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SUMMARY

Twenty years have passed since the first demonstration of mouse induced pluripotent stem cells (iPSCs). 
What began as an unexpected observation in Kyoto quickly transformed stem cell biology and regenerative 
medicine worldwide. Over the past two decades, we have gained profound insights into the molecular mech-

anisms underlying cellular reprogramming and pluripotency. The technology has continued to evolve— 
becoming safer, more efficient, and more versatile. Today, iPSCs serve as a foundation for wide-ranging ap-

plications, from disease modeling and drug discovery to regenerative therapies and rejuvenation research. In 
this review, I reflect on the scientific journey of iPSCs, highlight key milestones in our understanding of re-

programming, and discuss the expanding clinical and societal impact of iPSCs.

INTRODUCTION

‘‘Dr. Yamanaka, please come and check the cells. They look like 

ES cells.’’

It was the summer of 2005 when Kazutoshi Takahashi rushed 

into my office with this announcement. He had introduced 24 

candidate genes—identified as highly expressed in mouse em-

bryonic stem cells (ESCs)—into mouse embryonic fibroblasts 

(MEFs). To monitor reprogramming, we had modified the MEFs 

so that they would survive G418 selection only if they activated 

ESC-specific gene expression. 1 Under the microscope, I saw 

several colonies that resembled mouse ESCs in morphology 

(Figure 1). I told Kazutoshi, ‘‘Don’t get excited. Most likely this 

is contamination.’’ I was wrong.

I began thinking seriously about cellular reprogramming around 

2000, when I became a principal investigator for the first time. 

Nuclear transfer experiments 2,3 and studies of transcription-fac-

tor-mediated cell fate conversion 4 had suggested that differenti-

ated states were reversible in principle. However, whether plurip-

otency—the most extreme form of cellular plasticity—could be 

induced by defined factors alone remained entirely unclear, and 

I assumed that solving this problem might take decades.

What gave me confidence to attempt this experiment was the 

idea that pluripotency is maintained by a relatively small core 

regulatory network rather than by hundreds of independent com-

ponents. 5 ESCs appeared to be stabilized by a limited number of 

transcription factors connected through reinforcing feedback 

loops. 6 If so, enforcing expression of the right combination might 

be sufficient to reset cell identity. Still, we did not expect the 

initial experiment to succeed. Our original plan was to use retro-

viral cDNA libraries for large-scale screening, and the 24-factor 

experiment was conceived as a pilot to validate our selection 

system. Had it failed, we would have proceeded with unbiased 

library-based discovery.

Kazutoshi repeated the experiments and consistently 

obtained similar colonies. Through systematic elimination, he 

narrowed the gene set down to four—Oct3/4, Sox2, Klf4, and 

c-Myc (OSKM). Cells induced by these four factors displayed 

properties of pluripotent stem cells. This was the birth of induced 

pluripotent stem cells (iPSCs). 7

By the time we submitted our paper to Cell, we had confirmed 

the reproducibility of iPSC induction in our laboratories. Still, we 

were anxious about whether others could reproduce it using 

different hands, reagents, and equipment. Our concern proved 

unnecessary—within a year, multiple laboratories around the 

world successfully generated iPSCs with mouse 8,9 and hu-

man 10,11 cells. Whereas ESC research required 17 years to 

move from mouse to human, the foundation built by ESC studies 

enabled iPSC technology to make that transition in just 1 year. 

Since then, thousands of studies have explored nearly every 

aspect of this technology, from molecular mechanisms to 

translational applications.

In this article, I highlight landmark discoveries that shaped our 

understanding and medical applications of iPSC reprogramming 

(Figure 2) and discuss the broad range of current and future 

applications that continue to emerge two decades after that 

pivotal summer in Kyoto (Figure 3).

REVISITING REPROGRAMMING EFFICIENCY: A 
NUANCED RESOLUTION TO THE ELITE-STOCHASTIC 
DEBATE

Reprogramming was initially startling not only because it was 

possible but also because it was inefficient. Early reports 

indicated that only a tiny fraction of cells successfully reactivated 

the pluripotency program. This inefficiency sparked a lively 

debate between proponents of the elite model and the stochas-

tic model. 12
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The elite model presumed that only rare cells within a het-

erogeneous population—perhaps progenitor or stem-like 

cells—retained an intrinsic plasticity that allowed them to 

respond to OSKM. These cells were thought to possess a 

more permissive chromatin landscape or a more favorable 

proliferative capacity.

The stochastic model proposed a far more radical idea: that all 

somatic cells had the capacity to reprogram, but the process 

required a sequence of rare molecular events that occurred 

with low probability. From this perspective, inefficiency reflected 

the complexity of the task, not a limitation of the starting popu-

lation.

As the field accumulated data, it became clear that both 

models captured part of the truth. The development of the sec-

ondary iPSC induction system greatly enhanced the data accu-

mulation. 13 The early phase of reprogramming is profoundly het-

erogeneous. Single-cell transcriptomic analyses revealed that 

cells pass through unstable intermediate states marked by par-

tial loss of somatic identity and sporadic activation of early 

pluripotency-associated genes. 14 Only some of these cells 

advance far enough to activate the core pluripotency network, 

while others veer into dead ends or revert to somatic expression 

patterns.

Yet the field also learned that the initial state of the somatic cell 

matters deeply. Keratinocytes reprogram far more efficiently 

than fibroblasts because their chromatin landscape is inherently 

more accessible. 15 Blood progenitors reprogram more readily 

than terminally differentiated lymphocytes. 16 Aging, oxidative 

stress, mitochondrial dysfunction, and metabolic inflexibility all 

alter reprogramming susceptibility. Thus, while stochasticity 

dominates early events, the epigenetic ‘‘distance’’ between a 

somatic state and pluripotency shapes the likelihood that a cell 

will traverse the reprogramming landscape.

This nuanced understanding highlights the interplay between 

intrinsic cell properties and probabilistic transitions. Reprogram-

ming is neither fully deterministic nor entirely random—it is a 

hybrid process influenced by both the starting state and the 

sequence of molecular events that reshape identity.

MECHANISMS OF CELLULAR REPROGRAMMING: 
DECODING THE LOGIC OF PLASTICITY

Reprogramming is a dramatic biological event. 17–19 It requires 

not only the suppression of somatic identity but also the recon-

struction of a pluripotent state that resembles the early embryo. 

This transformation unfolds through intertwined waves of 

transcriptional reorganization, epigenetic remodeling, metabolic 

rewiring, and changes in cellular structure.

The first observable transformations occur within the initial 

days of OSKM induction. 20,21 Somatic transcription factors 

begin to lose dominance, and their enhancers progressively 

close. Meanwhile, the cell undergoes a mesenchymal-to-epithe-

lial transition (MET), an event that surprised the field because it 

revealed that cell adhesion and polarity signals were critical in 

enabling the shift to pluripotency. 22,23 MET reflects the cell’s 

movement away from the fibroblast identity and toward a more 

epithelial, embryonic-like state. Keratinocytes reprogram more 

efficiently than fibroblasts because they are already epithelial 

in nature, bypassing the need for MET. 15

This transition is often accompanied by metabolic changes. 

Somatic cells that rely heavily on oxidative phosphorylation 

reduce mitochondrial activity and begin to favor glycolysis, a 

hallmark of pluripotent stem cells. Mitochondria themselves 

undergo morphological restructuring, becoming smaller and 

less elongated—a visual manifestation of the metabolic 

shift. 24,25

Reprogramming requires an extensive reconfiguration of chro-

matin. Pluripotency genes are often locked within repressive 

chromatin adorned with H3K9me3 or DNA methylation. 20,26 

OSKM expression initiates a slow, intricate process of chromatin 

opening. Ten-eleven translocaton (TET) enzymes catalyze the 

demethylation of pluripotency enhancers, and histone-modi-

fying complexes remove repressive marks. 27,28 Chromatin re-

modelers such as Brahma-related gene 1 (BRG1) help reposition 

nucleosomes, creating a permissive environment for pluripo-

tency gene activation. 29

The removal of somatic enhancers and the gradual emergence 

of pluripotency enhancers highlight the dynamic interplay 

between chromatin architecture and transcription. Enhancer-

promoter distances shift, looping interactions rearrange, and 

previously silent genomic regions become poised for acti-

vation. 30

The activation of core pluripotency regulators represents 

a tipping point in reprogramming. Nanog, Oct4, Sox2, and 

Esrrb form interconnected feedback loops that stabilize the 

pluripotent identity. Once this network is established, the 

cell transitions from an unstable intermediate state to a 

more deterministic phase where the outcome becomes pre-

dictable. 31

During this stage, the cell cycle accelerates, the G1 check-

point shortens, and DNA repair pathways adapt to support the 

increased proliferation characteristic of pluripotent cells. 32 Chro-

matin becomes globally more accessible, reflecting a pluripotent 

genome that is poised for rapid differentiation into multiple 

lineages. 26

As multi-omic technologies matured, it became evident 

that transcription factors alone do not govern reprogramming. 

Small RNAs fine-tune gene expression during the transition

Figure 1. One of the first iPSC colonies observed in the summer 
of 2005
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from somatic to pluripotent identity. 33,34 RNA-binding proteins 

influence splicing patterns crucial for identity transitions, 35 while 

long noncoding RNAs modulate enhancer activity and stabilize 

intermediate states. 36 Together, these regulators help orches-

trate the intricate dance of molecular events that define reprog-

ramming.

With the integration of single-cell transcriptomics, assay for 

transposase-accessible chromatin (ATAC)-seq, methylation 

profiling, proteomics, and metabolomics, the field now ap-

proaches a comprehensive understanding of the reprogramming 

trajectory. Computational frameworks such as optimal-transport 

modeling allow researchers to reconstruct the trajectories of 

thousands of individual cells, revealing alternative routes, de-

tours, and bottlenecks. 37–39

Reprogramming is no longer viewed as a simple pathway but 

as a multidimensional landscape shaped by the interplay of 

transcription, chromatin, metabolism, and cellular physiology.

MEDICAL APPLICATIONS OF iPSCs: FROM EARLY 
SKEPTICISM TO A MATURE TRANSLATIONAL PIPELINE

From the outset, iPSCs held enormous promise for regenerative 

medicine. Yet the journey from concept to clinic was far from 

straightforward. The early years were marked by legitimate 

concerns about safety, reproducibility, genomic integrity, and 

differentiation potential. 40 Over time, careful experimentation

and methodical refinement transformed these challenges into 

opportunities for innovation.

Early iPSC generation relied on integrating viral vectors that 

carried risks of insertional mutagenesis. These approaches, 

though effective, raised concerns about clinical application. 

The development of non-integrating systems—episomal 

plasmids, 41 adenovirus, 42 Sendai virus, 43 piggyBac, 44 synthetic 

mRNA, 45 and eventually small-molecule-based methods 46 — 

represented a turning point. Not only did these platforms 

eliminate the risk of genomic integration, but they also simplified 

downstream quality control and improved scalability.

Initial studies reported worrisome levels of copy-number 

variation and mutations in iPSCs. 47–49 However, deeper anal-

ysis revealed that most were preexisting somatic mosaic 

mutations rather than artifacts of reprogramming. 50 Neverthe-

less, these findings prompted widespread adoption of 

rigorous genomic quality-control pipelines. Deep sequencing, 

methylation profiling, karyotyping, and mitochondrial-genome 

analysis now form standard components of iPSC character-

ization.

Residual epigenetic memory—the persistence of donor-cell-

specific methylation patterns—also posed challenges by biasing 

differentiation potential. 51 Improvements in reprogramming 

kinetics, passaging protocols, and factor expression have 

largely resolved these issues, producing iPSCs that closely 

mirror ESCs in molecular and functional properties. 52

Figure 2. Landmark publications on the mechanisms of reprogramming and the medical applications of iPSCs and related technologies are 
shown, with reference numbers corresponding to those in the main text

The first-in-human clinical trial was initiated in 2014, and its outcomes were reported in 2017. Created in BioRender. Yamanaka, S. (2026) https://BioRender.com/ 
o32og2c.
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Genetically matched comparisons indicate that human ESCs 

and iPSCs are largely molecularly and functionally equivalent, 

and genetic background is a major confounder in apparent 

differences. 53 Nonetheless, line-to-line variability and incom-

plete reprogramming events—particularly at specific epigenetic 

features such as imprinting, X chromosome state, and higher-or-

der genome programs—can influence phenotypes in a context-

dependent manner. 54

Achieving mature cell types from iPSCs and ESCs was one 

of the early bottlenecks in the field. Initial differentiation 

protocols yielded cells that resembled fetal rather than adult 

tissues. 55 Over time, advances in developmental biology 

enabled the creation of stepwise protocols that recapitulate 

embryonic signaling pathways with increasing precision. 56,57 

Organoid technologies further improved differentiation 

outcomes by providing 3D contexts that mimic in vivo 

microenvironments. 58

Today, iPSC-derived cardiomyocytes exhibit more matured 

phenotypes, 59,60 vascularized and functional liver tissue can be 

generated from human iPSC-derived organoid buds, 61 and 

iPSC-derived neurons form functional synaptic networks. 62 

While perfect adult-like maturation remains a frontier, the field 

has progressed from proof-of-principle demonstrations to highly 

sophisticated cellular models.

One of the hallmarks of a mature field is the development of 

global standards. 63 The iPSC community embraced this neces-

sity early, adopting pluripotency scorecards, standardized re-

porting frameworks, and guanosine monophosphate (GMP)- 

compatible workflows. International consortia now coordinate 

best practices to ensure that iPSC lines distributed across the 

world meet consistent benchmarks, such as the International 

Stem Cell Banking Initiative (ISCBI, https://www.iscbi.org/) 

and the Human Pluripotent Stem Cell Registry (https:// 

hpscreg.eu/).

Figure 3. Diverse applications of iPSC and 
related technologies

Created in BioRender. Yamanaka, S. (2026) 
https://BioRender.com/8sekc6k.

iPSC-BASED REGENERATIVE 
THERAPIES: FROM CONCEPTUAL 
PROMISE TO CLINICAL REALITY

Preclinical studies established that iPSC-

derived cells could survive, integrate, and 

function within host tissues. In models of 

Parkinson’s disease, transplanted dopa-

minergic neurons restored dopamine 

production and improved motor func-

tion. 64 In cardiac injury models, iPSC-

derived cardiomyocytes synchronized 

with host myocardium. 65 Retinal pigment 

epithelium (RPE) cells derived from iPSCs 

demonstrated structural integration and 

photoreceptor support. 66

These successes provided the justifi-

cation needed to advance into first-in-

human trials. The early iPSC-based tri-

als, one for age-related macular degeneration 67 and the 

other for Parkinson’s disease, demonstrated not only the 

feasibility but also the safety of autologous iPSC-derived 

grafts. 68 These trials highlighted the importance of meticulous 

manufacturing, long-term monitoring, and genomic 

screening—all elements that have since been incorporated 

into global clinical practice.

Following these early trials, clinical programs expanded 

rapidly. More than a hundred clinical trials have been conducted 

with iPSC and ESC. 69 Promising results of some of them have 

been published. Corneal epithelial cells offered new hope for 

treating blindness. 70 Dopaminergic progenitors entered trials 

for Parkinson’s disease, 71,72 in which iPSC- and ESC-derived 

cells have thus far shown comparable safety profiles and 

encouraging signals of efficacy. Longer-term follow-up in larger 

patient cohorts will be required to establish durability, efficacy, 

and broad clinical feasibility.

While autologous therapies are conceptually appealing, they 

are slow and expensive to produce. The creation of human 

leukocyte antigen (HLA)-homozygous iPSC banks—collections 

of donor lines that match large portions of national popula-

tions—opened the door to scalable allogeneic therapies. 73 

These cells can be prepared in advance, quality-tested, and 

stored for immediate clinical use. In parallel, immune engineer-

ing has produced ‘‘universal’’ iPSC lines with reduced immuno-

genicity, offering the possibility of truly off-the-shelf regenera-

tive products. 74

The clinical rise of iPSC therapy introduces ethical challenges 

that echo those seen with organ transplantation and genetic 

therapy but with unique nuances. Because iPSCs can be gener-

ated from any individual, issues of consent, privacy, and data 

governance take on heightened importance. Public engagement 

remains critical to maintaining trust as regenerative technologies 

become more powerful and more widely applied.
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DISEASE MODELING AND DRUG DISCOVERY: HUMAN 
BIOLOGY IN A DISH

If regenerative therapies represent one pillar of iPSC science, 

disease modeling represents another—arguably the one with 

the broadest current impact.

Patient-specific iPSC models have enabled the study of dis-

eases previously inaccessible due to the difficulty of obtaining 

primary human tissues. Amyotrophic lateral screrosis (ALS), 75 

spinal muscular atrophy (SMA), 76 and Parkinson’s disease 77 

models exhibited hallmark neuronal degeneration. Long-QT syn-

drome cardiomyocytes displayed the electrophysiological sig-

natures associated with arrhythmia risk. 78 These early suc-

cesses demonstrated that iPSC-derived cells could 

recapitulate meaningful disease phenotypes. The outcomes of 

early-phase clinical trials support the potential of iPSC-based 

approaches for drug discovery, particularly drug repur-

posing. 79,80

The field quickly moved beyond monogenic diseases. Psychi-

atric conditions such as schizophrenia, 81 bipolar disorder, 82 and 

autism 83 have been modeled using iPSC-derived neural cultures 

and organoids, revealing subtle differences in synaptic forma-

tion, network activity, and developmental trajectories. Complex 

cardiac diseases, 84 metabolic disorders, 85,86 and immune dys-

functions 87 have all been explored using similar approaches. 

Organoids introduced a new dimensionality to disease 

modeling. Following the pioneering work in retinal organoids 

by the Sasai group, 58 other groups developed brain organoids 

that replicate aspects of cortical layering and neuronal migra-

tion, 88 and kidney 89 and intestinal 90 organoids that provide plat-

forms to study cystic disease, infection, and epithelial dysfunc-

tion. The fusion of organoids into assembloids has enabled the 

study of long-range interactions, such as interneuron migration 

from the ventral forebrain into the cortex. 91,92

The integration of iPSCs with CRISPR genome editing 

revolutionized causal inference. 93 By comparing isogenic 

pairs that differ only by a single pathogenic variant, researchers 

can identify the direct consequences of genetic lesions 

without confounding background variation. This strategy has 

clarified mechanisms underlying diverse disorders, including 

cardiomyopathies, autism spectrum disorders, and metabolic 

diseases. 94

iPSC-derived tissues now serve as platforms for drug discov-

ery and safety testing. Cardiomyocytes can predict arrhythmo-

genic potential, 95 hepatocytes assess metabolic and toxic re-

sponses, 96 and neural cultures provide information about 

neurotoxicity. 97,98 During emerging infectious disease out-

breaks, iPSC-derived tissues have provided windows into viral 

tropism and host response. 99,100

Large iPSC biobanks that include donors from diverse ances-

tries are critical for capturing the full spectrum of human genetic 

variation. Existing repositories show a strong European-ancestry 

bias, highlighting the need for broader representation to support 

equitable discovery. 101 Studies using large iPSC cohorts 

demonstrate that inherited variants shape cellular phenotypes, 

including gene regulation and stress responses. 102 Since genetic 

background influences therapeutic response, diverse iPSC bio-

banks provide essential infrastructure for advancing personal-

ized medicine and human functional genomics.

THE EXPANDING HORIZONS OF iPSC SCIENCE

Though often associated with therapy and modeling, iPSCs 

have influenced a surprising range of scientific domains 

(Figure 2).

iPSCs derived from endangered species offer tools for preser-

ving genetic diversity and studying developmental trajectories in 

organisms where experimental work is otherwise impossible. 103 

Comparative studies using primate iPSCs have revealed spe-

cies-specific differences in early neurodevelopment, synaptic 

maturation, and immune responses. 104

Gastruloids and blastoids recreate early developmental 

events that are otherwise inaccessible in humans. 105 These 

models have clarified mechanisms of gastrulation, axis specifi-

cation, and germ-layer formation. In vitro gametogenesis ex-

tends iPSC applications into reproductive biology, allowing 

investigation of fertility pathways and potential future treatments 

for infertility. 106

Recent work coupling iPSC-derived neuronal networks 

with electronic systems has produced hybrid constructs capable 

of learning patterns, responding to stimuli, and adapting 

behavior. 107,108 These systems challenge conventional distinc-

tions between biological and artificial intelligence, raising 

profound questions about computation, cognition, and the 

ethical limits of engineered living systems.

It is also fair to say that the discovery of reprogramming to 

pluripotency helped foster the development of direct lineage 

reprogramming. Demonstrating that defined transcription fac-

tors could override a stable somatic identity fundamentally 

changed how the field viewed cell fate, opening the door to 

the idea that one differentiated state could be converted 

directly into another. Subsequent work on induced neu-

rons, 109 cardiomyocytes, 110 and other lineages built on con-

ceptual and technical foundations established during iPSC 

research, even as these approaches followed distinct mecha-

nistic routes.

Perhaps one of the most provocative frontiers is the field of 

rejuvenation biology. Partial reprogramming—transient expo-

sure to OSKM or modified factor variants—offers a way to 

reset epigenetic age without fully erasing cellular identity. 

Early studies in animal models suggest that such approaches 

can restore metabolic resilience, reverse molecular markers of 

aging, and improve tissue function. 111,112 If these findings 

translate safely to human cells and tissues, partial reprogram-

ming may help address age-associated diseases not by treat-

ing symptoms but by restoring youthful cellular states. The im-

plications for public health, longevity, and chronic disease 

management are profound, and they invite careful consider-

ation of both therapeutic promise and potential risks, such 

as tumorigenicity.

Another provocative extension of iPSC technology is interspe-

cies organogenesis, which seeks to generate human organs in 

large animal hosts such as pigs via blastocyst complementa-

tion. 113 Advances in naive pluripotent states may enable human 

iPSC contribution in pig and sheep embryos. 114 Although major 

biological and ethical challenges remain, continued progress in 

genome engineering and developmental control sustains inter-

est in this approach as a potential strategy to address organ 

shortages.
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OUTLOOK: THE NEXT 20 YEARS

As the iPSC field enters its third decade, the boundaries between 

stem cell biology, computation, synthetic biology, and tran-

slational medicine are dissolving. The next era will be defined 

not simply by incremental refinements to reprogramming or dif-

ferentiation protocols, but by a deeper integration of disciplines 

that traditionally developed separately. At the center of this 

convergence lies a simple but profound question: if we can con-

trol cell identity, can we also predict, design, and perhaps even 

optimize it?

One of the most transformative developments on the horizon 

is the integration of artificial intelligence into stem cell biology. 

Multi-omic datasets now capture the transcriptional, epigenetic, 

metabolic, and structural states of cells at unprecedented reso-

lution. These datasets are too complex for intuition alone, but AI-

driven models trained on them are beginning to uncover hidden 

patterns in fate decisions. Such systems may soon predict which 

cells are most amenable to reprogramming, identify the earliest 

molecular signatures of successful transitions, or even propose 

synthetic routes that bypass classical transcription-factor com-

binations. Instead of discovering reprogramming factors through 

trial and error, researchers may one day simulate reprogramming 

landscapes in silico, testing thousands of hypothetical factor 

combinations before validating the most promising candidates 

in vitro.

Synthetic biology is poised to reshape the field just as dramat-

ically. Advances in programmable transcription factors, 

CRISPR-based epigenetic modifiers, and synthetic gene circuits 

allow increasingly precise manipulation of cell identity. It is not 

difficult to imagine pluripotency programs that can be turned 

on and off with small molecules or differentiation protocols 

guided by engineered feedback loops that sense and correct de-

viations in real time. Safety circuits may prevent uncontrolled 

growth, while synthetic enhancers could stabilize lineage 

commitment in tissues that historically have been difficult to 

differentiate. These innovations foreshadow a future in which 

the behavior of stem cells is not merely observed or nudged 

but designed.

Biomanufacturing—the often underappreciated backbone of 

translational cell therapy—will also undergo profound changes. 

Closed-system, automated culture platforms will reduce vari-

ability, increase scalability, and enhance safety. These systems 

will allow continuous monitoring of pluripotency markers, meta-

bolic state, and genomic integrity, transforming cell production 

from an artisanal process into an industrial one. Universal donor 

cells, engineered to evade immune rejection, may drastically 

expand access to regenerative therapies, shifting clinical 

practice from bespoke treatments toward readily deployable 

off-the-shelf solutions. Alternatively, the closed and automated 

system may enable the generation of autologous iPSC for each 

patient at a reasonable cost and time. Depending on the types 

of cells to be transplanted and the immunological and systemic 

conditions of patients, autologous iPSCs may be required. 

These scientific advances carry ethical, social, and philosoph-

ical implications. As iPSC-derived systems begin to encroach on 

aspects of early human development, reproduction, cognition, 

and environmental stewardship, society will be forced to 

confront questions that extend beyond conventional bioethics.

Synthetic embryoid models challenge our definitions of develop-

mental boundaries. In vitro gametogenesis raises questions 

about parenthood, inheritance, and reproductive autonomy. Bio-

hybrid systems that couple neurons to computational hardware 

may provoke new debates about consciousness, learning, and 

the moral status of engineered biological networks. Even conser-

vation biology—where iPSCs could aid in de-extinction efforts or 

the rescue of endangered species—raises questions about 

ecological responsibility and the long-term consequences of hu-

man intervention.

Navigating these questions requires not only scientific exper-

tise but also sustained public dialogue, transparent regulatory 

frameworks, and a commitment to global equity. Access to 

regenerative therapies must not be limited to those with financial 

means or proximity to advanced medical centers. Likewise, in-

ternational standards will be necessary to govern the creation, 

sharing, and therapeutic use of iPSC-derived materials.

In many ways, the story of iPSCs is emblematic of modern sci-

ence: a testament to the power of curiosity-driven inquiry, inter-

disciplinary collaboration, and the willingness to challenge 

entrenched assumptions. What began as an unexpected obser-

vation in a single laboratory has reshaped the contours of biology 

and medicine. If the past 20 years revealed that barriers between 

cell fates are more permeable than once imagined, the next 20 

years will show that the boundaries between biology, technol-

ogy, and society are equally fluid. The challenge ahead is to 

harness this emerging potential with imagination, caution, and 

a sense of shared responsibility for the world we are creating. 

Advances in robotics, AI, and machine learning will increas-

ingly automate experimentation and accelerate data analysis, 

fundamentally changing the daily workflow of scientists. Never-

theless, transformative discoveries will continue to rely on hu-

man curiosity, intuition, and the willingness to pursue unconven-

tional ideas, with technology serving as a powerful amplifier 

rather than a substitute for creative experimental thinking.
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Greber, B., Gentile, L., Mann, M., and Schö ler, H.R. (2010). Chromatin-
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mura, S., Ozawa, F., Chyi, C.M., Nishiyama, A., et al. (2023). Phase 1/2a 
clinical trial in ALS with ropinirole, a drug candidate identified by iPSC 
drug discovery. Cell Stem Cell 30, 766–780.e9. https://doi.org/10.1016/ 
j.stem.2023.04.017.

81. Brennand, K.J., Simone, A., Jou, J., Gelboin-Burkhart, C., Tran, N., San-

gar, S., Li, Y., Mu, Y., Chen, G., Yu, D., et al. (2011). Modelling schizo-

phrenia using human induced pluripotent stem cells. Nature 473, 
221–225. https://doi.org/10.1038/nature09915.

82. Chen, H.M., DeLong, C.J., Bame, M., Rajapakse, I., Herron, T.J., McIn-

nis, M.G., and O’Shea, K.S. (2014). Transcripts involved in calcium 
signaling and telencephalic neuronal fate are altered in induced pluripo-

tent stem cells from bipolar disorder patients. Transl. Psychiatry 4, e375. 
https://doi.org/10.1038/tp.2014.12.

83. Marchetto, M.C.N., Carromeu, C., Acab, A., Yu, D., Yeo, G.W., Mu, Y., 
Chen, G., Gage, F.H., and Muotri, A.R. (2010). A model for neural develop-

ment and treatment of Rett syndrome using human induced pluripotent 
stem cells. Cell 143, 527–539. https://doi.org/10.1016/j.cell.2010.10.016.

84. Sun, N., Yazawa, M., Liu, J., Han, L., Sanchez-Freire, V., Abilez, O.J., 
Navarrete, E.G., Hu, S., Wang, L., Lee, A., et al. (2012). Patient-specific 
induced pluripotent stem cells as a model for familial dilated cardiomyop-

athy. Sci. Transl. Med. 4, 130ra47. https://doi.org/10.1126/scitranslmed. 
3003552.

85. Maehr, R., Chen, S., Snitow, M., Ludwig, T., Yagasaki, L., Goland, R., Lei-

bel, R.L., and Melton, D.A. (2009). Generation of pluripotent stem cells 
from patients with type 1 diabetes. Proc. Natl. Acad. Sci. USA 106, 
15768–15773. https://doi.org/10.1073/pnas.0906894106.

86. Rashid, S.T., Corbineau, S., Hannan, N., Marciniak, S.J., Miranda, E., 
Alexander, G., Huang-Doran, I., Griffin, J., Ahrlund-Richter, L., Skepper, 
J., et al. (2010). Modeling inherited metabolic disorders of the liver using 
human induced pluripotent stem cells. J. Clin. Investig. 120, 3127–3136. 
https://doi.org/10.1172/JCI43122.

87. Jiang, Y., Cowley, S.A., Siler, U., Melguizo, D., Tilgner, K., Browne, C., 
Dewilton, A., Przyborski, S., Saretzki, G., James, W.S., et al. (2012). Deri-

vation and functional analysis of patient-specific induced pluripotent 
stem cells as an in vitro model of chronic granulomatous disease. 
Stem Cells 30, 599–611. https://doi.org/10.1002/stem.1053.

88. Lancaster, M.A., Renner, M., Martin, C.A., Wenzel, D., Bicknell, L.S., 
Hurles, M.E., Homfray, T., Penninger, J.M., Jackson, A.P., and Knoblich, 
J.A. (2013). Cerebral organoids model human brain development and 
microcephaly. Nature 501, 373–379. https://doi.org/10.1038/nature12517.

89. Takasato, M., Er, P.X., Chiu, H.S., Maier, B., Baillie, G.J., Ferguson, C., 
Parton, R.G., Wolvetang, E.J., Roost, M.S., Chuva de Sousa Lopes, 
S.M., and Little, M.H. (2015). Kidney organoids from human iPS cells 
contain multiple lineages and model human nephrogenesis. Nature 
526, 564–568. https://doi.org/10.1038/nature15695.

90. Spence, J.R., Mayhew, C.N., Rankin, S.A., Kuhar, M.F., Vallance, J.E., 
Tolle, K., Hoskins, E.E., Kalinichenko, V.V., Wells, S.I., Zorn, A.M., et al. 
(2011). Directed differentiation of human pluripotent stem cells into intes-

tinal tissue in vitro. Nature 470, 105–109. https://doi.org/10.1038/ 
nature09691.

91. Birey, F., Andersen, J., Makinson, C.D., Islam, S., Wei, W., Huber, N., 
Fan, H.C., Metzler, K.R.C., Panagiotakos, G., Thom, N., et al. (2017). As-

sembly of functionally integrated human forebrain spheroids. Nature 545, 
54–59. https://doi.org/10.1038/nature22330.

92. Xiang, Y., Tanaka, Y., Patterson, B., Kang, Y.J., Govindaiah, G., Rose-

laar, N., Cakir, B., Kim, K.Y., Lombroso, A.P., Hwang, S.M., et al. 
(2017). Fusion of Regionally Specified hPSC-Derived Organoids Models 
Human Brain Development and Interneuron Migration. Cell Stem Cell 21, 
383–398.e7. https://doi.org/10.1016/j.stem.2017.07.007.

93. Ding, Q., Regan, S.N., Xia, Y., Oostrom, L.A., Cowan, C.A., and Musu-

nuru, K. (2013). Enhanced efficiency of human pluripotent stem cell

ll
OPEN ACCESS

380 Cell Stem Cell 33, March 5, 2026

Perspective

https://doi.org/10.1038/nature23664
https://doi.org/10.1038/nature23664
https://doi.org/10.1038/nature19815
https://doi.org/10.1038/nature19815
https://doi.org/10.1016/j.stemcr.2013.12.007
https://doi.org/10.1016/j.stemcr.2013.12.007
https://doi.org/10.1056/NEJMc1706274
https://doi.org/10.1056/NEJMoa1915872
https://doi.org/10.1016/j.stem.2025.01.003
https://doi.org/10.1016/S0140-6736(24)01764-1
https://doi.org/10.1016/S0140-6736(24)01764-1
https://doi.org/10.1038/s41586-025-08700-0
https://doi.org/10.1038/s41586-025-08845-y
https://doi.org/10.1016/j.medj.2022.10.003
https://doi.org/10.1016/j.medj.2022.10.003
https://doi.org/10.1038/mt.2013.59
https://doi.org/10.1038/mt.2013.59
https://doi.org/10.1126/science.1158799
https://doi.org/10.1038/nature07677
https://doi.org/10.1038/nature07677
https://doi.org/10.1016/j.cell.2009.02.013
https://doi.org/10.1016/j.cell.2009.02.013
https://doi.org/10.1056/NEJMoa0908679
https://doi.org/10.1016/j.eclinm.2022.101707
https://doi.org/10.1016/j.eclinm.2022.101707
https://doi.org/10.1016/j.stem.2023.04.017
https://doi.org/10.1016/j.stem.2023.04.017
https://doi.org/10.1038/nature09915
https://doi.org/10.1038/tp.2014.12
https://doi.org/10.1016/j.cell.2010.10.016
https://doi.org/10.1126/scitranslmed.3003552
https://doi.org/10.1126/scitranslmed.3003552
https://doi.org/10.1073/pnas.0906894106
https://doi.org/10.1172/JCI43122
https://doi.org/10.1002/stem.1053
https://doi.org/10.1038/nature12517
https://doi.org/10.1038/nature15695
https://doi.org/10.1038/nature09691
https://doi.org/10.1038/nature09691
https://doi.org/10.1038/nature22330
https://doi.org/10.1016/j.stem.2017.07.007


genome editing through replacing TALENs with CRISPRs. Cell Stem Cell 
12, 393–394. https://doi.org/10.1016/j.stem.2013.03.006.

94. Hockemeyer, D., and Jaenisch, R. (2016). Induced Pluripotent Stem Cells 
Meet Genome Editing. Cell Stem Cell 18, 573–586. https://doi.org/10. 
1016/j.stem.2016.04.013.

95. Sharma, A., Burridge, P.W., McKeithan, W.L., Serrano, R., Shukla, P., 
Sayed, N., Churko, J.M., Kitani, T., Wu, H., Holmströ m, A., et al. (2017). 
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