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Formaldehyde (FA) is both a one-carbon (1C) metabolite and a potent genotoxin in living cells. FA plays
beneficial roles in endogenous catabolic processes and cellular signaling, but its potent electrophilicity
necessitates strict regulation. This dichotomy is especially important in the nucleus, where endogenously
produced FA has been shown to promote toxicity and disease by generating deleterious DNA adducts.
More broadly, the sources and scavenging mechanisms of FA differ across subcellular compartments,
underscoring the need for imaging sensors with subcellular spatial resolution to accurately probe
contributions of FA to transient, local 1C pools. Here, we report NucRFAP-2, a nuclear-targeted, activity-
based ratiometric probe for FA detection, and apply it to monitor dynamic changes in the nuclear FA
pool. Using this first-generation reagent for nuclear FA imaging, we demonstrate that genetic
perturbation of key FA clearance pathways alters nuclear FA levels by identifying alcohol dehydrogenase
5 (ADH5) as a principal regulator of nuclear FA homeostasis. Furthermore, NucRFAP-2 reveals elevated
nuclear FA pools in patient-derived T and B lymphocytes deficient in Wiskott-Aldrich syndrome protein

(WASp) and Fanconi anemia group D2 protein (FANCD2), suggesting that replication-associated
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Accepted 30th November 2025 epigenetic rewiring may contribute to aldehyde-associated pathologies. By demonstrating the ability of

NucRFAP-2 to reveal an interplay between FA metabolism, genome integrity, and 1C homeostasis, we
showcase this probe as a potentially powerful chemical tool to uncover novel mechanisms of nuclear FA
biology.
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Introduction

Formaldehyde (FA) is a highly reactive one-carbon (1C) metab-
olite generated by human metabolism. Traditionally recognized
as an environmental toxin and carcinogen found in building
materials, manufacturing processes, and wildfire smoke,
a growing appreciation of FA as an endogenous metabolite and
toxin has emerged in recent years."” The intracellular FA pool
has several contributors, including oxidative demethylation of
histones,>* nucleic acids®® and other methylamines,” and
spontaneous decomposition of folates,®® such as 5,10-
methylene-tetrahydrofolate, which is known as “active FA”
generated by serine hydroxymethyltransferases (SHMT) in the
cleavage of serine to produce glycine.'®'* Clearance of FA is
regulated by several enzymes, including alcohol dehydrogenase
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5 (ADH5, also known as ADH3 and GSNOR)*™** and aldehyde
dehydrogenase 2 (ALDH2)."*** These systems are essential to
organismal health' as they both convert highly genotoxic FA to
the less toxic and electrophilic 1C metabolite formate (Scheme
1)."”*® Indeed, one of the most common mutations in humans,
the ALDH2*2 mutation that affects approximately 8% of the
world's population and 40% of East Asians, impairs the
aldehyde-clearance capacity of the cell.*** Deficiency in alde-
hyde scavenging capacity has major potential health implica-
tions, particularly in contexts where endogenous aldehydes are
elevated, such as after consumption of alcohol. Patel's labora-
tory and others have demonstrated that loss of either ADH5 or
ALDH2 increases DNA-FA adduct formation, and simultaneous
loss of both ADH5 and ALDH2 leads to bone marrow failure and
leukemia in mice.'* In addition, disruption of DNA-protein
crosslink (DPC) repair pathways, such as loss of Fanconi
Anemia Complementation Group D2 (FANCD2) in the context of
elevated endogenous FA, leads to toxic DNA damage, genome
instability, the development of T-lymphoblastic leukaemia (T-
ALL) and accelerated aging.*"**
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Scheme 1 Design and synthesis of Nuclear Ratiometric Formaldehyde Probe-2 (NucRFAP-2), an activity-based sensing probe for nuclear FA
detection. (a) The reaction for activity-based sensing of FA occurs via a key 2-aza-Cope rearrangement. (b) Enzymatic sources and clearance
mechanisms that contribute to cellular FA pools, as revealed by previous FAP and RFAP derivatives. In the nucleus, several enzymes, including
ALKBHS5 and LSD1 shown here, catalyze oxidative demethylation of epigenetic methyl marks on RNA and histones, generating FA as a product.
Folates in multiple subcellular compartments undergo spontaneous hydrolysis and/or oxidaitive decomposition, releasing FA. In the mito-
chondria, ALDH2 functions as a mitochondrial-specific FA scavenger, directly oxidizing FA to form formate. In the cytosol, ADH5, is considered
the principal FA detoxifying enzyme. Notably, ADH5 deficiency has been shown to induce 1C modifications on DNA nucleobases, suggesting
functional crosstalk between nuclear and cytoplasmic FA pools. Finally, serine cleavage by SHMT2 has been demonstrated to release FA in live
cell mitochondria. (c) Synthetic scheme for NucRFAP-2, linking an activity-based sensing dye for FA detection with a Hoechst nuclear targeting

moiety.

Beyond its well-known roles as a genotoxin and biomolecular
crosslinker, our laboratory discovered that FA also functions as
a molecular 1C signal, regulating endogenous SAM pools and
the epigenetic status of the cell.>*** By systematic profiling of FA
reactivity with the cysteinome, we found that at relatively low
concentrations FA does not react indiscriminately with all
cysteines, but instead it selectively targets a subset of privileged,
hyperreactive cysteine residues within specific proteins. In
particular, FA modulates enzymes within 1C metabolic path-
ways through cysteine modification. Notably, we demonstrated
that FA inhibits methionine adenosyltransferase 1A (MAT1A)—
the enzyme responsible for the terminal step in S-adenosylme-
thionine (SAM) biosynthesis—leading to SAM depletion and
changes in histone and DNA methylation patterns. These
results establish a role for endogenous FA as a regulatory signal
within 1C metabolism, warranting further investigation into its
broader contributions to cell function.

Our prior work on FA imaging demonstrates that subcellular
compartments respond differently to changes in 1C metabo-
lism.> For example, global cellular FA increases in ADH5
knockout cell lines, while mitochondrial FA levels are reduced
in the same model—possibly reflecting segregation of the
mitochondrial 1C pool, which is regulated by alternative
machinery including ALDH2. Similarly, genetic depletion of
SHMT1/2—where SHMT?2 is a mitochondria-specific isoform—
selectively decreases mitochondrial FA without affecting other
compartments. Motivated by this observation, and the
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demonstrated importance of maintenance of the nuclear 1C
pool, we sought to expand the repertoire of fluorescence-based
tools for FA study by introducing a new probe to monitor fluc-
tuations in the nuclear FA pool. The nucleus has several well-
established sources of FA, including epigenetic demethylation
reactions in which methyl groups on nucleic acids and histones
are removed via enzymatic oxidation and subsequent hydro-
lysis.*® Given the high susceptibility of the genome to FA-
induced genotoxic stress, stringent regulation of nuclear FA
homeostasis is essential. Consequently, there is increasing
interest in elucidating how human disease states characterized
by epigenetic reprogramming or perturbations in 1C metabo-
lism—such as dysregulated folate pathways®—may disrupt this
nuclear FA pool, thereby contributing to pathological outcomes
that could be broadly classified as aldehyde-induced toxicities.
As such, the development of activity-based sensors capable of
accurately monitoring fluctuations in nuclear FA would facili-
tate studies of FA biochemistry in healthy and disease states.
We now report the design, synthesis, and biological evalua-
tion of Nuclear Ratiometric Formaldehyde Probe-2 (NucRFAP-
2), a RFAP-Hoechst conjugate capable of reporting on the
nuclear FA pool. We use the probe to identify accumulations of
FA in the nucleus in response to exogenous additions of FA as
well as genetic knockout of ADHS5. Finally, we employed
a NucRFAP-2 in human T and B cells under replication stress to
demonstrate that deficiencies in WASp and FANCD2 lead to
accumulation of genotoxic FA in the nucleus via aberrant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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epigenetic rewiring. Taken together, these results demonstrate
the importance of activity-based sensors with precise spatio-
temporal precision as tools to decipher the highly transient
chemical species in the 1C metabolic cycle of the cell.

Results and discussion

Design, synthesis and in vitro characterization of a nuclear
ratiometric FA probe, NucRFAP-2

Previously, our laboratory>’*> and others**™® have developed
selective activity-based sensing probes®~*° for FA imaging via 2-
aza-Cope reactivity. This platform relies on a homoallyl amine
trigger, which, upon condensation with FA, undergoes a rear-
rangement and subsequent hydrolysis to generate an aldehyde.
The change from an electron-rich amine group to an electron-
poor aldehyde group causes a change in the photophysical
properties of a pendant fluorophore, enabling microscopy
experiments that report on intracellular FA pools with preserved
spatial resolution that is lost using traditional analytical
methods.>***** The reactive trigger is selective towards FA, as
larger, more sterically encumbered aldehydes cannot readily
achieve the six-member transition state required for the 2-aza-
Cope rearrangement, providing a major advantage compared
to hydrazine and hydroxylamine fluorescence-based probes that
simply rely on condensation of aldehyde analytes and react with
a broad range of metabolic species. Ratiometric FA Probes, or
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Fig. 1 In vitro characterization of NucRFAP-2. (a) Binding curve for

NucRFAP-2 to an A/T rich DNA hairpin, validating its nanomolar
binding affinity. Error bars represent SEM, n = 3. (b) Change in exci-
tation spectrum of NucRFAP-2 (10 uM) in response to FA (100 uM)
when bound to DNA hairpin (50 uM) in PBS (1% DMSO). Excitation
spectra shown at 0, 15, 30 45, 60, 90, and 120 min (blue, red, green,
pink, orange, black, brown). (c) Quantification of the ratio of emission
(Aem = 510 nm) at Aoy = 470 nm (product) and Aex = 420 nm (reactant)
of NucRFAP-2 (10 uM) in response to FA (100 uM) over a 2 h incubation
period in the presence of vehicle (gray) or DNA hairpin (50 uM, red) in
PBS (1% DMSO). Error bars represent SEM, n = 3. (d) Ratiometric
response of NucRFAP-2 (10 uM) exposed to several biological analytes
(100 uM, unless otherwise noted) in the presence of hairpin DNA (50
nM); measurements were made at 0, 30, 60, 90, and 120 min. (1) PBS;
(2) FA; (3) acetaldehyde; (4) methylglyoxal; (5) glutathione, 1 mM; (6)
H,0,; (7) alpha-keto glutarate; (8) oxaloacetate; (9) pyruvate. Error
bars represent SEM, n = 2.
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RFAPs, are a class of probes that undergo a change in excitation
spectrum upon reaction with FA, where the amine has
a maximum fluorescence emission at Aex = 420 nm and product
aldehyde at A.x = 470 nm, this ratiometric readout helps reduce
changes in probe signal due to probe loading and sample
thickness.*® Recently our group has made improvements to the
spatiotemporal resolution of RFAPs, via ligation to chemical
agents that direct the localization of the probe. We reported
MitoRFAP-2, a first-generation probe capable of reporting on
ALDH2 scavenging of mitochondrial FA, that responds to both
genetic knockout of ALDH2 and small molecule activation of
ALDH2*2, with Alda-1.%

To develop a new chemical tool for specific imaging of
nuclear FA pools in living cells, we synthesized a fluorescent
probe comprised of two parts: (i) a coumarin dye bearing
a homoallylamine group that selectively reacts with FA through
a 2-aza-Cope rearrangement and (ii) Hoechst, a widely used,
non-toxic dye that binds chromatin with a dissociation constant
(Kp) of 1-10 nM."** In a single step, we ligated a synthon
previously reported by our group, RFAP-alkyne,* to a Hoechst-
azide conjugate using copper-catalyzed click chemistry to ach-
ieve the final probe, NucRFAP-2 (Scheme 1).

We first validated the capacity of NucRFAP-2 to bind DNA,
as modifications to Hoechst's structure can affect its DNA-
binding affinity, which could, in turn, influence its ability to
localize to the nucleus. To our satisfaction, NucRFAP-2 retains
a nanomolar affinity towards DNA (Fig. 1a); this assay relies on
the change in fluorescence emission of Hoechst, which
increases upon binding with DNA.***¢ Next, we evaluated the
reactivity and selectivity of NucRFAP-2 towards FA in aqueous
buffer. When incubated in the presence of FA (100 uM) and
a hairpin DNA sequence in PBS at 37 °C for 2 hours, the probe
exhibited the expected robust and facile fluorescence response
- specifically, an increase in emission at A, = 510 nm when
excited at Ax = 470 nm and a corresponding decrease at
a when excited at Ax = 420 nm (Fig. 1b and SI 3-6). A unique
observation, distinct from other RFAP probes previously re-
ported by our laboratory, is that the FA reactivity of NucRFAP-2
is greater in the presence of DNA (Fig. 1c, SI 1, 7 and 9). We
speculate that DNA prevents Hoescht-induced aggregation,
leading to greater reactivity and more aldehyde product.
Importantly, chromatin-dependent reactivity has been
demonstrated with other reported Hoechst-conjugates,
including those bearing cysteine reactive chemical function-
alities.*” In addition to the high chromatin affinity that
anchors the probe to the nucleus, this DNA-dependent FA
response acts as a secondary spatial selectivity filter that
ensures the probe is accurately reporting exclusively on the
nuclear FA pool, as its reactivity will be impaired in organelles
that lack DNA. As expected, NucRFAP-2 exhibits high selec-
tivity for FA over several other biologically relevant aldehydes,
including acetaldehyde and methylglyoxal, as well as other
highly reactive metabolic species such as hydrogen peroxide
(H,0,)*® and the cellular reductant glutathione, the latter of
which is present at millimolar concentrations in cells
(Fig. 1d).*
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Fig.2 NucRFAP-2 localizes to live cell nuclei and reports on exogenous additions of FA. (a) Validation of the nuclear localization of NucRFAP-2.
HEK-293 FlpIn cells stably expressing Halo-SNAP protein in the nucleus or cytosol, stained with SiR-Halo (500 nM, A¢, = 633 nm) and NucRFAP-2
(2 uM) for 1 h followed by incubation in HBSS (+0.5% DMSO), for 0.5 h before imaging. Quantitation of overlap of the staining by SiR-Halo and
NucRFAP-2 by calculation of Pearson's correlation coefficient. Scale bar represents 25 pm, error bars denote SEM, n = 7 individual cells. (b)
Detection of exogenous FA addition with NucRFAP-2. Live HEK-293T cells were stained with NucRFAP-2 (2 uM) for 0.5 h in HBSS (+0.5% DMSO),
followed by incubation with 0, 125, 250 or 500 uM FA in HBSS for 1 h. Quantification of the FA-dose dependent, ratiometric response of
NucRFAP-2 with psuedocolor to represent the fluorescence emission at Aex = 488 nm/Aex = 405 nm. Scale bar represents 50 um; error bars
denote SEM, n = 4. Statistical test is an unpaired t test, ¥****P < 0.0001.
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Fig. 3 Detection of intranuclear FA elevation in ADH5 KO MEF cells with NucRFAP-2. (a) Live wild-type MEF stained with NucRFAP-2 (2 uM) for
0.5 hin HBSS followed by treatment with vehicle or FA (62.5 uM) for 1 h. Scale bar represents 50 um. (b) Live wild-type or ADH5 KO MEF cells were
treated with NucRFAP-2 (2 uM) for 1 h in HBSS followed by incubation in full media (high glucose DMEM +10% FBS) for 3 h with vehicle or FA (125
pM). Quantification of the ratiometric response of NucRFAP-2, ., = 488 nm/A., = 405 nm, via flow cytometry. Error bars denote SEM, n = 4.
Statistical test is an unpaired t test, ****P < 0.0001. (c) Live wild-type or ADH5 KO MEF cells were treated with NucRFAP-2 (2 uM) for 1 h followed
by incubation in full media (DMEM +10% FBS) for 0, 2, 4, 6, 8, 11 or 23 additional h. Fluorescence measurements made via flow cytometry, Adex =
488 nm/2ex = 405 nm is presented here.
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Fig. 4 Detection of intranuclear FA during replication stress in T and B cells by NucRFAP-2. (a) Live human CD4" T cells treated with exogenous
FA (500 pM) and stained with NucRFAP-2 (2.5 uM). Images were acquired at Aex = 405 nm and Ao, = 488 nm. Shown are collapsed composite
overlays of DIC and fluorescence channels, demonstrating nuclear localization of the signal. Scale bar represents 2.5 um. (b) Quantification of
dose-dependent NucRFAP-2 response to exogenous FA in wild-type T cells. Psuedo color represents the emission at Aex = 488 NM/Aex =
405 nm. Error bars represent SEM, n = 3. (c) Wild-type, WASp-deficient, and FANCD2-deficient T cell lines treated with hydroxyurea (HU, 200 uM)
or vehicle control, stained with NucRFAP-2, and imaged. WASp- and FANCD2-deficient T cell lines were generated by CRISPR/Cas9 knockout of
the respective genes in wild-type T cells. Error bars represent SEM, n = 4. (d) Wild-type, WASp-deficient, and FANCD2-deficient patient derived B
cell lines treated with hydroxyurea (HU, 200 pM) or vehicle control, stained with NucRFAP-2, and imaged. Patient-derived WAS and Fanc D2
mutant B cell lines carried germline mutations in WAS or FANCD2. Psuedocolor represents the emission at Ao, = 488 nm/Ae, = 405. Scale bar
represents 10 pm. Quantification of HU-induced intranuclear FA accumulation in the indicated T and B cell lines. Error bars represent SEM, n = 12.
Statistical test is an unpaired t test, *P < 0.05 **P < 0.01 ***P < 0.001 ****P < 0.0001.

Validation of NucRFAP-2 nuclear localization and sensitivity leads to ablation of the correlation (Fig. 2a). We also noted the

to changes in nuclear FA pools with exogenous FA addition or
endogenous FA accumulation

To demonstrate nuclear localization of NucRFAP-2 we stained
HEK-293 FlpIn cells stably expressing Halo-SNAP protein (a
protein capable of labeling with Halo- and SNAP-tag ligands) in
two different subcellular localizations. We used Halo-SNAP-NLS
for the nucleus and cyto-Halo-SNAP for the cytosol with the
probe and a previously reported SiR-Halo probe that reacts with
the Halo-tag protein.’*>> We then calculated the Pearson's
correlation coefficient, a measure of the overlap between the
two fluorescence signals, for NucRFAP-2 and SiR-Halo in each
system. As expected, the Halo-SNAP-NLS cell line demonstrated
strong overlap with NucRFAP-2 and the nucleus, with a positive
average Pearson correlation coefficient of 0.74. In contrast, the
cyto-Halo-SNAP showed a negative average value of —0.54,
suggesting poor overlap between NucRFAP-2 and the cytosol.
Also presented are 90° rotational controls that act as an
important validation of the correlation coefficient calculations,
where rotation of the image from either fluorescence channel

© 2025 The Author(s). Published by the Royal Society of Chemistry

presence of a minimal amount of off-target punctate staining,
likely attributable to lysosomal signal. We do not expect that
this signal would provide false FA-dependent positives, as we
showed that probe reactivity and fluorescence response to FA
treatment is much higher when bound to DNA, and reactivity is
lower at lower pH compared to pH 7.4 (SI Fig. 1, 2, 7 and 9).
Moreover, the fluorescence intensity profile of a single cell was
also plotted to demonstrate the overlap of the dyes, which
further validated a similar trend of colocalization (SI Fig. 12 and
13). Importantly, varying the FA concentration does not impact
the localization of the dye, and NucRFAP-2 retains nuclear
localization after reaction with FA (SI Fig. 15).

To demonstrate the ability of NucRFAP-2 to report on fluctua-
tions in nuclear FA pools in live-cell settings, we stained HEK-293T
cells with the probe followed by treatment with biologically rele-
vant exogenous doses of FA. As anticipated, NucRFAP-2 showed
a FA-induced, dose-dependent increase in ratiometric fluores-
cence signal. Next, we sought to determine whether loss of one of
the main endogenous scavengers of the FA pool, alcohol dehy-
drogenase 5 (ADH5), leads to nuclear accumulation of FA. ADH5
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oxidizes the adduct of FA and glutathione, S-hydroxyl-
methylglutathione, to S-formylglutathione, and subsequent
hydrolysis produces formate, a less electrophilic 1C metabolite. In
the context of nuclear FA metabolism, it is worth noting that ADH5
is thought to be mainly a cytosolic enzyme, thus for this model, if
nuclear accumulation is observed, it would suggest functional
crosstalk and/or equilibrium between nuclear and cytoplasmic 1C
pools. Indeed, we observe that genetic knockout of ADH5 lead to
accumulation of nuclear FA in MEF cells relative to wild-type,
where incubation times of approximately 3 h are required to
observe appreciable and statistically significant difference in
NucRFAP-2 signal (Fig. 3b and c). In addition, exogenous supple-
mentation of a low dose of FA exacerbated the difference between
wild-type and ADH5 knockout in MEF cell models (Fig. 3b). The
collective results suggest the existence of some equilibrium
between the nuclear and cytosolic FA pools, this observation is
congruent with data that show increases in FA-dependent modi-
fications of guanosine in ADH5 knockout mouse models.'® In
contrast, other organelle FA pools, such as the pool within the
mitochondria, show less sensitivity towards genetic ADH5 abla-
tion and may have less, or alternative, crosstalk with the cytosol.”

Replication stress induces aberrant nuclear FA accumulation
in WASp- and FANCD2-deficient lymphocytes

During hematopoietic cell differentiation, transcriptional
reprogramming is expected to generate nuclear FA, in part
through histone demethylation.***** To directly monitor
nuclear FA dynamics in response to genetic alteration in
proteins involved in histone methylation status and DNA-
protein crosslink (DPC) repair, we employed NucRFAP-2 in
human immune cells with genetically-induced deficiencies in
genomic integrity. In wild-type human T cells, exogenous FA
exposure produced a robust, dose-dependent increase in
nuclear probe signal, validating the probe's sensitivity and
specificity (Fig. 4a and b). Under hydroxyurea (HU)-induced
replication stress, T cells deficient in WASp showed a more
pronounced nuclear FA accumulation relative to wild-type
controls (Fig. 4c). Moreover, FANCD2-deficient T and Fanconi
anemia patient-derived B cells also exhibited significant, HU-
induced nuclear FA accumulation, consistent with known
aldehyde hypersensitivity in Fanconi pathway defects (Fig. 4c
and d).**** Importantly, the NucRFAP-2 probe provides the first
direct evidence that FA accumulation in human T and B
lymphocytes occurs within the nucleus. In contrast, WAS
patient-derived B cells did not show a further HU-induced
increase, despite having higher steady-state nuclear FA levels
than wild-type B cells (Fig. 4d). We note that these cell lines are
cultured in suspension rather than as adherent cells, which
leads to images where some cells are slightly out of plane, with
others aligning correctly on the imaging plane. This heteroge-
neity does not impact signal quantitation, as multiple Z planes
are considered in the data workup. These findings suggest
either cell-type-specific (T versus B) differences in the impact of
replication stress on nuclear FA catabolism, or mutation-
specific effects within the WAS genotypes that may vary even
among B cells, and from one patient to another.
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Conclusions

In this work, we have reported the development and application
of a first-generation, nuclear-targeted activity-based sensor for
nuclear formaldehyde, NucRFAP-2. This probe leverages the
chromatin dye Hoechst to confer nuclear localization through
its selective high-affinity binding to DNA. Owing to its 2-aza-
Cope trigger, NucRFAP-2 reports with high selectivity on fluc-
tuations in FA over other metabolic aldehydes, including m-
ethylglyoxal and acetaldehyde, with a dose-dependent
ratiometric fluorescence response.

Using this probe, we observed a marked increase in nuclear
FA following genetic disruption of ADH5, the principal FA
detoxifying enzyme in mammalian cells. Notably, NucRFAP-2
shows a distinct optical response from the previously reported
mitochondrial-targeting FA probe MitoRFAP-2, which did not
show elevated levels of mitochondrial FA in ADH5-deficient
Indeed,
measurements of labile FA - a highly reactive and transient
metabolite - require detection in immediate proximity to its
biochemical sources and sinks. In tandem, these subcellular-
localized probes reveal distinct dynamics of different subcel-
lular 1C pools regulated by ADH5, which affect nuclear FA pools
but not mitochondrial FA ones.

Next, we applied NucRFAP-2 in WAS or FANCD2 KO (CRISPR/
Cas9-mediated knock out) T cells, as well as B cells from a WAS
patient and a Fanconi anemia patient. These experiments
demonstrated impaired aldehyde catabolism in lymphocytes
from both genetic disorders, which manifest in bone marrow
failure and cancer predisposition. The ectopic accumulation of
FA in the nucleus identifies a previously unrecognized cellular
phenotype associated with WASp deficiency. These findings
have important mechanistic and clinical implications for WAS
pathophysiology, as Vyas and co-workers have previously
demonstrated that WASp-deficient T cells exhibit markedly
reduced histone H3K4me3 enrichment at the promoters of
immune function genes.>* Because FA can deplete S-
adenosylmethionine (SAM) and disrupt histone H3K4 methyl-
ation,” we posit that persistent nuclear FA accumulation, as
identified here, may contribute to the epigenetic dysregulation
observed in WASp deficiency. Taken together with prior
evidence that Fanconi pathway-deficient cells also accumulate
nuclear FA, these findings point to a shared vulnerability to
aldehyde stress across both WASp and Fanconi genome main-
tenance pathways, underscoring an unexpected functional
alliance between them.

Accordingly, in addition to its established role in homolo-
gous recombination-mediated DNA repair and preventing
genome-destabilizing R loop accumulation,**® WASp appears
critical for preventing aberrant nuclear aldehyde accumulation,
thereby safeguarding DNA integrity against multiple endoge-
nous genotoxic stressors. These data suggest that Wiskott-
Aldrich syndrome belongs to an emerging class of hemato-
logic aldehyde-dependent pathologies in which impaired
detoxification (ADH5/ALDH2 enzyme deficiencies) and/or
Fanconi-mediated DNA repair pathways fail to constrain

cells. these observations indicate that accurate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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endogenous FA-linked DNA damage, particularly under repli-
cation stress. While the specific nature of dysfunction in WAS,
whether involving detoxification enzymes (ALDH2/ADHS5)(Tier-
1) or Fanconi D2-mediated DNA repair (Tier-2) mechanisms,
remains to be formally investigated, this framework provides
a rationale for developing (i) functional diagnostics that quan-
tify nuclear FA levels in patient lymphocytes and correlate these
with clinical severity-ranging from mild disease (X-linked
thrombocytopenia) to more severe presentations involving
autoimmunity and malignancy and (ii) FA detoxification-
enhancing strategies, such as ALDH2 activation or glutathione
(GSH) pool replenishment, as potential therapeutic
interventions.

In summary, the development of NucRFAP-2 provides
a powerful chemical tool for probing the spatial dynamics of
nuclear FA biology, enabling precise detection of this transient
metabolite at its sites of production and clearance within
a compartment that requires stringent regulation of this
established genotoxin. Application of this probe uncovered
impaired aldehyde catabolism in Wiskott-Aldrich syndrome,
linking WASD deficiency to persistent nuclear FA accumulation
and downstream epigenetic dysregulation. By integrating
activity-based sensing probe development and application to
patient-derived, disease-relevant model systems, this work
establishes both a framework for functional diagnostics based
on nuclear FA measurement and a rationale for therapeutic
strategies aimed at enhancing aldehyde detoxification capacity
in patients. As such, activity-based sensing shows promise to
contribute to basic biology and diagnostic medicine.
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