the case in the glancing collision.

The third and, in our view, most striking
result compares the transport of baryon
number with that of electric charge. Quarks
carryelectriccharge, butbaryonjunctions do
not, so the ratio of baryon number to charge
arriving at mid-rapidity offers a direct clue
as to the identity of the carrier. To investi-
gate this, the STAR collaboration performed
two sets of collision experiments between
two beams of either ruthenium-96 or zirco-
nium-96 isotopes. These isotopes have the
same total number of protons and neutrons
altogether and therefore roughly the same
mass, but different numbers of protons and
therefore different charges. If valence quarks
carrythe baryon number, the electrical charge
and baryon number should be transported
togetherin a one-to-one ratio in all the col-
lisions. Instead, in most head-on collisions,
STAR measured aratio nearly twice that of the
valence-quark prediction.

Takentogether, these three measurements
converge onapictureinwhichanelectrically
neutral object, something thatis influenced
by the strong force but not electromagne-
tism, is the main vehicle for baryon-number
transport. The baryon junction is currently
the only candidate thataccommodates all the
observations.

Theimplications of this result reach beyond
atechnicality in QCD bookkeeping. If baryon
number is bound to baryon junctions rather
than to quarks, it alters how theorists should
model the early Universe, when baryons
emerged fromahigh-energy plasmaof quarks
andgluons. It could also aid the understanding
of the structure of ‘exotic’ multi-quark parti-
cles, aswellas hypothetical states made entirely
from gluons that have yet to be observed.
Because baryon number is an emergent prop-
erty of the strong interaction, the finding that
it defies simple quark-level explanation could
point to unknown properties of QCD.

Further tests are needed, and future exper-
iments are well-placed to provide them. The
Electron-lon Collider, under construction at
Brookhaven National Laboratory, will probe
the spatial distribution of baryon number
inside protons and neutrons with unprece-
dentedresolution, while ongoing programmes
attheLargeHadron Collider at CERN, Europe’s
particle-physics laboratory near Geneva,
Switzerland, and the Thomas Jefferson
National Accelerator Facility in Newport News,
Virginia, offer other perspectives. For now,
we think that the STAR result marks a turning
point. After 50 years of work, it seems thatone
of the proton’s most fundamental properties
resides notinits quarks, butinthegluonicweb
that binds them together.
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DNA-editing ‘pencils’
used inhuman embryos

Sherif Khodeer & Vincent Pasque

A genome-rewriting approach known as adenine base editing
offers a precise way to investigate gene functionin early

human embryos. See p.1281 & p.1289

Writing in Nature, Bower et al.! (page 1281) and
Jerabek et al.? (page 1289) describe how they
have used a precision genome-editing tool,
known as base editing, in human embryos
to reveal how a key gene contributes to early
development, and how embryos respond to
specific DNA changes. The work sharpens
scientists’ view of this developmental stage
while inevitably reactivating debates about
heritable DNA editing.

Much of what we know about early mamma-
lian development comes from studies of mouse
embryos, but human embryos do not always
follow the samerules. Direct studiesinhuman
embryos are therefore essential for reproduc-
tive medicine and for understanding genetic
diseases. Many inherited conditions can be
traced back to a change of a single DNA base,
making precision-editing tools especially valu-
able forinvestigating how such mutations can
affect development®*, Tostudy these changes
inhumanembryos, scientists need genome-ed-
iting tools that can modify DNA precisely and
with minimal unintended damage>®.

Conventional CRISPR-Cas9 editing works
like molecular scissors, cutting both strands
ofaDNAdouble helix atapreciselocation. The
goaliseithertoinactivate the gene at thatloca-
tionortointroduce aspecific DNA change with
the help of a repair template (a short piece of
DNA carrying the intended sequence, which
the cell can copy during the repair process).
In human embryos, however, this repair is
often unreliable, sometimes causing large
DNA losses, structural chromosome damage
ormosaicism —in which amixture of cells have
different editing outcomes’. This limits scien-
tists’ ability to interpret experimental results.

Inbase editing, by contrast, an enzyme that
modifies DNA (such as a deaminase) is fused

to a Cas9 ‘nickase’ enzyme, allowing one
DNA base to be converted into another with-
out causing a double-strand break — acting
more like a pencil than scissors®. By avoiding
alargebreak, base editing offers away tointer-
rogate gene function while reducing the risk
of unintended genomic damage. Bower and
colleagues' now use base editing to uncover
therole of agene called VANOG in early human
embryos. Jerabek et al.? assess the efficiency
and genomic safety of base editing PCSK9 —a
geneinvolved in cholesterol metabolism and
linked to heart-disease risk.

Bower et al. first validated their strategy
in human embryonic stem cells, using a base
editor that targets adenine bases to disrupt
NANOG. The edited stem cells lost the molec-
ular signatures of pluripotency (the ability
to self-renew and to generate nearly all cell
types of the body) and could no longer main-
tain themselves as stem cells. Therefore, the
authors determined that NANOG is required
to preserve human pluripotency.

The team then applied the same strategy
to human embryos. Disrupting NANOG did
not prevent the formation of the early hollow
ballof cellsknown as the blastocyst, butit did
reduce the quality of the blastocyst’sinner cell
mass. Single-cell gene-expression analysis
showed that the loss of NANOG diverted cells
sothattheyformed cells belongingtolayersin
theblastocyst called the primitive endoderm
and trophectoderm. There wasless expression
of genes that are characteristic of the epiblast
—thecelllayerinablastocyst that gives rise to
theembryo (Fig.1a). The persistence of primi-
tiveendodermcellsin humanembryoslacking
NANOGisin contrast totheloss of these cellsin
mouse embryos with mutant Nanog® . These
findings suggest that NANOG is essential for
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Figure1|Precision genome editing in human embryos. a, Genome-editingtools called adenine base
editors make precise changes to DNA, causing an adenine (A) base to be altered to a guanine (G). The
reagents can be delivered when sperm is injected into a human egg cell to fertilize it. Bower et al.! used base
editing to disrupt a gene called NANOG and examine its role in early human development. Compared with
control blastocysts (embryos at five to six days of development), NANOG-deficient blastocysts showed
defective formation of the epiblast (the tissue that will form the fetus), but cells resembling primitive
endoderm (which forms supportive extra-embryonic tissue) were retained. Therefore, NANOG is required
for human epiblast formation, but compensatory mechanisms seem to enable primitive endoderm to form,
unlike in mice’®. b, Jerabek et al.” used base editing to disrupt PCSK9, a gene linked to heart-disease risk, to
test whether this approach could generate a clinically relevant ‘loss-of-function’ edit in human embryos. The
embryos developed into blastocysts, from which the authors derived PCSK9-deficient embryonic stem cells.

human epiblast formation, but primitive endo-
derm differentiation might be supported by
backup molecular mechanisms thatare unique
to humans. Further analyses revealed minimal
off-target genome editing, and no obvious
large-scale chromosomal abnormalities.

Jerabek et al.? focused on how human
embryos respond to DNA lesions introduced
by base editing, looking at the genes PCSK9,
HBGI and HBG2 specifically (Fig. 1b). For
PCSK9, the authors designed an editing event
that reproduces the effect of known muta-
tions associated with reduced heart-disease
risk?. For HBG1 and HBG2, they introduced
anatural variation that leads to the produc-
tion of fetal haemoglobin (a fetal form of the
oxygen-carrying protein in red blood cells)
in adulthood, which can lessen the severity
ofblood disorders such as sickle-cell disease.
They found that delivering an adenine base
editor asaproteindirectly into fertilized eggs
produced consistent editing, did not interfere
with blastocyst development and enabled
the generation of stem-cell lines carrying the
intended edit on both gene copies. Compared
with conventional CRISPR-Cas9 editing of the
same gene, adenine base editing led to fewer
unintended changes.

Together, these studies mark an impor-
tant shift in human embryo editing. Adenine
base editors offer a gentler and more precise
way to interrogate gene function than does
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conventional CRISPR-Cas9 cutting. Excit-
ingly, they make it possible to ask biological
and developmental questions that were pre-
viously difficult to approach, such as which
genesaretruly required for the normal devel-
opment of human embryos, how humandevel-
opment differs from that of other animals and
how early embryos respond to targeted DNA
changes. Answering these questions might
help toimprove infertility treatments, assisted
reproduction and regenerative medicine.
Both studies highlight the importance of
the delivery approach. When the base editor
was delivered as a messenger RNA rather than
aprotein complex, many embryos arrested in
early development. Even with protein-based
delivery, afew embryos showed chromosomal
abnormalities or unintended edits elsewhere
inthe genome, and several showed mosaicism,
highlighting limitations in the new approach.
Both groups argue against premature clinical
translation —underlining that base-editing tools
must be carefully tested and optimized before
any clinical application can be considered®.
Both studies will inevitably reignite the
controversial topic of editing germline DNA,
aprocessthat could cause changesto beinher-
ited by future generations. The use of CRISPR-
Cas9 editing in human embryos, whichled to
the birth of two children in 2018, provoked
widespread condemnation and legal sanc-
tions™", The work by Bower and colleagues

and Jerabek et al. shows that base editing can
reduce some of the genomic damage asso-
ciated with double-strand breaks, but it also
exposesfreshrisks, including off-target effects
and mosaicism. Despite the progress made,
genome editing in embryos that will reach full
term, and will therefore carry editsin the germ
line, remains unethical and should notbe done
under any circumstances.

Realizing the promise of base editing in
human embryos will require much more pre-
cision than has been demonstrated here, as
well as improved delivery into embryos. But
technical progress alone will not be enough.
International scientific and ethics organiza-
tions have stressed that important safety and
efficacy conditions would need to be met to
usethetechnique.But evenifembryo editing
becomes safer, any potential future use will
require broad oversight from scientists, ethi-
cists, regulators, people providing or receiv-
ing health care, and wider society. Heritable
genome editing also raises profound ethical,
moral and social questions that science alone
cannot answer®, Its implementation, includ-
ing for commercial purposes, should be for-
biddenunless the scientific, ethical and safety
concerns can beresolved.

For now, base editing in human embryos is
bestunderstood notasaroutetoclinical use,
butasatoolforjudiciousbasic research. With
careful application and used within the proper
ethical framework, DNA-editing ‘pencils’ offer
apowerfulway tostudy the first days of human
life, one DNA letter at atime.

Sherif Khodeer and Vincent Pasque

are in the Department of Development
and Regeneration, KU Leuven, and at the
KU Leuven Institute for Single Cell Omics
(LISCO), Leuven 3000, Belgium.

e-mails: sherif.khodeer@kuleuven.be;
vincent.pasque@kuleuven.be

Bower, O. J. et al. Nature 658, 1281-1288 (2026).

2. Jerabek, S. et al. Nature 658, 1289-1300 (2026).

3. Porto, E. M., Komor, A. C., Slaymaker, I. M. & Yeo, G. W.
Nature Rev. Drug Discov. 19, 839-859 (2020).

4. Rees, H. A. &Liu, D.R. Nature Rev. Genet. 19, 770-788
(2018).

5. Gaudelli, N. M. et al. Nature 551, 464-471(2017).

6. Dadush, A. et al. npj Genom. Med. 9, 16 (2024).

7. Alanis-Lobato, G. et al. Proc. Natl Acad. Sci. USA 118,
2004832117 (2021).

8. Richter, M. F. et al. Nature Biotechnol. 38, 883-891(2020).

9. Allegre, N. et al. Nature Commun. 13, 3550 (2022).

10. Mitsui, K. et al. Cell 113, 631-642 (2003).

11. Chambers, I. et al. Cell 113, 643-655 (2003).

12. Musunuru, K. et al. Nature 593, 429-434 (2021).

13. Wu, L. et al. Genome Biol. 25, 291 (2024).

14. Greely, H. T. J. Law Biosci. 6, 111-183 (2019).

15. Wang, H. & Yang, H. PLoS Biol. 17, e3000224 (2019).

16. The Royal Society, National Academy of Sciences,

National Academy of Medicine & International

Commission on the Clinical Use of Human Germline

Genome Editing. Heritable Human Genome Editing

(National Academies Press, 2020).

The authors declare competing interests; see go.nature.
com/4ytuatr for details.
This article was published online on 9 September 2026.





