non-
Hodgkin lymphoma (Gabay et al., 1999). Com-
parison of the two STR profiles shows 100%
match across eight core STR loci and the gender
marker amelogenin (Table 1). These loci have
been shown to unequivocally authenticate 98%
of cell line samples when assessed using a data-
set of 2,279 samples from four cell banks
(Capes-Davis et al., 2013). The MA-1 cell line
was subsequently obtained from the authors and
retested at the Leibniz Institute German Collec-
tion of Microorganisms and Cell Cultures
(DSM7Z) with identical results. Unless further
stock can be found that corresponds to the origi-
nal donor, we must conclude that the MA-1 cell
line is misidentified and cannot be used as a
model for MAL'T lymphoma.

Laboratories and cell line repositories world-
wide are working to characterize existing cell
lines, focusing on authentication and disease-
specific markers and mutations (Ottaviano et al.,
2010). This task is made more difficult by lack of
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TABLE 1. STR Profiles, MA-1 and Pfeiffer Cell Lines

Cell line D5s818 D13s317 D75820  DI16S539 VWA THOI AMEL  TPOX  CSFIPO
MA-1 Kuo et al,, 2011 10,13 1,12 8,12 12 17,18 993 XY 9 10,11
Pfeiffer ATCC CRL-2632 10,13 1,12 8,12 12 17,18 9,93 XY 9 10,11

The table lists STR profiles for MA-1 and Pfeiffer. The STR profile for Pfeiffer comes from the ATCC catalogue entry. Eight core STR loci and ame-
logenin are listed here, as the common loci across these two results; they correspond to the accepted minimum for STR profiling of human cell
lines (Capes-Davis et al., 2013). Additional loci for MA-I can be viewed in the reference, Kuo et al. (2011).

information on the provenance of many cell lines,
and lack of donor tissue as a gold standard for
comparison. For older cell lines, the date of estab-
lishment may be decades in the past and so it may
be too late to address these issues. Novel cell lines
give us an ongoing opportunity to reduce the
impact of imposter cell lines.

Guidelines on characterization of novel cell
lines have been developed and should be followed
for any published leukemia-lymphoma cell line
(Drexler and Matsuo, 1999). To avoid misidenti-
fied cell lines in future, we encourage readers
establishing novel cell lines to:

1. Set aside donor material (tissue and DNA) to
act as a reference for authentication.

2. Generate a baseline STR profile for any

human cell line derived from that donor.

. Compare these baseline STR profiles to the
donor and other cell lines. Comparison to other
cell lines is possible using online databases
(Dirks et al., 2010). In addition to existing
databases, a new BioSample database has been
developed by the NCBI and is now receiving
samples from the scientific community (Mas-
ters et al., 2012).

4. Store as many early passages from the culture
as feasible—if misidentification is discovered
later, it may be possible to return to earlier
vials to resuscitate the culture.

. Keep good records including clinical and cul-
ture data so that the provenance of the cell
line can be clearly established (Drexler and
Matsuo, 1999).

6. Refer to the resources developed by ICLAC
for further advice on how to incorporate
authentication into everyday culture practice,
and guidelines for authenticating human cell
lines (Masters et al., 2012).

(%)

w

In the case of the MA-1 cell line, STR
profiling has led us to conclude that this cell
line is misidentified and cannot be used as a
model for MALT lymphoma. Without the pub-
lication of its STR profile, the problem with

Genes, Chromosomes & Cancer DOT 10.1002/gce

MA-1 would remain undetected. We therefore
urge that authentication testing should be
adopted more generally, by Genes, Chromosomes
and Cancer and other journals, as a prerequisite
for publishing results using continuous cell
lines.
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Abstract

We prevnously reported emergence and dlsappearance of cnrcadlan molecular oscﬂlatrons dunng dlfferenttatlon of mouse
~embryonic stem (ES) cells and reprogramming of differentiated cells, respectively. Here we present a robust and stringent
in vitro circadian clock formation assay that recapltulates in vivo c1rcad|an phenotypes. This. aassay system fi rst confirmed
that a mutant ES cell line Iackmg Casein Kinase | delta (CKI6) induced ~3 hours longer period-length of arcadlan rhythm
than the wild ‘type, which was compatlble with recently reported results usmg CKI5 null mice. In addition, this assay system
also revealed that a Casein Kinase 2 alpha subunit (CK20) homozygous mutant ES cell line developed 5|gn|f cantly longer
(about 2.5 hours) penods of circadian clock oscillations after in vitro or in vivo differentiation. Moreover, revertant ES cell
lines in which mutagenic vector sequences were deleted showed neariy wild type penods after dlfferentlatson, mdxcatlng ‘
that the abnormal circadian period of the mutant ES' cell line ongmated from the mutation in the CK2a gene. Since CK2o,
deficient mice are embryonic lethal, this in vitro assay system represents the genetic evidence showing an essential role of
- CK2a in the mammalian circadian dock This assay was successfully applied for the phewotype -analysis of homozygous
.mutant ES cells, demonstratmg that an ES cell based /n vitro assay is avaflable for c:rcadlan genetlc screenlng
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Introduction cells and i witro differentiation culture suggested cell-autonomous
development of circadian molecular oscillators in mouse ES cells
during differentiation [13,14]. ES cells showed no apparent
molecular oscillation, in contrast to somatic cells. However, the
circadian oscillation of clock gene reporters became detectable
following n vitro differentiation. Moreover, reprogramming of
differentiated, rhythmic cells into pluripotent stem cells resulted in
the loss of circadian oscillation [13]. These results are consistent
with the notion that cell-autonomous development of the
mammalian circadian clock is coupled with cellular differentiation.

Genetic screening for circadian clock genes has been
successfully conducted in mice using chemical mutagenesis
[15,16]. Our finding of i witro circadian clock formation
through ES cell differentiation provides us with the opportunity
to develop a complementary screening system in tissue culture.
We recently constructed a homozygous mutant ES cell bank
which facilitates phenotypic analysis of various genes in tissue
culture [17].

In the present study, we established a highly consistent
differentiation protocol and conducted genetic analysis of circa-
dian rhythm using our mutant ES cells. It has been revealed that

The circadian clock is an intrinsic time-keeping system
regulating various physiological functions such as sleep/awake
cycle, body temperature and metabolism [1-3]. The core
component is the cell-autonomous molecular oscillator comprised
of transcriptional-translational feedback loops of clock genes such
as Bmall, Clock, Period (Perl, 2, 3) and Cryptochrome (Cryl, 2) [1]. Two
transcription factors CLOCK and BMALI transactivate the Per
genes, Cry genes and Rev-Erba via the E-box enhancer elements.
Expressed PER and CRY then suppress CLOCK/BMALI
activity, which results in the cyclic activation of these clock genes
[1,4,5]. The Bmall gene also shows cyclic expression but an anti-
phasic pattern with E-box driven clock genes because of REV-
ERBa cyclically activate the Bmall transcription [6]. In these
circadian feedback loops, Casein Kinase I 8/¢ (CKI3/¢) have been
known essential central kinases to regulate the stability of PER
proteins through their phosphorylation [7-10].

It has been reported that the master pacemaker in the
suprachiasmatic nucleus (SCN) develops in the late embryonic
stage, and circadian rhythms subsequently appear around birth

[11,12]. Recently, our studies using mouse embryonic stem (ES)
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ES Cell-Based In Vitro Clock Recapitulation Assay

Dissociated ES cells
(2000 cells / well)
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Figure 1. Establishment of in vitro circadian clock formation assay system using ES cells. (A) Scheme of the method for developing
circadian oscillation in vitro via formation of embryoid bodies (EBs). EBs were generated from 2,000 ES cells and were seeded onto low-attachment
96-well plates in differentiating medium without LIF supplementation (see Methods). Two days later, EBs were plated onto gelatin-coated tissue
culture 24-well plates (putting one ES onto one well) and cultured for several weeks. Subsequently, bioluminescence in each well was monitored by
using PMT-based photon counting. (B) Averaged bioluminescence traces after in vitro 7, 14, 21, or 32-day differentiation of ES cells carrying Bmal7:luc
reporter (left, Dexamethasone reset; right, Forskolin reset). Data detrended by subtracting a 24-h moving average are means with standard deviation

(n=24).
doi:10.1371/journal.pone.0067241.g001

clock [7,8], and that genetic ablation of CKIJ results in the
lengthening of the circadian period for ~2 hours in mouse
embryonic fibroblasts and suprachiasmatic nucleus [18,19]. In this
study, we first tested the reliability of our @ witro circadian clock
formation assay to see whether the definitive features of circadian
clock such as temperature compensation and genetically deter-
mined phenotypes were correctly recapitulated using wild type ES
cell line and homozygous mutant ES cell line lacking CKI6
expression.

In addition to CKI8/¢, Casein Kinase 2 (CK2) has recently also
been implicated in circadian clock regulation using genome-wide

PLOS ONE | www.plosone.org

RNAI screening studies [8,20]. In species other than mammals,
CK2 has been revealed to play an essential role for circadian
rhythm maintenance [21,22]. However, detailed genetic analysis
of CK2 has been hampered in mammals by embryonic lethality in
CR2 knockout mice. We therefore chose CAZx homozygous
mutant ES cell line from the homozygous mutant ES cell bank
[17] and investigated the effect of CAZa deficiency on circadian
rhythm.
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Materials and Methods

Ethics Statement
All procedures with animals were approved by Kyoto Prefec-
tural University of Medicine Animal Care Committee.

Mutant ES Cells

Mutant ES cell lines for casein kinase I delta (abbreviated as
CKI5 or Csnkld) and casein kinase 2 alpha subunit (abbreviated as
CR20 or Csnk2al) were generated by insertional mutagenesis with
the retroviral vector as described previously [17]. The vector
insertion sites are as follows (mouse genome database mm9, July
2007): CKI5: chromosome 11, position 12,0852,242; CK2a:
chromosome 2, position 152,053,325.

Cell Culture

Wild type ES cells, genetically mutated ES cell lines (CKI6 or
CR20), and their revertant ES cells [17] were used for in vitro
differentiation. These ES cells were cultured on the feeder layer of
mitomycin C-treated primary mouse embryonic fibroblasts in ES
cell medium (ESM), which contains Glasgow Minimum Essential
Medium (G-MEM, Wako) supplemented with 15% fetal bovine
serum (FBS, Hyclone), 0.1 mM MEM nonessential amino acids
(Nacalai Tesque), 0.1 mM 2-mercaptoethanol (Sigma), 1,000
units/mL of leukemia inhibitory factor (LIF), and 100 units/mL
of penicillin—streptomycin (Nacalai Tesque).

To establish ES cells stably expressing Bmall:luc reporter, 3 ug
of Bmall:luc-pT2A plasmid with Zeocin™ selection marker [13]
and 1 pg of a Tol2 transposase expression vector (pCAGGS-TP)
[23] were diluted in 35 pL of ESM and 12 puL of Fugene 6
transfection reagent (Promega) and mixed well. After a 15-min
incubation at room temperature, the mixture was added to
2.5x10° ES cells. The cells were selected with 100 pug/mL
Zeocin™ (Invitrogen).

In vitro Differentiation

After ES cells were trypsinized, feeder cells were removed by
incubating the cell suspension on a gelatin-coated 35-mm or 60-
mm culture dish for 20 min at 37°C with 5% CO,. Embryoid
bodies (EBs) were generated by harvesting the 2,000 cells and
seeding them onto low-attachment 96-well plates (Lipidure Coat,
NOF) in differentiating medium without LIF supplementation
(EFM), that is high glucose Dulbecco’s modified Eagle medium
(DMEM, Nacalai Tesque) containing 12% FBS, 1 mM sodium
pyruvate (Nacalai Tescque), 0.1 mM nonessential amino acids,
GlutaMax ™1 (Invitrogen), 0.1 mM 2-mercaptoethanol (Sigma),
and 100 units/mL penicillin-streptomycin. Two days later, EBs
were plated onto gelatin-coated tissue culture 24-well plates (put
one EB into one well) and grown for several additional weeks (see

Fig. 1A).

Preparation of MEFs Derived from Chimeric Embryo

Chimeric embryos were generated from homozygous CKId or
CK2¢ mutant ES cell lines and their parental (wild type) ES cell
line by injection into C57BL/6 x DBA/2 F1 hybrid blastocysts.
Chimeric embryos were collected at E13.5. After removal of the
heads and visceral tissues, the remaining bodies were washed in
fresh PBS and minced and the isolated cells were maintained in
EFM.

Real-time Bioluminescence Analysis
For real-time bioluminescence analysis of the cells seeded in 24-
well black plates, the medium was replaced with EFM containing
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0.2 mM luciferin (Promega) and 10 mM HEPES without phenol
red. Synchronization was performed using 100 nM of dexameth-
asone or 10 pM of forskolin for 1 hour. The plates were set on the
turntable of house-made 24-PMT head type real-time monitoring
equipment [24]. The bioluminescence from each well was counted
for 1 minute in every 20 minutes.

Data Analysis

Period lengths of bioluminescence rhythms were estimated by
RAP software (CHURITSU, Nagoya, Japan) using the cosinor
method and based on Fourier analysis, specific for circadian
rhythms [25]. Strength of rhythmicity was defined by spectral
analysis (FFT relative power) as the relative spectral power density
at the peak within the range of 20-28 hr [26]. The FFT analysis
was applied to the whole five days excluding the first 12 h of data.
For raster plots, bioluminescence-intensity data were detrended by
subtracting a 24-h moving average, normalized for amplitude, and
then color coded with red (higher than average) and green (lower
than average). Plots were constructed using TreeView [27].

Statistical Analysis

Statistical differences were evaluated using one-way ANOVA
followed by a Bonferroni post hoc test. All statistics were calculated
using GraphPad Prism version 5.0 software.

Isolation of Revertant Clones

Revertant clones were isolated by transfecting homozygous
clones with a FLPo expression vector followed by PCR screening
for recombination events as described previously [17]. The
following PCR primers at the flanking regions of the vector
insertion sites were used:

Casein kinase 16 : 5'-tgc cat gga gct gag ggt cgg gaa cag gta-3’
and 5'-tgc ggg gat gce gaa cgt cca ct-3'.

Casein kinase 200 : 5'-gag atg tgg tag aaa gag aaa ggt tg-3’ and 5'-
cct gtc acc ttt tca caa tac ttc tt-3'.

Quantitative RT-PCR

MEF feeder cells were removed by plating the culture on a
gelatin-coated dish for 20 min and transferring unattached ES
cells onto a fresh dish. ES cells were harvested in the Isogen
reagent (Nippon Gene) and the total RNA was extracted
according to the manufacturer’s instructions. Power SYBR Green
PCR Master Mix (Applied Biosystems) was used for real time
PCR. Transcription levels were determined in triplicate reactions
after normalization to 18S ribosomal RINA. Quantitative RT-PCR
analysis was performed with a StepOnePlus real-time PCR system
(Applied Biosystems). The amplification protocol comprised an
initial incubation at 95°C for 2 min and 40 cycles of 95°C for 30 s
and 60°C for 30 s, followed by dissociation-curve analysis to
confirm specificity. Primer sequences are shown below:

Casein kinase 16 Forward 5'-atc gec aag get tct cet-3'.

Casein kinase 16 Reverse 5'-cca cga gtg get gga tte-3'.

Casein kinase 20 Forward 5'-tca gca geg cca ata tga-3'.

Casein kinase 200 Reverse 5'-acc tct gct cag gea tca-3'.

Results

In vitro ES Cell-based Circadian Clock Formation Assay
To evaluate the effect of the mutations on the n vitro
development of the circadian clock in ES cells, we improved our
ES cell differentiation protocol and established a method for
robust, reproducible and stringent circadian clock formation.
Briefly, we first cultured dissociated 2,000 ES cells for two days in
round-bottom low-attachment 96-well plates to allow formation of
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the embryoid body (EB). We subsequently transferred one EB into
one well of 24-well plates for differentiation (Figure 1A). To
monitor development of circadian oscillation, we used a wild-type
(WT) ES cell line stably transfected with a Bmall:luc reporter.
Whereas no circadian oscillation of Bmall:luc reporter biolumi-
nescence was detected even after Dexamethasone (Dex) or
Forskolin (FFSK) synchronization stimuli in an undifferentiated
state, weak circadian bioluminescence first appeared in cultures
after 14 days but rapidly dampened (Figure 1B). The biolumi-
nescence oscillation become more robust on day 21 and reached
maximum amplitude on day 32 (Figure 1B). In addition, all
examined samples represented robust circadian clock oscillation
and stringent reproducibility for quantitative analysis (Figure
S1). Moreover, the induced rhythms showed temperature
compensation (Figure $2), indicating the canonical biological
nature of the circadian clock.

Casein Kinase 18 and Casein Kinase 2 Homozygous
Mutant ES Cells

We recently constructed a homozygous mouse mutant ES cell
bank using promoter trap vectors for insertional mutagenesis [17].
Currently, the bank has around 200 homozygous mutant ES cell
lines and 2,000 heterozygous mutant ES cell lines. Database
search of the mutant bank for the circadian period mutant
identified two homozygous mutant ES cell lines, harboring
mutation in CKI6 and CK2o respectively. We confirmed that
homozygous mutation abolished expression of the CKId and CK2x
" gene (Figure 2A and D). As a control, we obtained revertant ES
cell lines which regained CKI9 and CK2x expression respectively
(Figure 2B-D) [17].

Evaluation of Developed Circadian Clock Rhythmicity

from Mutant ES Cell Lines

Using this i vitro differentiation culture method, CKI6 and CK2a
homozygous mutant ES cells were differentiated i vitro and
Bmall :luc bioluminescence oscillation was observed. Similar to the
WT ES cells (Figure 3A left panels), CKI6 and CK20 mutant
ES cells developed circadian oscillation in a differentiation culture
(Figure 3A middle and right panels). Heat map plots
(Figure S3) and quantitative Fast Fourier transformation (FFT) -
relative power analysis (Figure 3B left panel) also indicated that
circadian rhythmicity and amplitude developed progressively and
reached the highest levels of power at around day 28 during the
ES cell differentiation in witro. These results suggest quantitative
analysis of circadian clock formation would be possible after
28 days of differentiation.

We next conducted in-depth analyses of the CKIé and CK2«
homozygous mutations on cellular circadian rhythmicity. After
28 days in the differentiation culture, bioluminescence monitoring
was performed for five days. The results revealed that the CKId
and CR2« deficient cells exhibited significantly lengthened
circadian periods compared with WT and revertant cells
(Figure 4A and D). In addition, the period distribution of
induced circadian clocks in CKI6 and CK2a mutants showed a
slightly wider range than WT and revertant cells (Figure 4B and
E). The average period length of CKI6 and CA2x mutant cells
were about 3.0 and 2.5 hours longer than that of WT, respectively
(Figure 4C and F). In contrast, revertant lines of both mutants
showed WT-like period lengths (Figure 4C and F).
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Genotype Dependent Effect on Circadian Period-length
Observed in Mutant ES Cell-derived Embryonic
Fibroblasts

To investigate whether the abnormal period-length observed in
in vitro differentiation culture of mutant ES cells recapitulates the
characters of circadian clock developed i vivo, we generated
chimeric mice by injecting WT and mutant ES cells into BDF1
blastocysts. Since CKId knock-out mice were perinatal lethal and
CKZa knock-out mice were embryonic lethal, we prepared MEFs
from E13.5 chimera embryos instead of mice (Figure 5A). In
these MEFs, we were able to specifically monitor bioluminescence
originated from ES cell lines, because host embryos are incapable
of expressing the bioluminescence marker. In addition, it has been
revealed that fibroblast oscillators are not influenced by the
circadian properties of neighboring cells [28]. Therefore we
analyzed the bioluminescence oscillation from the mixture of
MEFs composed of host-derived and ES cell-derived MEFs after
three passages from embryo dissociation. PMT-based biolumines-
cence monitoring revealed that both CKId and CK20 mutant ES
cell-derived MEFs displayed lengthened periods compared with
WT ES cell-derived MEFs (Figure 5B). Quantitative analysis
confirmed significantly longer periods in CKI§ and CK2u mutant
MEFs (Figure 5C). CKI6 mutant MEFs showed 24.3 hour
period, nearly two hours longer than WT ES MEFs (Figure 5D
upper and middle panels). On the other hand, CA2x mutant
MEFs showed divergent period distribution (Figure 5D lower
panel). Since this CK2x mutant ES cell line abolished its gene
expression, the observed phenotypes such as longer and variable
periods may be characteristic of CK2« deficient cells. The reason
for the divergent period-length of these cell was not uncertain; the
loss of CK20 may have affected the circadian clock development in
chimeric mice embryos with some different mechanisms from
CKI6. To our knowledge, this is the first direct genetic evidence
showing the effect of CK2x deficiency on circadian clocks in
mammalian peripheral cells.

Discussion

It has been revealed that CKI3 plays a distinct role in
mammalian circadian clock as a central kinase phosphorylating
clock proteins [7-9]. In this study, the i witro circadian clock
formation assay revealed that CKIS deficient ES cells developed
circadian clock oscillation with a ~ 3 hours longer period-length
than WT, and these results are consistent with previously reported
circadian phenotypes in MEFs and SCN from CKZd knock-out
mice [8,18,19]. Moreover, WT and revertant ES cells with normal
CKI6 gene expression exhibited comparable circadian periods
(see Figure 4A, B and C), suggesting i wifro clock formation
assay in ES cells faithfully reproduce the genetically determined
circadian rhythms in mammals. In addition, the developed
circadian rhythm from ES cells after in vitro differentiation culture
exhibited temperature compensation (see Figure 82). These
findings revealed that the i wvitro circadian clock formation assay
using ES cells exactly recapitulated the circadian clock phenotype
(at least in cellular or tissue level) before making mice.

We also demonstrated that CAZa deficient ES cells developed at
an approximately 2.5 hours longer period-length. The role of
CKZ0 in circadian oscillation has been implicated from RINAi-
mediated knock-down and/or chemical inhibition of CK2 [20,29-
31]. However, off-target effects cannot in general be excluded in
RNAi and a chemical inhibitor. Although off-target effects could
also accompany gene trap approach, isolation and characteriza-
tion of revertant (Figure 2 and 4) would help evaluate this
possibility. Furthermore, the gene knockout study of CAZ2uo has
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Figure 2. Characterization of CK/Jand CK2z homozygous mutant ES cell clones and their revertant clones. (A) Design of the gene trap
vector and its insertion sites in CKI§ and CK2a homozygous mutant ES cell clones. SA, splice acceptor; hyg, hygromycin-resistance gene; pA,
polyadenylation signal; Pr, phosphoglycerate kinase-1 promoter; N, neomycin-resistance gene; P, fusion gene comprised of the puromycin-resistance
gene and the herpes simplex virus thymidine kinase gene; LTR, long terminal repeat. Horizontal arrows below the gene trap vector indicate
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orientation of the N and P drug resistance genes. (B) Schematic representation of the removal of mutagenic vector sequence after FLPo/FRT
recombination. Recombination events were identified by PCR primers (p1 and p2) at the flanking region of the vector insertion sites. Removal of
vector sequences regenerate wild type transcripts in the revertant allele. Note that the size of the gene trap vector, exons, introns are not to scale. E,
exon. (C) PCR screening for FLPo/FRT recombination events. Note that PCR product was not detected in non-recombinant clones because of the large
intervening vector sequence between primers. M, 100-bp DNA ladder. (D) Relative expression level of CKI§ and CK2« mRNA in wild type, mutant and
revertant ES cells. Error bars show SEM (n=3).

doi:10.1371/journal.pone.0067241.g002
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Figure 3. Development of mammalian circadian rhythm by using homozygous mutant ES cells. (A) Averaged bioluminescence traces
after in vitro 7, 15, 24, or 28-day differentiation of ES cells carrying BmalT:uc reporter (left, wild type ES cells (WT); middle, CKI6 mutant ES cells; right,
CK2o. mutant ES cells). Data detrended by subtracting a 24-h moving average are means with standard deviation (n=24). (B) FFT spectral power
analysis of bioluminescences of in vitro differentiated ES cells (7, 15, 24, or 28-day). Bars indicate mean values (n=24). One circle represented in vitro
differentiated ES cells from a single EB.
doi:10.1371/journal.pone.0067241.g003
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