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Abstract

Human embryonic stem cells (hESCs) have an abbreviated G1 phase of the cell cycle that allows
rapid proliferation and maintenance of pluripotency. Lengthening of G1 corresponds to loss of
pluripotency during differentiation. However, precise mechanisms that link alterations in the cell
cycle and early differentiation remain to be defined. We investigated initial stages of
mesendodermal lineage commitment in hESCs, and observed a cell cycle pause. Transcriptome
profiling identified several genes with known roles in regulation of the G2/M transition that were
differentially expressed early during lineage commitment. WEE1 kinase, which blocks entry into
mitosis by phosphorylating CDK1 at Y15, was the most highly expressed of these genes.
Inhibition of CDK1 phosphorylation by a specific inhibitor of WEE1 restored cell cycle
progression by preventing the G2 pause. Directed differentiation of hESCs revealed that cells
paused during commitment to the endo- and mesodermal, but not ectodermal, lineages.
Functionally, WEEZ1 inhibition during meso- and endodermal differentiation selectively decreased
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expression of definitive endodermal markers SOX17 and FOXAZ2. Our findings identify a novel
G2 cell cycle pause that is required for endodermal differentiation and provide important new
mechanistic insights into early events of lineage commitment.

Graphical Abstract

Early after induction of differentiation to certain lineages there is an increase in nuclear WEE1
that phosphorylates the CDK1/cyclin complex at Y15, inhibiting progression into mitosis and
forcing cells to pause in G2. This pause is seen in mesendoderm, mesoderm, and endoderm
differentiation but is only required for endoderm differentiation.
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INTRODUCTION

Maintenance of human embryonic stem cell pluripotency is tightly linked to cell cycle
control to regulate unlimited proliferation potential [1, 2]. Human embryonic stem cells have
a unique cell cycle with a G1 phase shorter than that of somatic cells (~3 hours vs. ~10
hours) [3]. Lengthening of the G1 phase has been linked to differentiation and loss of
pluripotency [4, 5]. Recent studies have shown that onset of differentiation likely occurs in
the G1 phase, with endo- and mesodermal differentiation initiating in early G1 and the
neuroectodermal lineage arising during late G1 [6, 7]. The G2/M/S phases of the hESC cell
cycle are minimally responsive to differentiation cues [7]. Regulation of the cell cycle during
the differentiation process has been primarily attributed to known negative regulators of
proliferation in somatic cells, including p21 and p27 [4, 8, 9]. While a correlation between
the lengthening of the cell cycle and initiation of hESC differentiation has been established,
mechanisms that coordinate changes in the cell cycle and differentiation are not fully
understood.

Another key property of hESCs is their ability to differentiate into all three germ layers. The
most widely used method to differentiate hESCs involves formation of three-dimensional
spheroids designated embryoid bodies (EBs), which can spontaneously differentiate into
ectoderm, mesoderm and endoderm [10-13]. Typically, this method requires long incubation
periods to induce differentiation (minimum 4-5d to form EB spheroids), providing a
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challenge to investigate mechanisms operative in the early stages of differentiation.
Although there are numerous studies using EB differentiation protocols that require several
days to weeks and focus on defined cell types [14-16], there is minimal mechanistic
understanding of the earliest stages of hESC lineage commitment.

In this study, we investigated the link between cell cycle progression and early
differentiation using monolayer hESC cultures. Unexpectedly, we observed a cell cycle
pause in G2 during differentiation to several lineages that was regulated by WEE1. When
WEEL1 was inhibited, this cell cycle pause was disrupted, and lineage determinant gene
expression was compromised. These findings provide a novel mechanistic dimension to
functional relationships between control of proliferation and induction of phenotype.

MATERIALS AND METHODS

Stem Cell Culture

The female H9 (WAQ9) line and the male H1 (WAO01) of hESCs were maintained on
Matrigel using WiCell Research Institute (Madison, WI, www.wicell.org). SOP-SH-002 or
SOP-SH-004 for Feeder Independent Growth using mTeSR1 (Stem Cell Technologies,
Vancouver, BC, Canada, www.stemcell.com), or E8 medium (Life Technologies, Carlsbad,
CA, www.thermofisher.com), respectively, and the EDTA passaging method, using a shorter
(5 minutes) exposure to EDTA. For fetal bovine serum (FBS)-induced mesendodermal
differentiation, undifferentiated monolayer hESC cultures were switched from mTeSR1 to
differentiation media containing KNOCKOUT ™ Dulbecco’s modified Eagle’s medium
(DMEM), 20% heat inactivated Defined FBS, 1mM L-glutamine with 1% v/v 2-
mercaptoethanol, and 0.1 mM nonessential amino acids. For retinoic acid (RA)-induced
ectodermal differentiation, undifferentiated monolayer hESC cultures were switched from
E8 to differentiation media with E6 basal media with the addition of 1 pM all-trans retinoic
acid. For the mesodermal differentiation protocol, undifferentiated monolayer hESC cultures
were switched from E8 to differentiation media with RPMI 1640 with B-27 supplement
without insulin (Life Technologies) and 12 pM CHIR99021 (Selleck Chemicals S2924,
Houston, TX, www.selleckchem.com) [17]. For the endodermal differentiation protocol,
undifferentiated monolayer hESC cultures were switched from E8 to differentiation media
with RPMI 1640 with 1X Glutamax and 100 ng/mL Activin A (R&D Systems, Minneapolis,
MN, www.rndsystems.com), for treatment past 24 hours, 0.2% FBS was added [15].

Microarray Expression Analysis

RNA was extracted using Trizol Reagent (Life Technologies) according to manufacturer’s
protocol. Genomic DNA was removed from isolated RNA using the Zymo DNA-Free RNA
Kit, and then RNA quality was assessed using the Agilent 2100 BioAnalyzer. Fifty
nanograms of RNA was used to synthesize cDNA using the GeneChip® WT PLUS Reagent
Kit. The cDNA was hybridized to the GeneChip Human Transcriptome Array 2.0 for 16.5
hours overnight at 45°C. Arrays were stained using the Affymetrix GeneChip® Fluidics
Station 450 and scanned with the Affymetrix GeneChip® Scanner 3000. All target
preparation and microarray hybridization/scanning was performed in the VGN Microarray
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Facility at UVM. The dataset generated has been deposited in the NCBI Gene Expression
Omnibus database according to MIAME guidelines with accession number GSE74004.

Due to evident fold change compression, Affymetrix (Santa Clara, CA,
www.affymetrix.com) used a GC content leveling and signal space transformation to reduce
background levels. Transformed CEL files were then imported into Affymetrix Expression
Console Build 1.3.1.187 where the data were normalized using the default RMA algorithm.
Further analysis was performed using the Gene Level Differential Expression Analysis
function available in the Affymetrix Transcriptome Analysis Console Version 1.0.0.234.
Differential gene expression was defined as a fold change greater than 1.5, an ANOVA p
value less than 0.05, and a FDR pvalue less than 0.05. Partek Genomic Suite software (St.
Louis, MO, www.partek.com) was used to generate the principal component analysis (PCA).
EulerAPE version 3.0.0 was used to generate the proportional Venn Diagram and then
recolored [18]. Heatmap was visualized using the heatmap.2 function in the R language
package (http://www.r-project.org/). Pathway analysis was performed using QIAGEN’s
Ingenuity Pathways Analysis (Qiagen, Valencia, CA, www.giagen/com/ingenuity) and
Reactome — A Curated Pathway Database (http://www.reactome.org/) v53 [19, 20].

Quantitative Real-Time PCR Analysis

RNA was isolated as described for microarray analysis; however cDNA was synthesized
with random hexamer primers using Super Script I11 First Strand Synthesis System (Life
Technologies Cat No. 18080-051). QRT-PCR was performed using SYBR Green PCR
Master Mix (Bio-Rad, Hercules, CA, www.hio-rad.com), and samples were normalized to
HPRT and fold change was determined using the AACt method. Primers used are as
specified in Supplemental Table S1.

BrdU Incorporation Assay and Immunofluorescence (IF) Microscopy

Cells were grown on Matrigel-coated coverslips for IF time points less than 24 hours and
grown on Matrigel-coated 35mm MatTek glass bottom dishes (MatTek P35G-1.5-14-C,
Ashland, MA, www.mattek.com) for BrdU incorporation and IF longer than 24 hours to
allow for increased adhesion to the glass. For the BrdU incorporation assay, cells were
incubated for 30 minutes at 37°C with 10 M 5-Bromo-2-deoxyuridine (Roche Kit No. 11
296 736 001, Basel, Switzerland, www.roche.com) to allow for incorporation before
fixation. Fixation was performed using 3.7% formaldehyde in Phosphate Buffered Saline
(PBS) for 10 minutes. Cells were then permeabilized in 0.1% Triton X-100 in PBS, and
washed in 0.5% Bovine Serum Albumin in PBS. For the BrdU incorporation assay, cells
were treated with DNasel (30 pg per million cells) (BD Biosciences, Franklin Lakes, NJ,
www.bdbiosciences.com) for 1 hour at 37°C after permeabilzation to expose the
incorporated BrdU. Detection was performed using a rabbit polyclonal BRACHYURY
antibody (H-210) (Santa Cruz Biotechnology Cat. No. sc-20109, Dallas, TX,
www.scht.com), a mouse monoclonal antibody (3B10) to SOX17 (Abcam ab84990,
Cambridge, MA, www.abcam.com), a mouse monoclonal anti-BrdU antibody (clone MBG
6H8 igG1 from Roche), a rabbit polyclonal Ki67 antibody (Santa Cruz Cat. No. sc-15402),
or a rabbit polyclonal WEEL antibody (Cell Signaling #4936, Danvers, MA,
www.cellsignal.com). Staining was performed using fluorescent secondary antibodies; for
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rabbit polyclonal antibodies a goat anti-rabbit 1gG (H+L) secondary antibody, Alexa Fluor®
568 conjugate (Life Technologies A-11011), was used and for mouse monoclonal a F(ab’)2-
goat anti-mouse 19gG (H+L) secondary antibody, Alexa Fluor® 647 conjugate was used (Life
Technologies A-21237).

Proliferation and Cell Viability

For growth curves, cells were plated in 12 well plates. The next day, cells were counted and
this value was taken as DO, and differentiation was initiated in half the wells. Counting was
performed at the same time daily for five additional days until confluence was reached. Cell
Viability was assessed using the LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian
cells (Life Technologies L3224) and was performed per manufacturers’ instructions, with
viable cells staining green and dead cells staining red.

Western Blot

Whole cell lysates were generated by incubating cells in RIPA buffer for 30 minutes on ice,
followed by sonication using a Covaris S-220 Ultrasonic Processor for 5 minutes. Lysates
were separated in a 12% polyacrylamide gel and transferred to PVDF membranes
(Millipore, Billerica, MA, www.emdmillipore.com) using an OWL semi-dry transfer
apparatus. Membranes were blocked using 1% Blotting Grade Blocker Non-Fat Dry Milk
(Bio-Rad) and incubated overnight at 4°C with the following primary antibodies: a rabbit
polyclonal WEE1 (Cell Signaling #4936, 1:1000); a rabbit polyclonal to CDK1(phospho
Y15) (Abcam ab47594, 1:1000); a mouse monoclonal to CDK1/CDC2 p34(17) (Santa Cruz
sc-54, 1:1000); a rabbit polyclonal to CDK2 (M2) (Santa Cruz sc-163, 1:2000); a mouse
monoclonal to GAPDH (0411) (Santa Cruz sc-47724). Secondary antibodies conjugated to
HRP (Santa Cruz) were used for immunodetection, along with the Clarity Western ECL
Substrate (Bio-Rad) on a Chemidoc XRS+ imaging system (Bio-Rad). Relative
quantification was performed using the Image Lab Software (Bio-Rad) version 5.1.

WEEL1 Inhibition

Inhibition of WEE1 was accomplished using MK-1775 [21] (Selleck Chemicals S1525)
diluted from 10 mM/1 mL DMSO to 100 nM. Cells were treated from initiation of
differentiation to 8 hours, 16 hours, or 24 hours of differentiation. For differentiation longer
than 24 hours, the inhibitor was removed after 24 hours of treatment.

Flow Cytometry Analysis

Cells analyzed by flow cytometry were fixed for 10 minutes in 1% formaldehyde followed
by 5 minutes of incubation with 0.125M glycine (Sigma-Aldrich, St. Louis, MO,
www.sigmaaldrich.com). Then cells were permeabilized for 10 minutes (BD Biosciences,
51-2091KZ) before being stained for 30 minutes with an antibody against H3S28P (Alexa
fluor 647-conjugated, BD Biosciences, 558609). Cells were then re-suspended in 2% FBS in
PBS and stained with 1 pg/ml DAPI (Life Technologies D1306) for at least 30 minutes to
determine DNA content. Flow cytometric analysis was performed using the LSRII
instrument (BD Biosciences) with 640 nm laser for Alexa Fluor-647 (670/30 BP) and 355
nm laser for DAPI (440/40 BP). Compensation for AF647-DAPI was not applicable. DNA
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cell cycle profiles were analyzed using ModFit LT v4.1.7 software (Verity Software House,
Topsham, ME, www.vsh.com). FlowJo (Ashland, OR, www.flowjo.com) version 10 was
used to display DNA histograms and to determine the percent of cells positive for H3S28P
within the cycling cell populations.

RESULTS

Human Embryonic Stem Cells Differentiated into Mesendodermal Lineages Pause in the
G2 Phase of the Cell Cycle

We investigated the relationship between cell cycle progression and early lineage
commitment of hESCs by initially comparing the proliferation rates of pluripotent cells with
those of hESCs that were differentiated into mesendoderm [22—24]. As previously shown
[3], hESCs grown under pluripotent conditions exhibited exponential growth with a doubling
time of <17 hours, while differentiating hESCs had a biphasic growth curve (Figure 1A).
Notably, hESCs exhibited a longer doubling time of ~47 hours from days 1-3 of
differentiation that by days 3-5 was reduced to ~27 hours, comparable to somatic diploid
cells. These findings are consistent with previous studies that show a lengthening of the G1
phase after 72 hours of differentiation [25].

To delineate mechanisms underlying the extended doubling time, we examined the cell cycle
profile of hESCs during the first three days of mesendoderm differentiation. Cell populations
stained with DAPI were assessed for DNA content by fluorescence activated cell analysis
(FACS) (Figure 1B and Supplemental Figure S1). Undifferentiated hESCs showed
approximately 50% of cells in S phase, a typical cell cycle profile for hESCs. As early as 8
hours after induction of differentiation, cells began to accumulate in S/G2 phases, with a
decrease in the G1 population (Figure 1B, C and Supplemental Figure S1). Accumulation in
G2/M continued from 12-24 hours, with the greatest number of G2/M cells observed at 16
hours. By 72 hours of differentiation, cells were distributed throughout the cell cycle and by
96 hours, the percentage of cells in G2/M had decreased substantially (Supplemental Figure
S1). These findings indicate that cells pause in the late S, G2 or M phase of the cell cycle
during the first cell cycle of mesendodermal differentiation.

To determine the specific phase of the cell cycle when differentiating hESCs pause, we first
investigated whether pausing occurs in late S or G2 phases by measuring active DNA
synthesis using BrdU incorporation and immunofluorescence (IF) microscopy (Figure 1D).
Undifferentiated hESCs had approximately 70% BrdU positive cells, which was nearly
unchanged at 8 hours. Consistent with the DNA content profiles obtained by flow cytometry
(Figure 1B), the percentage of BrdU positive cells was significantly decreased at 16 hours of
differentiation, indicating fewer cells were synthesizing DNA. Furthermore, fluorescence
microscopy of DAPI stained cells showed an increase in nuclear size, a hallmark of G2 cells
(Figure 1D). To confirm the hESCs were alive and actively proliferating, cells were
evaluated using a viability stain and an antibody against Ki67, a marker of active
proliferation (Figure 1D and Supplemental Figure S2). Greater than 95% of cells were
proliferating and viable, as determined by positive Ki67 staining and by the presence of
ubiquitous intracellular esterase activity detected by green fluorescence, respectively (Figure
1D and Supplemental Figure S2). These results exclude the possibility that the cell cycle
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pause is in S phase. FACS analysis using the mitotic marker H3S28P [26], along with DNA
content staining, revealed no increase in mitotic cells during the cell cycle pause (Figure
1E). Rather, mitotic cells decreased from 2.3% to 1.9% by 16 hours, concomitant with an
increase in cells with 4N DNA content. Taken together these findings indicate that hESCs
exhibit a G2 cell cycle pause during early differentiation towards mesendodermal lineages.

Gene Expression Profiling of Early Mesendoderm Differentiation Identifies a Cluster of
Differentially Expressed Genes Involved in the G2/M Transition

We examined global gene expression during early mesendoderm differentiation.
Differentiation into mesendodermal lineages was confirmed by IF microscopy as well as by
gRT-PCR for the mesoderm/primitive streak marker BRACHYURY and the endodermal
marker SOX17 (Figure 2A, see Supplemental Figure S3 for additional lineage markers, and
Supplemental Figure S4 for pluripotency markers and an enlarged IF image of SOX17
staining at 72 hours). We performed microarray analysis at four time points (0 hours, 8
hours, 24 hours, 72 hours) with three independent biological replicates at each point.
Reproducibility of the gene expression datasets is demonstrated by principal component
analysis, which shows the undifferentiated hESC samples cluster away from the
differentiated samples (Figure 2B). Bioinformatics analysis (see materials and methods for
details) identified a large number of genes that were changed from 8 hours of differentiation
onward (1080, ~27%), as well as from 24 hours onward (1016, ~25.5%), which indicates the
progressive nature of the differentiation (Figure 2C).

Hierarchical clustering revealed nine expression patterns for annotated genes that changed
more than 1.5 fold and had a pvalue < 0.05 and false discovery rate (FDR) p value < 0.05 at
any time point relative to undifferentiated levels (Figure 3). We focused on gene clusters 2
and 9 that had peak expression at 8 hours of mesendoderm differentiation, which
corresponds to the initiation of the cell cycle pause (Supplemental Tables S2 and S3).
Cluster 9 contained only EGR1, an early response gene that is expressed but non-essential in
early differentiation [27-29]. Reactome pathway analysis revealed that Cluster 2 had an
enrichment of genes involved in the G2/M DNA replication checkpoint and in cyclin A/B1
associated events during G2/M (Supplemental Table S4). These findings point to G2/M
regulatory pathways as critical determinants of the observed G2 cell cycle pause during
mesendodermal differentiation.

WEEL1, a G2/M Regulatory Kinase, is Up-regulated During the Cell Cycle Pause in
Mesendoderm Differentiation

Ingenuity Pathway Analysis of Cluster 2 that exhibited peak expression at 8 hours after
initiation of differentiation identified genes that are associated with cell cycle progression
and the G2/M phase (Figure 4A). Many of these genes with known role(s) in regulating the
G2 phase or the G2/M transition (WEE1L, GADD45B, DDIT4/REDD1, and NFKBIA/IKBA)
were highly expressed (Figure 4B and Supplemental Figure S5) [30-34]. The G2/M phase
transition is regulated by multiple activating and inhibitory phosphorylations of CDK1/
CDC2 [35, 36]. WEE1, a kinase responsible for inhibitory phosphorylation of CDK1 at Y15
[30], was the most highly up-regulated of the Cluster 2 genes at both the transcript and
protein level during the cell cycle pause (Figure 4B-D). IF microscopy confirmed that the
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increased WEEL1 protein was largely localized in the nucleus (Figure 4E). Importantly, there
was a corresponding increase in the inhibitory phosphorylation of CDK1 on Y15 during the
cell cycle pause (Figure 4C, D). Interestingly, increased CDK1 phosphorylation appears to
result in an increase in total CDKZ1 protein (Figure 4C-D). Together, these observations
indicate that the increased WEEL1 is functional and inhibiting progress into mitosis, and
suggest a link between the cell cycle pause during early mesendoderm differentiation of
hESCs and WEEL activity.

Induction of WEE1 Expression and the G2 Cell Cycle Pause are Lineage-Specific

We investigated whether the G2 cell cycle pause is a general feature of early differentiation,
or is lineage specific. Human ESCs were differentiated into ectoderm, mesoderm, or
endoderm and evaluated at 0 hours (undifferentiated), 8 hours, 16 hours, and 24 hours after
induction of differentiation. Commitment to the desired lineages was confirmed by qRT-
PCR on a panel of lineage-restrictive transcription factors RNAs (Supplemental Figure S6,
and see Supplemental Figure S7 for phase contrast images of differentiation). The cell cycle
distribution for each differentiation time course was quantified using flow cytometric
analyses of H3S28P mitotic staining, along with DNA content (Figure 5A-F and
Supplemental Figure S8). Similar to mesendodermal differentiation, we observed an
accumulation of cells in G2 during endodermal differentiation, which became prominent at
16 hours and continued through 24 hours (Figure 5A, D). Although an enrichment of cells in
G2 was seen at 16 hours of mesodermal differentiation, it did not extend to 24 hours, and
involved a smaller percentage of the cells (Figure 5B, E). Of note, there was an increase in
the percent of cells in S phase at 8 hours during both endodermal and mesodermal
differentiation (Figure 5D, E). Consistent with the G2 cell cycle pause, WEEZ RNA levels
were increased at 8 hours in both mesodermal and endodermal differentiation (Figure 5G).
No cell cycle stage specific accumulation or WEE1 up-regulation was detected during
ectodermal differentiation (Figure 5C, F, G). These findings establish that the G2 pause is
lineage restricted and also reveal a correlation between WEEI up-regulation and the G2 cell
cycle pause.

Inhibition of WEE1-Mediated CDK1 Phosphorylation Compromises Endodermal
Differentiation

To experimentally test whether WEEL plays a functional role in the G2 cell cycle pause, we
blocked the ability of WEE1 to phosphorylate Y15 of CDK1 using the WEEZ1 selective
inhibitor MK-1775 [37-39]. Inhibition of WEEL1 activity in cells differentiating into
mesendoderm significantly increased the percentage of mitotic cells at 16 hours
(3.69£0.15% with MK-1775 vs. 2.33+£0.11% in uninhibited cells) and 24 hours (3.29+0.14%
with MK-1775 vs. without treatment 2.31+0.11%) (Figure 6A). Importantly, in the presence
of MK-1775, there was no observable enrichment of cells in G2, indicating that the cell
cycle pause was prevented (Figure 6A and Supplemental Figure S9). Western blot analysis
confirmed that inhibition of WEE1 activity decreased CDK1 Y15 phosphorylation (Figure
6B). These results demonstrate that WEE1-mediated inhibitory phosphorylation of CDK1 is
a key regulatory event in the G2 cell cycle pause.
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We investigated whether the WEE1-mediated cell cycle pause was necessary for lineage
commitment to either mesodermal or endodermal lineages. Differentiating cells were treated
with the WEEL inhibitor and expression of lineage restrictive transcription factors was
measured by gRT-PCR. During endodermal differentiation, inhibition of WEEL1 activity
significantly decreased the levels of the key lineage determinants SOX17 and FOXA2 [15,
40] by 72 hours (Figure 6C). In contrast, the WEE1 inhibitor did not significantly affect
expression of lineage markers during mesodermal differentiation (Figure 6D). These
findings indicate that the cell cycle pause mediated by the WEE1-CDK1 pathway is
necessary for endodermal, but not mesodermal differentiation.

DISCUSSION

In this study, we have discovered mechanistic underpinnings linking the cell cycle and early
events during human embryonic stem cell differentiation. Our key finding is a WEE1-
mediated cell cycle pause in G2 that when disrupted, selectively compromises lineage
commitment to endoderm.

Recent studies have focused on the role of the G1 phase in promoting differentiation of
hESC [6, 7]. Gonzalez et al examined pluripotent state dissolution and retinoic acid induced
differentiation and found that the S and G2 phases of the cell cycle have intrinsic functions
in pluripotent state maintenance [41]. Our results have uncovered a previously unknown role
for G2 events in regulating cell fate determination during the first cell cycle after induction
of differentiation, and reveal that multiple mechanisms link cell cycle control to
differentiation. The very early G2 pause we observed may function as a transition point
between active maintenance of pluripotency and the incorporation of differentiation cues
before commitment to lineage determination. At a cellular mechanistic level, this G2 cell
cycle pause could also be required to establish competency for chromatin rearrangement or
movement of nuclear factors necessary for mediating differentiation.

Fifteen of the 42 genes that were up-regulated during the early stages of the cell cycle pause
are involved in regulation of G2 or cell cycle progression. WEEI, the most highly up-
regulated of these genes, and its phosphorylation of CDK1 Y15 provide compelling
functional linkage between the cell cycle and competency for lineage commitment. Our
findings that additional genes are up-regulated at the cell cycle pause suggest that other
mechanisms may be operative at the G2/M transition during early differentiation. It remains
to be determined whether these genes are upstream of WEE1 or function coordinately with
WEEL.

From a physiological standpoint, the up-regulation of WEE1 and the G2 cell cycle pause are
lineage restricted. Although WEEL up-regulation occurs during commitment to both
endodermal and mesodermal lineages, only differentiation to endoderm was compromised
when WEE1 activity was inhibited. Neither the G2 pause nor increased WEE1 was observed
in ectodermal differentiation. This lineage restricted cell cycle pause could reflect a decision
point for cell fate determination of a bipotent progenitor with the ability to differentiate to
either mesoderm or endoderm. Mesodermal differentiation may be the default pathway,
because WEEL1 inhibition compromises endodermal but not mesodermal differentiation.
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In a broader biological context, our results may provide mechanistic insight into early events
for lineage commitment that are mediated by crosstalk between regulatory components of
the cell cycle and competency for initiation of phenotype. This crosstalk may be governed
by selective expression of genes that control the cell cycle and those that sustain
pluripotency or are permissive for the transition to developmental progression. We postulate
that a G2 cell cycle pause in pluripotent cells provides a window of opportunity to
reconfigure genomic and epigenetic regulatory machinery. These regulatory events permit a
transition from unrestrained proliferation and suppression of lineage specific genes to
restricted proliferation with physiologically responsive cell and tissue specific gene
expression.

Conclusions

Our findings identify a novel G2 cell cycle pause in early differentiation of human
embryonic stem cells. This G2 pause is mediated by Y15 CDK1 phosphorylation due to an
increase in the WEEL1 kinase. Up-regulation of WEE1 and the cell cycle pause are observed
during differentiation to both endodermal and mesodermal lineages, but only endoderm
specification is compromised upon WEE inhibition (Figure 7). We conclude that the G2
pause is necessary for the lineage specific commitment of human embryonic stem cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Human embryonic stem cells (hESCs) induced to differentiate into mesendoderm pause in

G2. (A) Growth Curves for hESCs under pluripotent and differentiation conditions. Line
graph represents mean+SD from three independent experiments. (B) Representative flow
cytometric analysis of DNA content by DAPI staining over a differentiation time course.
Note the accumulation of cells in G2 between the 8h and 24h time points. (C) Percentages of
cells in each phase (G1, S, G2, and Mitosis) at each time point during mesendoderm
differentiation, as determined by cell cycle profile analysis using ModFit (G1, S, and G2
phases) and FlowJo (M phase, by determining the expression of H3S28P) software. Data
represents the values for three replicates; data represents mean+SD. (D) Representative
immunofluorescence images showing BrdU (yellow), and Ki67 (red) at time points
indicated. Nuclei are stained with DAPI (blue) (scale bars: 10 pm). Quantification of BrdU+
cells was performed using blind scoring in duplicate of 200 cells, data represents mean
+SEM (*, p < 0.001). (E) Representative flow cytometric analysis during differentiation time
course shown as H3S28P vs. DNA content with the percentage of mitotic cells indicated in
the upper right corner.
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Figure 2.
Transcriptome analysis of early differentiation into mesendoderm. (A) Representative

immunofluorescence staining of BRACHYURY (red) and SOX17 (green) over a
mesendodermal differentiation time course. Green arrows point to cells staining positive for
SOX17, as expression is very low. Nuclei are stained with DAPI (blue) (scale bars: 20 um).
(B) Principal Component Analysis (PCA) of the time points and replicates for
mesendodermal differentiation of hESCs from global expression profiling of four time
points (Undifferentiated (Oh), 8 hours (8h), 1 day (24h), and 3 days (72h)) (n=3) by
microarray analysis. (C) Venn diagram of the number of gene with expression changes
greater than 1.5 fold, and p value and FDR p values < 0.05, at each time point compared to
undifferentiated hESCs. The total number of genes changed at each time point is in brackets.
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Figure 3.

Hierarchical clustering identifies a cluster of genes involved with the G2/M transition that
increases at the time of the cell cycle pause. Hierarchical clustering based on normalized
expression values of four time points was performed on annotated genes whose expression
levels changed greater than 1.5 fold and p value and p value FDR < 0.05 at any time point
compared to undifferentiated hESCs. Nine clusters were generated with the number of genes
in each cluster indicated in brackets over the trace of the expression pattern. Clusters were
analyzed using Reactome and Cluster 2 was found to have enrichment in pathways involved

in the G2/M transition.
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Figure 4.

WEEL1, a G2/M regulator, is up-regulated during the G2 cell cycle pause. (A) Using
Ingenuity to analyze Cluster 2, genes were pulled out that were related to cell cycle
progression/regulation, and associated genes were mapped. (B) Expression profiles of the
four known regulators of G2 phase progression. The graph shows microarray expression
levels as log2 values. Data represents mean+SD from three independent experiments. (C)
Representative Western blot showing the levels of WEE1, pCDK1 Y15, and CDK1 in
hESCs induced to differentiate to mesendoderm. GAPDH is used as a loading control. The
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two arrows indicate the separation between the phosphorylated and unphosphorylated states
of CDK1. (D) Quantification of Western blots represented in (C). Quantification data is the
meanxSD from two independent experiments. (E) Representative immunofluorescence
images with WEEL1 (red). Nuclei are stained with DAPI (blue) (scale bars: 100 pm).
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Figure 5.
Differentiation to endoderm and mesoderm induces a cell cycle pause and expression of

WEEL. (A-C) Representative flow cytometric DNA content analysis by DAPI staining
across differentiation time courses to (A) Endoderm (B) Mesoderm and (C) Ectoderm. (D—
F) Quantification of flow cytometric DNA content analysis by DAPI staining for
differentiation to (D) Endoderm (E) Mesoderm and (F) Ectoderm, showing enrichment in
the G2 population in both mesoderm and endoderm differentiation. The percentage of cells
in each phase (G1, S, G2, and Mitosis) at each time point during differentiation was
determined by cell cycle profile analysis using Flow Jo and ModFit. Data represents the
mean of three independent experiments normalized to 100%. (G) The levels of WEE1
normalized to HPRT, during endoderm, mesoderm, and ectoderm differentiation by qRT-
PCR. A significant increase in WEEI expression is seen during mesoderm and endoderm
differentiation. Data represented as mean=SD from three independent experiments (*, p <
0.05).
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Figure 6.
WEEL1 inhibition compromises endodermal differentiation. (A) Representative flow

cytometric analysis of hESCs undergoing mesendodermal differentiation treated with WEE1
inhibitor, MK-1775, shown as H3S28P vs. DNA content with the percentage of mitotic cells
indicated in the upper right corner. This panel shows an increase in mitotic population with
treatment with the WEEZ1 inhibitor at 16h and 24h. (B) Representative Western blot showing
the levels of pCDK1 Y15, and CDK1 in hESCs induced to differentiate to mesendoderm
with and without treatment with MK-1775. CDK2 is used as a loading control. The two
arrows indicate the separation between the phosphorylated and unphosphorylated states of
CDKZ1. The numbers above each band of the Western blot indicate the relative quantification
of that band normalized to the loading control. (C) After 48h and 72h of differentiation
directed to endoderm, with and without 24h treatment with MK-1775, the levels of
endoderm markers SOX17and FOXAZ2were measured by gRT-PCR. (D) At time course of
differentiation directed to mesoderm, with and without treatment with the WEEL inhibitor
MK-1775, the levels of mesoderm markers BRACHYURY, MIXL1, GSC, and MESPI were
measured by gRT-PCR. qRT-PCR data shown as mean+SD from three independent
experiments (***, p < 0.001; *, p<0.05).
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A summary model showing our finding of a novel G2 cell cycle pause. Early after induction
of differentiation to certain lineages there is an increase in nuclear WEEL that
phosphorylates the CDK1/cyclin complex at Y15, inhibiting progression into mitosis and
forcing cells to pause in G2. This pause is seen in mesendoderm, mesoderm, and endoderm
differentiation but is only required for endoderm differentiation.
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