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'.) Check for updates

Transcriptional adaptation (TA) has emerged as a powerful form of genetic
compensation in which the degradation of mutant mRNA, rather than the loss of
protein function, triggers the upregulation of related genes”. Originally described in
zebrafish and Caenorhabditis elegans (C. elegans)'>*, and later observed in
mammalian cell culture®, TA was long considered absent or insignificant in human
disease. A landmark study by Falcucci et al. has now provided the first compelling
evidence of TA operating in human cells and in the context of Duchenne muscular
dystrophy (DMD), one of the most common and devastating neuromuscular
disorders'.

DMD is an X-linked recessive disease caused by mutations in the DMD gene that
typically introduce premature termination codons (PTCs), leading to nonsense-
mediated mRNA decay (NMD) and near-complete absence of functional dystrophin
protein”®. The resulting progressive skeletal muscle degeneration, cardiomyopathy,
and respiratory failure culminate in loss of ambulation by adolescence and premature
death, often in the third decade of life”. Current The Food and Drug Administration
(FDA)-approved therapies, including exon-skipping antisense oligonucleotides
(ASOs), stop-codon read-through agents such as ataluren, and adeno-associated
virus (AAV)-based micro-dystrophin gene therapy (Elevidys), aim to restore some
dystrophin function. However, with the exception of micro-dystrophin gene therapy,
most remain mutation-specific and are further limited by partial efficacy, immune
responses, delivery challenges, and high cost”*"\.

For decades, scientists have observed that utrophin (UTRN), the autosomal
paralogue of DMD, is naturally upregulated in the sarcolemma of DMD patients and
mdx mice carrying PTC mutations. This compensatory response was widely
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attributed to the absence of dystrophin protein itself"?. Falcucci et al. elegantly overturned this assumption'®.
Using an inducible system in human HEK293T cells, they introduced a PTC into the alternatively spliced
exon 37 of DMD via clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) system (CRISPR-Cas9). Pharmacological modulation of transcriptional elongation (via
trichostatin A) promoted inclusion of the PTC-containing exon, triggering NMD of mutant DMD mRNA
and a transcriptionally driven increase in UTRN mRNA and utrophin protein (~1.5-2-fold). Critically,
blocking NMD with small interfering RNA (siRNA) against UPF1 and SMGeé markedly attenuated UTRN
upregulation, whereas overexpression of full-length dystrophin did not. Parallel experiments with DMD
minigenes carrying PTCs, or even wild-type DMD minigenes engineered with self-cleaving hammerhead
ribozymes to induce mRNA decay without altering the protein-coding sequence, confirmed that mutant
mRNA degradation alone is sufficient to drive TA-mediated UTRN upregulation in multiple human cell
types, including myotubes!'.

These findings have crucial therapeutic implications. The authors demonstrated that splice-switching ASOs
designed to induce out-of-frame exon skipping (and thereby generate PTCs) robustly trigger UTRN
upregulation. Conversely, when an ASO was used to restore the reading frame in patient-derived DMD*>
myotubes, an approach mirroring approved exon-skipping therapies, UTRN upregulation was significantly
attenuated. This reveals a previously unrecognized trade-off: while restoring dystrophin is beneficial, it may
inadvertently dampen an endogenous compensatory mechanism that has evolved to mitigate disease
severity. The study therefore positions TA not merely as a biological curiosity but also as a potentially
tunable therapeutic axis. Strategies that deliberately promote limited DMD mRNA decay (e.g., via optimized
ASOs, ribozymes, or small molecules) could harness utrophin upregulation while preserving partial
dystrophin function, potentially yielding additive or synergistic benefits'®'"!,

The broader implications could extend beyond DMD to other rare neuromuscular diseases. Many
monogenic disorders are caused by PTC mutations that trigger NMD, and paralogous genes are frequently
present in the human genome!"?’. The demonstration of TA in human cells opens the door to systematic
identification of “adapting genes” across rare disease transcriptomes. Subsequent work has reinforced this
view: comprehensive single-cell analyses have revealed widespread paralogue upregulation following gene
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disruption in diverse mammalian contexts"*, while mechanistic studies show that multiple forms of mRNA
decay (not just NMD) can elicit TA"*!. Moreover, TA appears to contribute to genotype-phenotype
correlations and genetic robustness, with adapting genes preserving downstream regulatory networks more
efficiently than non-adapting ones!". Findings by Falcucci et al. further provide new perspectives for
interpreting clinical variability in inherited disorders'*. While the reading frame rule predicts that out-of-
frame mutations cause severe DMD phenotypes and in-frame mutations result in the milder Becker
muscular dystrophy (BMD) phenotype!"”, exceptions exist. Likewise, utrophin expression is generally lower
in patients carrying in-frame DMD mutations"*?. Also, relatively increased sarcolemmal utrophin has been
reported in some patients with BMD'*, suggesting that additional mechanisms, including potentially TA,
may contribute to some exceptional cases.

In the context of DMD, where cardiac involvement is the leading cause of mortality, leveraging TA could
confer both skeletal and cardiac benefits. Utrophin can localize to the cardiomyocyte sarcolemma and
provide structural support analogous to dystrophin®*. Complementary research from our group has
elucidated key mechanisms of DMD cardiomyopathy, including aberrant Ca** handling through ryanodine
receptor type-2 (RyR2) hyperphosphorylation and oxidation®?", connexin-43 remodeling that promotes
arrhythmias and fibrosis'””**, and microtubule dysregulation that exacerbates cytoskeletal instability”®”. These
studies highlight that even modest functional compensation at the membrane-cytoskeleton interface, such as
that provided by upregulated utrophin, could mitigate the downstream sequelae of dystrophin loss in the
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heart. Indeed, preclinical models show that utrophin overexpression ameliorates both skeletal and, to a lesser
extent, cardiac pathology”. Integrating TA-inducing approaches with existing cardiac-protective strategies
(e.g., b-blockers, ACE inhibitors, or microtubule stabilizers) and advanced cardiac monitoring”*’ may
therefore offer a more holistic therapeutic paradigm for DMD patients.

Nevertheless, important questions remain. The magnitude of UTRN induction observed (~1.5-2-fold) is
modest, and whether it is sufficient for clinically meaningful benefit in patients, particularly in advanced
disease stages, requires further validation in vivo and in larger patient cohorts'®*". The upstream signaling
pathways that link cytosolic RNA decay to nuclear transcriptional activation remain incompletely
understood, although emerging data implicate nuclear transport and chromatin regulators!***. It is also
unclear why TA is robust for some genes and paralogues but absent for others, and whether off-target or
non-paralogous adaptive responses could produce unintended consequences™. Recent studies suggest that
mutation-specific transcript imbalance may further contribute to variability in dystrophin expression,
underscoring the complexity of RNA-based regulatory responses that need to be considered when
developing TA-based™!. Finally, the potential heritability of TA-induced epigenetic states raises the
intriguing possibilities for durable, “one-and-done” therapies but also necessitates long-term safety studies”*.

Despite these challenges, the discovery of TA in human DMD represents a paradigm shift. Rather than
viewing mutant transcripts solely as substrates for quality-control degradation, we can now recognize them
as active signals that mobilize endogenous compensatory programs. For DMD and other rare diseases driven
by PTC mutations, this insight reframes therapeutic design: instead of solely replacing or repairing the
defective gene product, future strategies could preserve or amplify beneficial mRNA-decay-triggered
adaptation. Approaches such as carefully titrated ASOs, engineered ribozymes, or small-molecule
modulators of NMD/TA crosstalk could be combined with current exon-skipping, gene-replacement, or
CRISPR-based utrophin activation platforms (e.g., recent Genethon CRISPR-Cas9 strategies for sustainable
utrophin upregulation)”’. Such combination therapies may ultimately improve therapeutic efficacy and
outcomes both across skeletal and cardiac muscle while potentially reducing dose requirements and
immunogenicity, although these possibilities remain to be evaluated in appropriate preclinical and clinical
studies.

In summary, Falcucci et al. have not only solved a long-standing mechanistic puzzle in DMD but also
uncovered a fundamental biological process with broad translational potential'®. By identifying TA as a
promising candidate therapeutic pathway in human diseases, this work lays the foundation for exploring
next-generation therapies that work with the genome’s own compensatory machinery rather than against it.
For patients with DMD and other rare neuromuscular disorders, this perspective offers renewed hope that
endogenous resilience mechanisms can be harnessed to slow disease progression and improve quality of life.

DECLARATIONS
Authors’ contributions

Conceptualization, writing - original draft: Nusrat A
Writing - review & editing: Wehrens XHT

Availability of data and materials
Not applicable.

Al and Al-assisted tools statement

During the preparation of this manuscript, the AI tool GPT-5.6 (version 5.6, released 2026-07-09) was used
solely for language editing. The tool did not influence the study design, data collection, analysis,
interpretation, or the scientific content of the manuscript. Both authors take full responsibility for the
accuracy, integrity, and final content of the manuscript.



Page 4 of 5 Nusrat et al. Rare Dis Orphan Drugs J. 2026;5:27

Financial support and sponsorship

None.

Conflicts of interest

Both authors declared that there are no conflicts of interest.

Ethical approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Copyright
© The Author(s) 2026.

REFERENCES

1.

El-Brolosy MA, Kontarakis Z, Rossi A, et al. Genetic compensation triggered by mutant mRNA degradation. Nature. 2019;568:193-7.
DOI PubMed PMC

Kontarakis Z, Stainier DYR. Genetics in light of transcriptional adaptation. Trends Genet. 2020;36:926-35. DOI PubMed PMC
Serobyan V, Kontarakis Z, El-Brolosy MA, et al. Transcriptional adaptation in Caenorhabditis elegans. ELife. 2020;9:¢50014. DOI
PubMed PMC

Rossi A, Kontarakis Z, Gerri C, et al. Genetic compensation induced by deleterious mutations but not gene knockdowns. Nature.
2015;524:230-3. DOI PubMed

Ma Z, Zhu P, Shi H, et al. PTC-bearing mRNA elicits a genetic compensation response via Upf3a and COMPASS components. Nature.
2019;568:259-63. DOI PubMed

Falcucci L, Dooley CM, Adamoski D, et al. Transcriptional adaptation upregulates utrophin in Duchenne muscular dystrophy. Nature.
2025;639:493-502. DOI PubMed PMC

Ralu M, Guiraud S, Dastidar S, et al. CRISPR-Cas9-mediated upregulation of utrophin ameliorates Duchenne muscular dystrophy. Mol
Ther. 2026;34:3903-23. DOI PubMed PMC

Vaillend C, Aoki Y, Mercuri E, et al. Duchenne muscular dystrophy: recent insights in brain related comorbidities. Nat Commun.
2025;16:1298. DOI PubMed PMC

Mendell JR, Muntoni F, McDonald CM, et al. AAV gene therapy for Duchenne muscular dystrophy: the EMBARK phase 3 randomized
trial. Nat Med. 2025;31:332-41. DOI PubMed PMC

Roberts TC, Wood MJA, Davies KE. Therapeutic approaches for Duchenne muscular dystrophy. Nat Rev Drug Discov. 2023;22:917-34.
DOI PubMed

Wu R, Li P, Xiao P, et al. Activation of endogenous full-length utrophin by MyoAAV-UA as a therapeutic approach for Duchenne
muscular dystrophy. Nat Commun. 2025;16:2398. DOI PubMed PMC

Masubuchi N, Shidoh Y, Kondo S, Takatoh J, Hanaoka K. Subcellular localization of dystrophin isoforms in cardiomyocytes and
phenotypic analysis of dystrophin-deficient mice reveal cardiac myopathy is predominantly caused by a deficiency in full-length
dystrophin. Exp Anim. 2013;62:211-7. DOI PubMed PMC

Long C, Amoasii L, Bassel-Duby R, Olson EN. Genome editing of monogenic neuromuscular diseases: a systematic review. JAMA
Neurol. 2016;73:1349-55. DOI PubMed PMC

Mellis TA, Melzer ME, Bodkin N, Goyal Y. Prevalence of and gene regulatory constraints on transcriptional adaptation in single cells.
Genome Biol. 2024;25:217. DOI PubMed PMC

Xie L, Jakutis G, Dooley CM, et al. Induction of a transcriptional adaptation response by RNA destabilization events. EMBO Rep.
2025;26:2262-79. DOI PubMed PMC

O’Brien S, Fujimoto M, Lowe A, Berger A. Abstract 5916: Transcriptional adaptation among highly essential paralogs contributes to
genetic robustness of cancer genomes. Cancer Res. 2026;86:5916. DOI

Tuffery-Giraud S, Béroud C, Leturcq F, et al. Genotype-phenotype analysis in 2,405 patients with a dystrophinopathy using the UMD-
DMD database: a model of nationwide knowledgebase. Hum Mutat. 2009;30:934-45. DOI PubMed

Tinsley JM, Potter AC, Phelps SR, Fisher R, Trickett JI, Davies KE. Amelioration of the dystrophic phenotype of mdx mice using a
truncated utrophin transgene. Nature. 1996;384:349-53. DOI PubMed


https://dx.doi.org/10.1038/s41586-019-1064-z
https://www.ncbi.nlm.nih.gov/pubmed/30944477
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6707827
https://dx.doi.org/10.1016/j.tig.2020.08.008
https://www.ncbi.nlm.nih.gov/pubmed/32928563
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7612536
https://dx.doi.org/10.7554/eLife.50014
https://www.ncbi.nlm.nih.gov/pubmed/31951195
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6968918
https://dx.doi.org/10.1038/nature14580
https://www.ncbi.nlm.nih.gov/pubmed/26168398
https://dx.doi.org/10.1038/s41586-019-1057-y
https://www.ncbi.nlm.nih.gov/pubmed/30944473
https://dx.doi.org/10.1038/s41586-024-08539-x
https://www.ncbi.nlm.nih.gov/pubmed/39939773
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11903304
https://dx.doi.org/10.1016/j.ymthe.2026.03.025
https://www.ncbi.nlm.nih.gov/pubmed/41877484
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC13330077
https://dx.doi.org/10.1038/s41467-025-56644-w
https://www.ncbi.nlm.nih.gov/pubmed/39900900
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11790952
https://dx.doi.org/10.1038/s41591-024-03304-z
https://www.ncbi.nlm.nih.gov/pubmed/39385046
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11750718
https://dx.doi.org/10.1038/s41573-023-00775-6
https://www.ncbi.nlm.nih.gov/pubmed/37652974
https://dx.doi.org/10.1038/s41467-025-57831-5
https://www.ncbi.nlm.nih.gov/pubmed/40064877
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11894210
https://dx.doi.org/10.1538/expanim.62.211
https://www.ncbi.nlm.nih.gov/pubmed/23903056
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4160940
https://dx.doi.org/10.1001/jamaneurol.2016.3388
https://www.ncbi.nlm.nih.gov/pubmed/27668807
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5695221
https://dx.doi.org/10.1186/s13059-024-03351-2
https://www.ncbi.nlm.nih.gov/pubmed/39135102
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11320884
https://dx.doi.org/10.1038/s44319-025-00427-3
https://www.ncbi.nlm.nih.gov/pubmed/40128410
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12069562
https://dx.doi.org/10.1158/1538-7445.AM2026-5916
https://dx.doi.org/10.1002/humu.20976
https://www.ncbi.nlm.nih.gov/pubmed/19367636
https://dx.doi.org/10.1038/384349a0
https://www.ncbi.nlm.nih.gov/pubmed/8934518

Nusrat et al. Rare Dis Orphan Drugs J. 2026;5:27 Page 5 of 5

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sengupta K, Loro E, Khurana TS. PMO-based let-7c site blocking oligonucleotide (SBO) mediated utrophin upregulation in mdx mice, a
therapeutic approach for Duchenne muscular dystrophy (DMD). Sci Rep. 2020;10:21492. DOI PubMed PMC

Clerk A, Morris GE, Dubowitz V, Davies KE, Sewry CA. Dystrophin-related protein, utrophin, in normal and dystrophic human fetal
skeletal muscle. Histochem J. 1993;25:554-61. DOI PubMed

Helliwell TR, Man NT, Morris GE, Davies KE. The dystrophin-related protein, utrophin, is expressed on the sarcolemma of regenerating
human skeletal muscle fibres in dystrophies and inflammatory myopathies. Neuromuscul Disord. 1992;2:177-84. DOI PubMed

WuR, Song Y, Wu S, Chen Y. Promising therapeutic approaches of utrophin replacing dystrophin in the treatment of Duchenne
muscular dystrophy. Fundam Res. 2022;2:885-93. DOI PubMed PMC

Kawajiri M, Mitsui T, Kawai H, Kobunai T, Tsuchihashi T, Saito S. Dystrophin, utrophin and B-dystroglyoan expression in skeletal
muscle from patients with Becker muscular dystrophy. J Neuropathol Exp Neurol. 1996;55:896-903. DOI PubMed

Tinsley J, Deconinck N, Fisher R, et al. Expression of full-length utrophin prevents muscular dystrophy in mdx mice. Nat Med.
1998;4:1441-4. DOI PubMed

Ather S, Wang W, Wang Q, Li N, Anderson ME, Wehrens XH. Inhibition of CaMKII phosphorylation of RyR2 prevents inducible
ventricular arrhythmias in mice with Duchenne muscular dystrophy. Heart Rhythm. 2013;10:592-9. DOI PubMed PMC

Wang Q, Wang W, Wang G, Rodney GG, Wehrens XH. Crosstalk between RyR2 oxidation and phosphorylation contributes to cardiac
dysfunction in mice with Duchenne muscular dystrophy. J Mol Cell Cardiol. 2015;89:177-84. DOI PubMed PMC

Himelman E, Lillo MA, Nouet J, et al. Prevention of connexin-43 remodeling protects against Duchenne muscular dystrophy
cardiomyopathy. J Clin Invest. 2020;130:1713-27. DOI PubMed PMC

Himelman E, Nouet J, Lillo MA, et al. A microtubule-connexin-43 regulatory link suppresses arrhythmias and cardiac fibrosis in
Duchenne muscular dystrophy mice. Am J Physiol Heart Circ Physiol. 2022;323:H983-95. DOI PubMed

Squire S, Raymackers JM, Vandebrouck C, et al. Prevention of pathology in mdx mice by expression of utrophin: analysis using an
inducible transgenic expression system. Hum Mol Genet. 2002;11:3333-44. DOI PubMed

Tabary M, Wehrens XHT. Advancing cardiac monitoring in adult Duchenne muscular dystrophy: longitudinal insights and real-world
challenges. Int J Cardiol Heart Vasc. 2026;62:101867. DOI PubMed PMC

Juvik B, Falcucci L, Lundegaard PR, Stainier DYR. A new hypothesis to explain disease dominance. Trends Genet. 2025;41:187-93.
DOI PubMed

El-Brolosy MA, Oak A, Hoang AT, et al. Mechanisms linking cytoplasmic decay of translation-defective mRNA to transcriptional
adaptation. Science. 2026;391:eacal272. DOI PubMed PMC

Rossi R, Aartsma-Rus A, Muntoni F, Goyenvalle A, Spitali P. The complexity of dystrophin transcription and processing: implications
of transcript imbalance on dystrophin gene targeting strategies. Neuromuscul Disord. 2026;59:106306. DOI PubMed

Falcucci L, Juvik B, Stainier DY. Transcriptional adaptation: where mRNA decay meets genetic compensation. Curr Opin Genet Dev.
2025;93:102369. DOI PubMed

Disclaimer/Publisher’s Note: All statements, opinions, and data contained in this publication are solely those of the individual author(s) and
contributor(s) and do not necessarily reflect those of OAE and/or the editor(s). OAE and/or the editor(s) disclaim any responsibility for harm to
persons or property resulting from the use of any ideas, methods, instructions, or products mentioned in the content.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License

EY (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution and
reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if changes were made.


https://dx.doi.org/10.1038/s41598-020-76338-1
https://www.ncbi.nlm.nih.gov/pubmed/33298994
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7726560
https://dx.doi.org/10.1007/BF00173053
https://www.ncbi.nlm.nih.gov/pubmed/8407365
https://dx.doi.org/10.1016/0960-8966(92)90004-p
https://www.ncbi.nlm.nih.gov/pubmed/1483043
https://dx.doi.org/10.1016/j.fmre.2022.07.004
https://www.ncbi.nlm.nih.gov/pubmed/38933385
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11197810
https://dx.doi.org/10.1097/00005072-199608000-00005
https://www.ncbi.nlm.nih.gov/pubmed/8759779
https://dx.doi.org/10.1038/4033
https://www.ncbi.nlm.nih.gov/pubmed/9846586
https://dx.doi.org/10.1016/j.hrthm.2012.12.016
https://www.ncbi.nlm.nih.gov/pubmed/23246599
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3605194
https://dx.doi.org/10.1016/j.yjmcc.2015.11.009
https://www.ncbi.nlm.nih.gov/pubmed/26555638
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4689641
https://dx.doi.org/10.1172/JCI128190
https://www.ncbi.nlm.nih.gov/pubmed/31910160
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7108916
https://dx.doi.org/10.1152/ajpheart.00179.2022
https://www.ncbi.nlm.nih.gov/pubmed/36206047
https://dx.doi.org/10.1093/hmg/11.26.3333
https://www.ncbi.nlm.nih.gov/pubmed/12471059
https://dx.doi.org/10.1016/j.ijcha.2026.101867
https://www.ncbi.nlm.nih.gov/pubmed/41567127
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12818975
https://dx.doi.org/10.1016/j.tig.2024.11.009
https://www.ncbi.nlm.nih.gov/pubmed/39788833
https://dx.doi.org/10.1126/science.aea1272
https://www.ncbi.nlm.nih.gov/pubmed/41678638
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC13286266
https://dx.doi.org/10.1016/j.nmd.2025.106306
https://www.ncbi.nlm.nih.gov/pubmed/41483666
https://dx.doi.org/10.1016/j.gde.2025.102369
https://www.ncbi.nlm.nih.gov/pubmed/40499457
https://creativecommons.org/licenses/by/4.0/

