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Abstract

Proper cell-cycle progression is essential for the self-renewal and differentiation of human 

pluripotent stem cells (hPSCs). The fluorescent ubiquitination-based cell-cycle indicator (FUCCI) 

has allowed the dual-color visualization of the G1 and S/G2/M phases in various dynamic models, 

but its application in hPSCs is not widely reported. In addition, lineage-specific FUCCI reporters 

have not yet been developed to analyze complex tissue-specific cell-cycle progression during 

hPSC differentiation. Desiring a robust tool for spatiotemporal reporting of cell-cycle events in 

hPSCs, we employed the CRISPR/Cas9 genome editing tool and successfully knocked the FUCCI 

reporter into the AAVS1 safe harbor locus of hPSCs for stable and constitutive FUCCI expression, 

exhibiting reliable cell-cycle-dependent fluorescence in both hPSCs and their differentiated 

progeny. We also established a cardiac-specific TNNT2-FUCCI reporter for lineage-specific cell-

cycle monitoring of cardiomyocyte differentiation from hPSCs. This powerful and modular 

FUCCI system should provide numerous opportunities for studying human cell-cycle activity, and 

enable the identification and investigation of novel regulators for adult tissue regeneration.
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1 | INTRODUCTION

Human pluripotent stem cells (hPSCs), both induced pluripotent stem cells (iPSCs) and 

embryonic stem cells (hESCs), offer innovative biomedical applications and have 

significantly advanced human medicine (Avior, Sagi, & Benvenisty, 2016; Sakaue-Sawano 

et al., 2008; Shi, Inoue, Wu, & Yamanaka, 2017; Z. Zhu & Huangfu, 2013) due to their 

unique properties: unlimited self- renewal and the ability to differentiate into any somatic 

cell type (Takahashi et al., 2007; Trounson & DeWitt, 2016; Yu et al., 2007). A major goal 

of stem cell research is to identify factors regulating the cell cycle and use them to promote 

cell-cycle re-entry for regenerating damaged tissues, including (Hirai, Chen, & Evans, 

2016). The cell cycle itself plays critical roles in pluripotency maintenance and 

differentiation of hPSCs (Hindley & Philpott, 2013; Kapinas et al., 2013). At the pluripotent 

stage, hPCSs are highly proliferative and have an altered cell cycle that enables them to 

quickly change from DNA synthesis to cell division by shortening the intervening gap 

phases (Boward, Wu, & Dalton, 2016), resulting in a distinct cell-cycle machinery without 

G1 checkpoint regulation (Kalkan et al., 2017). On the other hand, the differentiation of 

hPSCs is associated with an irreversible exit from the original cell cycle at the G phase to 

acquire definitive phenotypic features (Ng et al., 2004; Trounson & DeWitt, 2016; 

Vermeulen, Van Bockstaele, & Berneman, 2003). For instance, Pauklin and Vallier (2013) 

demonstrated that the cell fate decisions of stem cells are tightly related to cell-cycle 

machinery modulation. However, the discerning lineage-specific cell-cycle profile has been 

challenging because of the mixed highly proliferative cell types during hPSC differentiation. 

Thus, a versatile cell-cycle reporter for robust measurement of the cell-cycle progression in 

the pluripotent and differentiating hPSCs should shed light on stem cell biology and have 

implications for cell-based therapies.

Recently, novel molecular tools, most of which rest upon the expression of a chimeric 

transgene that undergoes cell-cycle-dependent stability or distribution (Bajar et al., 2016), 

have been developed for the convenient and accurate identification of cell-cycle stages of 

fixed and live cells (Calder et al., 2013). To date, the most commonly used tool is the 

fluorescence ubiquitination cell-cycle indicator (FUCCI) system, which combines two 

distinct fluorescently tagged human genes, CDT1 fused to monomeric Kusabira-orange 2 

(mKO2), an orange-emitting fluorescent protein, and GMNN fused to mAG, a green-

emitting fluorescent protein (Sakaue-Sawano et al., 2008). Both CDT1 and GMNN-encoded 

proteins are direct substrates of Anaphase Promoting Complex (APCCdh1) and Skp 1-Cullin 

1-F-box protein (SCFskp2), two mutually antagonistic E3 ligases that are reciprocally active 

during the cell cycle (Wei et al., 2004). As a result, the CDT1 protein is highly expressed 

and enriched during G1 phase, but at the beginning of the S phase, it is degraded by the 

SCFskp2 and thus disappears during the course of S/G2/M phases. In contrast, geminin 

protein, encoded by GMNN gene, is degraded by the APCCdh during the G1 phase, but 

accumulates in S/G2/M phases. Thus, the FUCCI probes allow real-time reporting of not 

only the distinct G1 (orange) and S/G2/M (green) phases, but also the phase transitions, 

including early the S phase (yellow) and late M/early G1 phases (nonfluorescent), during 

cell-cycle progression. The FUCCI reporter has been employed in several dynamic systems, 

including zebrafish, mice, and hPSCs, and has provided new insights into stem cell biology 
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(Abe et al., 2013; Bouldin & Kimelman, 2014; Bouldin, Snelson, Farr, & Kimelman, 2014; 

Nakajima, Kuranaga, Sugimura, Miyawaki, & Miura, 2011).

Despite its broad application, a lineage-specific hPSC-FUCCI reporter line has not yet been 

generated to discern lineage-specific cell-cycle profiles and identify novel factors to promote 

cell-cycle re-entry for regenerating damaged tissues. Here, we exploited the CRISPR/Cas9 

system to insert an improved FUCCI system that employs Clover-Geminin and mKO2-Cdt1 

(Bajar et al., 2016), into the AAVS1 safe harbor locus. When differentiated into the three 

germ layer lineages, that is mesoderm, ectoderm, and endoderm, the hPSC-FUCCI reporters 

displayed dynamic and distinct cell-cycle profiles. Importantly, we further equipped the 

FUCCI system with a cardiac-specific promoter, enabling lineage-specific cell-cycle 

visualization of cardiomyocyte (CM) differentiation from hPSCs. Overall, we established a 

powerful hPSC-FUCCI system, which can be re-engineered for other tissue-specific cell-

cycle reporting. Using this system, we illustrated its applications in human stem cell biology, 

which will allow us to address previously intractable questions and identify novel genes or 

drugs for cardiac and other tissue regeneration.

2 | MATERIALS AND METHODS

2.1 | Donor plasmid construction

The donor plasmids targeting AAVS1 locus were constructed as previously described (Bao 

et al., 2019). Briefly, to generate the CAG-FUCCI plasmid, the Clover-Geminin (1–110)-

IRES-mKO2-Cdt (30–120) fragment was amplified from Addgene plasmid #83841 and then 

cloned into the AAVS1-Pur-CAG-EGFP donor plasmid (Addgene; #80945), replacing the 

EGFP. For TNNT2-FUCCI plasmid, the cTnT promoter was polymerase chain reaction 

(PCR) amplified from TroponinT-GCaMP5-Zeo (Addgene; #46027), and then cloned into 

the CAG-FUCCI plasmid via Gibson Assembly (NEB; #2611S), replacing the CAG 

promoter. Both FUCCI plasmids were sequenced and submitted to Addgene (#136934 and 

#136935).

2.2 | hPSC maintenance and differentiation

H9 hPSCs were purchased from WiCell and maintained on Matrigel- coated six-well plates 

in mTeSR plus or mTeSR1 medium at 37°C in a humidified incubator with 5% CO2. To 

differentiate hPSCs into mesoderm (Lian et al., 2013), hPSCs were singularized with 

Accutase, then seeded onto a Matrigel-coated 12-well plate in mTeSR plus or mTeSR1 with 

5 μM Y27632 (day-3) overnight. hPSCs were then cultured and expanded in pluripotent 

medium for another 48 hr. To initiate cardiac differentiation (Day 0), pluripotent medium 

was replaced by the RPMI basal medium with 6 μM CHIR99021 (CHIR), followed by a 

medium change with RPMI/B27 minus insulin after 24 hr. Day 3 differentiated cultures were 

treated with 2 μM Wnt-C59 (Cayman Chemical), followed by a medium change on Day 5. 

Starting from Day 7, cells were cultured in RPMI/B27 with medium change every 3 days 

until analysis.

To induce ectoderm differentiation, cells were continuously cultured in LaSR basal medium 

(Lian et al., 2014) with daily medium change until analysis. Endoderm lineage 
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differentiation was performed with a modified protocol (C. Du et al., 2018). To initiate 

endoderm differentiation, 0.5% dimethyl sulfoxide (DMSO) was added to the pluripotent 

medium (Day 0). On Day 1, the medium was switched to RPMI/B27 medium, containing 3 

μM CHIR9902, followed by a medium change with RPMI/B27 after 24 hr. For the next 5 

days, the differentiated cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM)/F12 medium containing 0.5 mM A83–01 (Cayman Chemical), 2.5 mM sodium 

butyrate (Sigma) and 0.5% DMSO, with a daily medium change. From Day 8 and onwards, 

the medium was switched to DMEM/F12 medium with 5 small molecules: 15 μM FH1, 0.5 

μM A83–01, 100 nM dexamethasone, 15 μM FPH1, and 10 nM hydrocortisone. Medium 

change was performed every other day.

2.3 | Nucleofection and transfection

To increase cell viability, 10 μM Y27632 was used to treat hPSCs 3–4 hr before 

nucleofection or overnight. Cells were then singularized by Accutase for 8–10 min, and 1–

2.5 × 106 hPSCs were nucleofected with 3 μg AAVS1 gRNA T2 (Addgene; #41818), 4.5 μg 

pCas9 GFP (Addgene; #44719), and 6 μg donor plasmids in 100 μl human stem cell 

nucleofection solution (Lonza; #VAPH-5012) or 200 μl room temperature PBS−/− using 

program B-016 in a Nucleofector 2b. The nucleofected cells were seeded into one well of a 

Matrigel-coated 6-well plate in 3ml pre-warmed mTeSR plus or mTeSR1 with 10 μM 

Y27632. 24 hr later, the medium was changed with fresh mTeSR plus or mTeSR1 containing 

5 μM Y27632, followed by a daily medium change. When cells were more than 80% 

confluent, drug selection was performed with 1 μg/ml puromycin (Puro) for approximately 1 

week, and individual clones were picked using a microscope inside a tissue culture hood and 

expanded for 2–5 days in each well of a 96-well plate pre-coated with Matrigel, followed by 

a PCR genotyping. The plasmid transfection of hPSC-CMs was performed according to a 

published method (Tan et al., 2019). Briefly, 1 μg cyclin D2 (CCND2) plasmid (Addgene; 

#8958) was added to 100 μl DMEM/F12 medium containing 1 μl Lipofectamine Stem 

Transfection Reagent, mixed well, and incubated for 10 min. A pellet of 0.5 million CMs 

were resuspended in the resulting 100 μl plasmid mixture and incubated for 10 min at room 

temperature before being seeded into Matrigel-coated 24-well plates in 10% fetal bovine 

serum medium.

2.4 | Genomic DNA extraction and genotyping

The genomic DNA of single clone-derived hPSCs was extracted by scraping cells into 40 μl 

QuickExtract™ DNA Extraction Solution (Epicentre; #QE09050). 2×GoTaq Green Master 

Mix (Promega; #7123) was used to perform the genomic DNA PCR. For positive 

genotyping, the following primer pair with an annealing temperature of 65°C was used: 

CTGTTTCCCCTTCCCAGGCAGGTCC and TCG TCGCGGGTGGCGAGGCGCACCG. 

For homozygous screening, we used the following set of primer sequences: 

CGGTTAATGTGGCTC TGGTT and GAGAGAGATGGCTCCAGGAA with an annealing 

temperature of 60°C.

2.5 | Immunostaining analysis

To fix the hPSCs and differentiated cells, room temperature PBS−/− was used to wash the 

cells, followed by 4% paraformaldehyde treatment for 15 min. Cells were then washed twice 
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with PBS−/−, and stained with primary and secondary antibodies in PBS−/− containing 5% 

nonfat dry milk blocker and 0.4% Triton X-100. Primary antibodies anti-beta III tubulin 

(Abcam;,’ ab18207), HNF4A (DSHB; PCRP-HNF4A-2A8), Troponin I (Santa Cruz; 

sc-365446), MF20 (DSHB; MF20), and Lab Vision™ Troponin T (Thermo Fisher 

Scientific; MS-295-P1) were used in this study. 4’,6-Diamidino-2-phenylindole was used to 

stain the cell nuclei. Leica DMi-8 fluorescent microscope was used for imaging. Images 

were then processed in ImageJ, and the same threshold setting across different backgrounds 

for quantification may accidentally remove weak signals (Figures S1B, S1D, S2A–C, S3B, 

S4B–D, and S5B).

2.6 | Flow-cytometry analysis

Cells were singularized with Accutase for 10 min and pelleted by centrifuging for 5 min. 

Then the cells were resuspended in PBS−/− and filtered through a 100μm strainer before flow 

analysis. Data was collected on a BD Accuri C6 plus flow cytometer or an Invitrogen Attune 

NxT flow cytometer and analyzed with FlowJo software.

2.7 | Reverse transcription PCR (RT-PCR) analysis

Cells cultured on a 24-well plate were rinsed with cold PBS−/− once and lysed in 500 μl 

TRIzol™ reagent (Invitrogen). Total RNA was then prepared with the Direct-zol RNA 

miniprep kit (Zymo) with in-column DNase treatment following the manufacturer’s 

instruction. cDNA was reverse-transcribed from 1 μg RNA with ProtoScript First Strand 

cDNA Synthesis Kit (NEB) and used for RT-PCR with GoTaq Green Master Mix 

(Promega). GAPDH was used as an endogenous housekeeping control, and the primer pairs 

for targeted genes were listed in Table S1.

2.8 | Statistical analysis

Data are presented as mean±standard error of the mean (SEM). Student’s t test (two-tail) 

was used to determine the statistical significance (P<0.05) between two groups, and one-way 

analysis of variance was used for three or more groups together with Student’s t test. For 

each group, 3–6 samples from at least three biological replicates are used.

3 | RESULTS

3.1 | Generation of constitutive FUCCI expressing hPSCs

Obtaining stable transgene expression in hPSCs can be challenging and the promoters used 

are of great importance due to the high likelihood of transgene silencing in hPSCs (Z. W. 

Du, Hu, Ayala, Sauer, & Zhang, 2009). To generate a stable hPSC-FUCCI reporter line, we 

employed the CRISPR/Cas9-mediated homology-directed repair (HDR) and knocked the 

all-in-one FUCCI construct CAG-Clover-Geminin-IRES-mKO2-Cdt1 (Figure 1a) into the 

AAVS1 safe harbor locus, a well-known site for stable transgene expression (Bao et al., 

2019; Smith et al., 2008). After puromycin selection for about 2 weeks, we isolated two 

Clover fluorescent protein-expressing single cell-derived hPSC clones and confirmed 

transgene presence by PCR genotyping (Figure 1b). The dominant expression of Clover 

indicated that the hPSCs are primarily at the S/G2 phase (Figure 1c,d), which is consistent 

with a previous report (Singh, Trost, Boward, & Dalton, 2016). Importantly, the engineered 
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hPSCs retained strong expression of pluripotency markers, stage-specific embryonic 

antigen-4 (SSEA-4; Figure 1e) and octamer-binding transcription factor 4 (OCT-4; Figure 

1f). Taken together, these results demonstrated the successful generation of FUCCI knock-in 

hPSCs without losing their pluripotent status.

3.2 | Continuous and quantitative visualization of cell-cycle progression during hPSC 
differentiation

Cell cycle progression is of great importance to stem cell biology. The FUCCI system has 

been broadly used in mammalian cells to understand the roles of the cell cycle during 

differentiation, morphogenesis and cell death (Abe et al., 2013; Bouldin & Kimelman, 2014; 

Calder et al., 2013; Choi et al., 2013; Coronado et al., 2013; Jovic et al., 2013; Singh et al., 

2013); however its application in visualizing the spatiotemporal dynamics of cell-cycle 

progression has not been extensively reported in hPSCs. To survey the utility of our FUCCI 

reporter for visualizing multi-lineage cell-cycle progression, the FUCCI knock-in hPSCs 

were differentiated into mesodermal, ectodermal, and endodermal lineages (Figure 2a). 

Mesoendoderm marker Brachyury (Figure S1A,B) and endoderm marker FoxA2 (Figure 

S1C–D) were detected along mesodermal and endodermal differentiation. As expected, the 

expression of green Clover (S/G2 phase) decreased while red mKO2 increased (G1 phase) 

during hPSC differentiation (Figure S2A–C). The fate of terminally differentiated 

mesodermal, endodermal, and ectodermal cells was confirmed by the immunostaining 

analysis of Troponin T (cTnT) (Figure 2b), HNF4A (Figure 2c), and β-III tubulin (Figure 

2d), as well as RT-PCR analysis of MYL7, NKX2-5, AFP, ALB, PAX6 and NEUROD1 
(Figure S2D), respectively. Additional molecular analysis was also performed during cardiac 

differentiation. Importantly, the expression of mKO2 was upregulated along with the 

increasing expression of cTnT during cardiac differentiation (Figure S3A–C), and the 

cardiac cell fate was further confirmed by MF20 and cTnI expression (Figure S3D). 

Collectively, this data shows that the FUCCI knock-in hPSC system constructed by 

CRISPR/Cas9 technology exhibits reliable cell-cycle-dependent fluorescence function in 

both undifferentiated hPSCs and their differentiated progeny.

3.3 | TNNT2-FUCCI system for cardiac-specific cell-cycle visualization

Cell cycle regulation is a key factor in the regeneration of damaged tissues, including 

infarcted myocardium. Thus, understanding CM cell-cycle regulation would greatly impact 

the development of regenerative therapies for heart disease, and has been an active area of 

study in the cardiac field. However, discerning CM cell cycle is challenging due to the mixed 

highly proliferative cell types within the heart including cardiac fibroblasts, epicardial cells, 

smooth muscle cells, and endothelial cells. To facilitate studies of lineage-specific cell 

proliferation, we replaced the CAG promoter with a cardiac-specific TNNT2 promoter 

(Figure 3a) to enable the lineage-dependent analysis of cell-cycle behavior. Once again, we 

employed the CRISPR/Cas9-mediated HDR to knock-in the new TNNT2-FUCCI construct 

to the AAVS1 safe harbor locus. After puromycin selection, we picked eight single cell-

derived hPSC clones and confirmed that all of them were successfully targeted based on 

PCR genotyping analysis (Figure 3b). Of the eight clones, six were homozygous and we 

selected clone one, which retained the strong expression of SSEA4 (Figure 3c) and OCT-4 

(Figure 3d), for future experiments. The cells also retained a normal karyotype (Figure 
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S4A). Importantly, no Clover or mKO2 expression was observed at the pluripotent stage, 

suggesting the lineage-specific activity of TNNT2-FUCCI.

To investigate the cardiac cell-dependent behavior of this new FUCCI system, we 

differentiated the engineered hPSCs into all three germ layers. As expected, TNNT2-FUCCI 

was not expressed in the endoderm and ectoderm differentiated cultures (Figure 4a), while 

the mKO2 expression was selectively and gradually increased along the cardiac 

differentiation of hPSCs (Figure S4B–D), demonstrating the lineage-specific activity of 

TNNT2-FUCCI. Furthermore, these differentiated cardiac cells exhibited significantly 

greater red fluorescent (G1 phase) intensity than green fluorescent (S/G2 phase), indicating 

most of the hPSCs- derived cardiac cells were nonproliferative. The fate of terminally 

differentiated mesodermal, endodermal, and ectodermal cells was confirmed by the 

immunostaining analysis of Troponin T (cTnT) (Figure 4b), HNF4A (Figure 4c), and β-III 

tubulin (Figure 4d). As expected, the expression of Brachyury was detected during cardiac 

differentiation of TNNT2-FUCCI hPSCs (Figure S5A,B) and the differentiation culture on 

Day 15 contained ~70% CMs as confirmed by the expression of cTnT, MF20, and cTnI 

(Figure S5C–E). Collectively, this data shows that the proliferation rate of CMs gradually 

decreases with progressive development, consistent with previous finding in both mice (de 

Boer, van den Berg, de Boer, Moorman, & Ruijter, 2012; Hirai et al., 2016; Soonpaa, Kim, 

Pajak, Franklin, & Field, 1996) and humans (Kaba et al., 2001; Villanueva et al., 2002).

Since our TNNT2-FUCCI reporter can accurately recapitulate the cell-cycle behavior of 

human CMs, the cells can be easily adopted to identify novel chemicals or genes for heart 

regeneration in a high-throughput manner. To test this function, we transfected Day 20 

TNNT2-FUCCI hPSC-derived CMs with CCND2 expressing plasmid as CCND2 

overexpression has been shown to increase CM cell-cycle activity (W. Zhu, Zhao, 

Mattapally, Chen, & Zhang, 2018). As expected, CCND2 overexpression significantly 

increased the Clover expression in the TNNT2-FUCCI hPSC-CMs (Figure 5a,b). Consistent 

with a previous report (Tan et al., 2019), transfection efficiency of ~70% was achieved in 

wild-type H9 CMs with an eGFP plasmid (Figure S5F), and the propidium iodide (PI) 

staining showed the CM cycle profile changed significantly with CCND2 transfection 

(Figure S5G). In summary, our TNNT2-FUCCI reporter works in a lineage-specific manner 

and allows for the sensitive spatiotemporal detection of cycling CMs during hPSC 

differentiation, enabling the identification of novel regulators for heart regeneration.

4 | DISCUSSION

hPSCs have a unique cell-cycle comprised of short G1 and G2 gap phases, while their 

differentiation remodels the cell-cycle profile with increased G1- and G2-phases and a 

decreased rate of cell division. This atypical cell- cycle regulation in hPSCs is closely related 

to the maintenance of their pluripotent state, and has attracted intense interest (Soufi & 

Dalton, 2016; Yiangou et al., 2019). Recently, novel factors have been identified to regulate 

the cell cycle and used to promote cell-cycle re-entry for regenerative medicine (Cheah & 

Xu, 2016; Kipreos & van den Heuvel, 2019; Naumov et al., 2017). Due to the importance of 

cell-cycle regulation for both the self-renewal and differentiation of hPSCs, a stable and 

robust cell-cycle visualization system could effectively provide more valuable information to 
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broaden the applications of hPSCs. Although the FUCCI system has been widely used in 

many dynamic models, including zebrafish (Choi et al., 2013), mouse (Abe et al., 2013), and 

stem cells (Calder et al., 2013; Coronado et al., 2013; Jovic et al., 2013; Roccio et al., 2013; 

Singh et al., 2013; Singh et al., 2016), a lineage-specific hPSC-FUCCI reporter has not yet 

been generated for versatile and high-throughput analysis of cell-cycle behavior during 

hPSC self-renewal and differentiation. Here, we have established and validated a robust and 

universally applicable FUCCI system in hPSCs for continuous and lineage-specific reporting 

of cell-cycle behavior. The constitutive mode of these FUCCI probes can accurately track 

cell-cycle patterns during mesoderm, endoderm, and ectoderm differentiation from hPSCs, 

while the cardiac TNNT2-FUCCI reporter allows lineage-specific visualization of the cell-

cycle profile during CM differentiation. Importantly, our FUCCI platform is designed to be 

adaptable and can therefore readily be reengineered to support other tissue-specific reporting 

of the cell-cycle phase transitions for studying developmental biology and tissue 

regeneration, including neural, hematopoietic, pancreatic, hepatic, etc.

The implemented hPSC-FUCCI reporter also provides insights into the design of future cell-

cycle-related research. First, our hPSC-FUCCI platform, particularly the lineage-specific 

FUCCI hPSCs, could be used as a high-throughput fluorescent reporter during unbiased, 

high-content chemical or genome-wide gene screening approaches, similar to the small 

molecule-screening for cardiac regeneration using the zebrafish FUCCI system (Choi et al., 

2013). Secondly, hPSC-FUCCI allows the accurate isolation of actively proliferating (Clover 

expressing) cells via fluorescence-activated cell sorting (FACS) for future assays, such as 

genomic DNA isolation, gene profiling or cell transplantation. In line with this idea, Singh et 

al. (2016) has recently profiled the cell-cycle regulated gene expression in pluripotent cells 

purified by FACS with a similar FUCCI reporter. Collectively, the hPSC-FUCCI platform 

represents a versatile and robust toolkit for the real-time visualization of human cell-cycle 

dynamics, enabling the design of advanced studies and large-scale screening strategies.
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FIGURE 1. 
Construction of the FUCCI reporter knock-in H9 hPSC line using Cas9 nuclease. (a) 

Schematic illustration of the homology-directed repair (HDR)-based knock-in strategy at the 

AAVS1 safe harbor locus. Vertical black arrow indicates the sgRNA T2 targeting site. (b) 

The representative PCR genotyping of hPSC clones after puromycin selection is shown, and 

the expected PCR product for correctly targeted AAVS1 site is 991bp (red arrow) with an 

efficiency of two clones from a total of two. A homozygosity assay was performed on the 

knock-in clones, and those without ~204bp PCR products were homozygous (blue arrow). 

Representative live-cell images (c) and flow-cytometry analysis (d) of Clover and mKO2 of 

successfully targeted FUCCI reporter H9 hPSCs were shown. Representative fluorescent 

images of SSEA-4 (e) and OCT-4 (f) of H9 FUCCI cells were shown. Scale bar=200μm. 

FUCCI, fluorescent ubiquitination-based cell-cycle indicator; HDR, homology-directed 

repair; hPSC, human pluripotent stem cell; OCT-4, octamer-binding transcription factor 4; 

PCR, polymerase chain reaction; SSEA-4, stage-specific embryonic antigen-4
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FIGURE 2. 
Continuous visualization of cell-cycle progression during hPSC differentiation. (a) 

Representative fluorescent images of Clover and mKO2 during mesoderm, endoderm, and 

ectoderm differentiation (Day 1 to Day 15). Scale bar=400μm. The fate of terminally 

differentiated cells was confirmed by immunostaining of mesodermal (b), endodermal (c), 

and ectodermal (d) lineage-specific markers, respectively. Scale bar=200μm. hPSC, human 

pluripotent stem cell; mKO2, monomeric Kusabira-orange 2
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FIGURE 3. 
Construction of cardiac-specific FUCCI reporter knock-in H9 hPSC line using Cas9 

nuclease. (a) Schematic illustration of the HDR-based knock-in strategy at the AAVS1 safe 

harbor locus. Vertical black arrow indicates the sgRNA T2 targeting site. (b) The 

representative PCR genotyping of hPSC clones after puromycin selection is shown, and the 

expected PCR product for correctly targeted AAVS1 site is ~991bp (red arrow) with an 

efficiency of eight clones from a total of eight. A homozygosity assay was performed on the 

knock-in clones, and those without ~204bp PCR products were homozygous with an 

efficiency of 6 clones from a total of 8 (blue arrow). Representative fluorescent images of 

Clover, mKO2, SSEA-4 (c) and OCT-4 (d) of successfully targeted cardiac FUCCI reporter 

H9 hPSCs were shown. Scale bar=200μm. FUCCI, fluorescent ubiquitination-based cell-

cycle indicator; HDR, homology-directed repair; hPSC, human pluripotent stem cell; 

OCT-4, octamer-binding transcription factor 4; PCR, polymerase chain reaction; sgRNA, 

single guide RNA; SSEA-4, stage-specific embryonic antigen-4
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FIGURE 4. 
Lineage-dependent activity of cardiac FUCCI reporter during hPSC differentiation. (a) 

Representative fluorescent images of Clover and mKO2 expression during mesoderm, 

endoderm, and ectoderm differentiation. Scale bar=400μm. The fate of terminally 

differentiated cells was confirmed by immunostaining of mesodermal (b), endodermal (c), 

and ectodermal (d) lineage-specific markers, respectively. Scale bar=200μm. FUCCI, 

fluorescent ubiquitination-based cell-cycle indicator; hPSC, human pluripotent stem cell; 

mKO2, monomeric Kusabira-orange 2
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FIGURE 5. 
CCND2 overexpression increased the Clover expression in cardiac FUCCI reporter. (a) 

Representative fluorescent images of Clover and mKO2 expression in hPSC-FUCCI CMs 

with or without CCND2 overexpression. Scale bar=100μm. Quantitative analysis of Clover 

signal was shown in (b). CCND2, cyclin D2; FUCCI, fluorescent ubiquitination-based cell-

cycle indicator; hPSC, human pluripotent stem cell; mKO2, monomeric Kusabira-orange 2
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