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In brief

Xu et al. report that CRISPR-Cas9-
engineered ATM-deficient rhesus
macaques model key features of ataxia-
telangiectasia, including growth
retardation, immune deficiency, and most
critically, early-onset cerebellar atrophy.
This model provides deeper insights into
the pathogenesis of A-T and represents a
promising and valuable platform for
developing therapeutic strategies.
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SUMMARY

Ataxia-telangiectasia (A-T) is a hereditary neurodegenerative disorder caused by mutations in the ATM
(ataxia-telangiectasia mutated) gene. Although existing rodent models reproduce some of the multi-systemic
features of A-T, they notably fail to recapitulate the severe neurological manifestations, particularly the pro-
found cerebellar atrophy and associated ataxia. To address this limitation, we have generated ATM-deficient
rhesus macaques using CRISPR-Cas9. These macaques exhibit hallmark features of A-T, including growth
retardation, lymphopenia, elevated a-fetoprotein levels, oculocutaneous telangiectasias, heightened sensi-
tivity to ionizing radiation, and most critically, cerebellar atrophy, Purkinje cell loss, and early-stage cerebellar
neurodegeneration leading to significant motor impairments. Single-nucleus transcriptomic profiling of the
cerebellum revealed pronounced gene expression changes associated with ATM deficiency, particularly in
molecular layer interneurons (MLIs), which are implicated in Purkinje cell loss. This non-human primate model
provides deeper insights into the pathogenesis of A-T and represents a promising and valuable platform for

developing therapeutic strategies.

INTRODUCTION

Ataxia-telangiectasia (A-T) is a rare autosomal recessive disor-
der characterized by a spectrum of clinical features, including
progressive cerebellar neurodegeneration (ataxia), oculocutane-
ous telangiectasias, immunodeficiency, growth retardation,
incomplete sexual maturation, endocrine abnormalities, height-
ened sensitivity to radiation, and elevated cancer risk."® A-Tis
caused by mutations in the ataxia telangiectasia mutated
(ATM) gene, located on the long arm of chromosome 11
(11922.3) in humans.”'® Disease mutations are distributed
throughout the entire ATM gene, without a discernible mutational
hot spot.'” What all mutations have in common is diminished
ATM kinase activity.

ATM encodes a multifunctional protein kinase belonging to
the phosphoinositide 3-kinase-related kinases family whose

)

activities govern a cascade of crucial downstream protein
pathways.'>'® These include tumor suppressor proteins
such as p53 and BRCAT1, the checkpoint kinase CHK2, check-
point proteins RAD17 and RAD9, and DNA repair protein
NBS1.*° Despite identifying numerous proteins as ATM sub-
strates, the mechanism by which ATM deficiency triggers
early-onset cerebellar degeneration remains unclear, perhaps
because the loss of ATM function is associated with a wide
range of cellular activities, including mitochondrial dysfunc-
tion, poly (ADP-ribose) polymerase (PARP) hyperactivation,
deregulated epigenetics, disrupted calcium homeostasis,
and protein aggregation.’* 2% As ATM plays a crucial role in
DNA damage repair’’ and many other metabolic func-
tions,???® the result is a multisystemic disease that confines
the patient to a wheelchair, shortens their life span and
currently has no effective therapeutic intervention.?~2°

o= Cell Reports Medicine 6, 102355, September 16, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1

hck for
Updates.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



¢? CellPress

OPEN ACCESS

Compounding the problem, the field currently lacks accurate
models of A-T making it next to impossible to develop effec-
tive therapies.*?”

Developing physiologically relevant animal models remains a
critical priority for studying this complex disorder. Notably, mu-
rine models expressing kinase-dead ATM variants display em-
bryonic lethality, highlighting the challenges of recapitulating hu-
man pathology in rodent systems.?® Since the cloning of the
gene nearly three decades ago a number of rodent lines bearing
Atm mutations have been created.”®®' Many features of the A-T
phenotype are captured by these models including immunodefi-
ciency, heightened sensitivity to radiation, predisposition to can-
cer, infertility, and neurological abnormalities.?® Yet none of the
current ATM-deficient mouse models develop any significant
cerebellar neurodegeneration, one of the most prevalent and
debilitating features observed in A-T patients.?’2° As with
many human disease models species-specific differences be-
tween mouse and human make it difficult to generate a precise
replicate of the human condition, particularly for disease that
impact the nervous system.®>* The cerebellum, for example,
has significantly expanded during primate evolution, leading to
a greater diversity of cell types and molecular functions.**®
Although the cerebellum is highly conserved across mammals,
studies of the developing human cerebellum have revealed dif-
ferences in cellular composition and differentiation that differ
measurably from those observed in mice.**™*' The human cere-
bellum features an exceptionally intricate cytoarchitecture and
an extensive connectivity network,*>*® which may endow it
with primate-specific functions.

The rhesus macaques (Macaca mulatta), like humans, un-
dergoes altricial development, and born with open eyes and un-
dergoing progressive acquisition of motor skills. Initial grasping
and climbing behaviors appear at around one month, indepen-
dent climbing by three months, and motor proficiency is typically
achieved by six months.** Weaning generally occurs between
six and twelve months, with females reaching sexual maturity
by 3-4 years and initiating reproduction, while males attain
competitive breeding capacity by 5-6 years*®“® In managed
care settings, rhesus macaques can live up to 30-35 years*”*
These developmental and lifespan characteristics, along
with close neuroanatomical and physiological homology to hu-
mans, make them particularly well-suited for modeling brain
diseases.®**?

The application of CRISPR-Cas9 genome editing in non-hu-
man primates (NHPs) has enabled precise modeling of human
genetic disorders.®***°° For instance, dystrophin-edited ma-
caques replicate features of muscular dystrophy,®'**> PSENT-
mutated cynomolgus monkeys model Alzheimer’s disease
pathology,”® SHANK3-edited macaques exhibit behavioral
phenotypes reminiscent of autism and Phelan-McDermid syn-
drome,*? ANK2 depletion in primates results in severe brain vol-
ume loss,** and PDX7-mutant cynomolgus macaques exhibited
pancreatic agenesis.”*

Here, we aimed to establish an NHP model of A-T by gener-
ating ATM-deficient rhesus macaques using CRISPR-Cas9
gene editing. Firstly, we observed classical A-T phenotypes in
the mutant animals, including growth retardation, lymphopenia,
elevated alpha-fetoprotein (AFP), oculocutaneous telangiecta-
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sias, motor dysfunction, progressive cerebellar degeneration,
and Purkinje cell loss. Subsequently, we applied single-nucleus
transcriptomic profiling to reveal ATM deficiency-associated
gene expression changes across diverse cerebellar cell types.
Finally, we demonstrated that this NHP model offers critical in-
sights into the molecular basis of A-T neuropathogenesis and
provides a valuable platform for therapeutic development.

RESULTS

Generation of ATM-deficient rhesus macaques using
CRISPR-Cas9-mediated gene targeting in one-cell
embryos

The ATM gene in rhesus macaques, located on chromosome 14,
encodes a protein composed of 3,056 amino acids, sharing an
impressive 97.87% sequence identity with the human ATM pro-
tein. This high similarity contrasts with the 84.08% sequence
identity between the ATM proteins of humans and mice
(Figure S1A). To create ATM-deficient macaques, pairs of sin-
gle-guide RNAs (sgRNAs) were designed to target the macaque
ATM gene. Their effectiveness was initially validated by co-trans-
fecting the sgRNAs with Cas9 into COS-7 cells, which are
derived from African green monkey kidney cells. Among the
sgRNAs, those targeting exon 3 of the ATM gene demonstrated
the highest editing efficiency in these cultured cells, as
confirmed by PCR-cloning and Sanger sequencing analyses
(Figure 1A). These frameshift mutations caused premature trans-
lational stop and possibly a complete loss of the functional ATM.

Following these in vitro assessments, we proceeded to
perform zygotic injections of Cas9 protein and the exon
3-targeting sgRNAs into one-cell stage embryos (Figure S1B).
This approach demonstrated a high mutation efficiency of the
ATM gene in macaque embryos (Figures S1C and S1D). Of the
seven rhesus macaque embryos analyzed, six were confirmed
to be homozygous knockouts (85.7 %), underscoring the robust
efficiency of the gene-editing technique employed (Figure S1E).
In the subsequent steps to generate ATM-deficient macaques
(Figure S1F), 122 oocytes were harvested and subjected to
in vitro fertilization via introcytoplasmic sperm injection. Zygotes
were microinjected, resulting in 88 viable zygotes. Of these, 55
developed normally and were subsequently transferred into 18
surrogate females (Figure S1G). This process led to three preg-
nancies, culminating in two healthy live births and one birth at
165 days gestation via caesarean section due to dystocia. The
resulting macaques-two males (A1: no. 21365, A2: no. 21397)
and one female (A3: no. 21408) were all successfully delivered
and have since been carefully monitored (Figures 1B and 1C).
Three wild-type neonatal macaques, matched by gender and
age (within three days of birth), were selected as controls and
designated as C1 (no. 21367, male), C2 (no. 21053, male),
and C3 (no. 21410, female). Notably, while A2 and C2 required
human rearing due to dystocia-related complications, the re-
maining macaques were reared by their receipt (for gene-edited
infants) or biological mothers (for wild-type infants).

To confirm the success of the gene editing, ear punch tissues
and peripheral blood samples were collected from the three
gene-manipulated macaques. Analysis revealed the anticipated
frameshift mutations in exon 3 of the ATM gene in all three
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Figure 1. Generation of ATM-deficient macaques

(A) Schematic representation of the wild-type macaque ATM gene structure, highlighting the targeted exon 3 region. The magnified panels display the annotated
sequences of the guide RNAs (gRNAs; red) and the protospacer adjacent motif (PAM; green) on both DNA strands within exon 3.

(B) Detailed information of all macaques (ATM-deficient macaques, A1, A2, and A3; wild-type control macaques, C1, C2, and C3) in this study.

(C) Photographs of all macaques at 3 months of age. The images include controls (C1, C2, and C3; ATM**) and ATM-deficient (A1, A2, and A3; ATM /") ma-
cagues. Scale bars, 1 cm.

(D) Partial sequence alignment of the ATM exon 3 genotyped from skin DNA. At least 20 T-A clones of PCR products were analyzed via DNA sequencing. The PAM
sequences are underlined and highlighted in green; insertions are marked in blue. The sizes and ratios of deletions (indicated by “—”) and insertions (indicated
by “+”) are shown in parentheses.

(E) PCR detection of sgRNA/Cas9-mediated cleavage at the ATM exon 3, amplified from skin genomic DNA of ATM-deficient (A1, A2, and A3) and control (C1, C2,
and C3) macagues.

(F) Immunobilot analysis showing the absence of ATM protein in fibroblasts collected from all macaques. p-actin served as a loading control.

(G) lllustration of animal experiment workflow in all macaques.
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subjects (Figures 1D and 1E). To assess potential off-target ef-
fects, we employed Cas-OFFinder, a highly sensitive off-target
prediction tool.>® Remarkably, none of the 2,005 predicted off-
target sites for the ATM-targeting sgRNAs exhibited mutations
in the Cas9-edited macaques, confirming the high specificity
of our gene-editing approach. Finally, we assessed ATM protein
levels by western blotting. As expected, ATM protein was de-
tected in fibroblasts from wild-type control macaques (C1, C2,
and C3) but was absent in fibroblasts from all three gene-edited
macaques (A1, A2, and A3; Figure 1F).

All animal experiments were conducted in strict accordance
with established ethical and welfare guidelines. At two years of
age, individuals A1 and C1 were euthanized for pathological
evaluation (Figure S1H) and single-nucleus RNA sequencing
(snRNA-seq) analysis. The remaining pairs (A2/C2 and A3/C3)
continued to receive routine care for long-term monitoring of life-
span, disease progression, and potential therapeutic interven-
tions (Figure 1G).

ATM-deficient macaques exhibit phenotypes
resembling A-T patients
Our initial assessments focused on early developmental metrics,
such as body weight and head circumference. ATM-deficient
macaques showed no statistically significant differences in these
parameters when compared to their counterparts during early
development (Figures 2A-2C). As the macaques aged, gender-
specific weight differences became apparent—females gener-
ally weighed less than males—yet these differences remained
statistically insignificant because of limited number of animals.
All macaques were born with normal physical appearance; how-
ever, by approximately six months of age, ATM-deficient individ-
uals began to exhibit prominent telangiectasias, particularly
dilated blood vessels in the eyes (Figure 2D), which is a pheno-
type not observed in Atm-mutant mice.”® Subsequent serum
analysis revealed a significant elevation in AFP levels in ATM-
deficient macaques compared to controls (Figure 2E), with dif-
ferences becoming apparent after 12 months of age. This is a
notable finding, as elevated AFP is a characteristic biochemical
marker frequently observed in patients with A-T.%°°
Additionally, we identified hyperactivation of PARP in fibro-
blasts derived from ATM-deficient macaques compared to those
of controls (Figures 2F and 2G). PARP hyperactivation has been
shown to be associated with cerebellar ataxia resulting from
DNA damage.®’ To further assess the impact of ATM deficiency
on cellular response to DNA damage, we subjected primary
fibroblasts from both ATM-deficient macaques and controls to
apoptosis and survival assays following exposure to ionizing ra-
diation and the DNA-damaging agent etoposide (Figures S2A-
S2D). As expected, ATM-deficient fibroblasts exhibited height-
ened sensitivity to both forms of DNA damage, resulting in
increased apoptosis and reduced cell survival compared to con-
trols (Figures 2H and S2B-S2D).

ATM deficiency leads to significant immune system
impairments

Immune system dysfunction is a hallmark of A-T, a condition
caused by mutations in the ATM gene.’®*° To investigate the ef-
fects of ATM deficiency on the immune system, we conducted
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routine peripheral blood tests on ATM-deficient macaques every
three months from birth. Most hematological indices, including
those related to red blood cells, hemoglobin, and platelets, re-
mained within normal ranges (Figures S3A-S3C). However,
ATM-deficient macaques exhibited a significant reduction in
leukocyte counts, with lymphocytes being particularly affected.
White blood cell counts were markedly decreased in the ATM-
deficient group at 12 and 15 months of age (Figure 3A). Lympho-
cyte counts were significantly lower than controls at 6, 15, and
21 months (Figure 3B), and the proportion of lymphocytes was
also significantly reduced at 3, 6, and 18 months (Figure 3C). A
comparative analysis of lymphoid tissues between an ATM-defi-
cient macaque (A1, ATM /") and a control (C1, ATM*"*) atan age
of 24 months revealed a marked reduction in the size of lymphoid
organs, notably in the lymph nodes, spleen, and thymus
(Figures 3D and S3D). Histological examinations further indi-
cated significant atrophy and disrupted germinal center struc-
tures in axillary lymph node of ATM-deficient macaque A1
compared to control C1. Immunohistochemical staining high-
lighted a severe depletion of CD3-positive T cells and CD20-pos-
itive B cells in the lymphoid tissues of A1 compared to C1
(Figures S3E and S3F). Notably, the reduction in lymphocyte
counts is clinically relevant, as lymphopenia is associated with
an increased risk of cancer and infection in patients with A-T.%°

In addition to these lymphoid abnormalities, a detailed histo-
logical analysis of liver, kidney, and muscle tissues from both
ATM™~ (A1) and ATM*"* (C1) showed no apparent differences
in tissue architecture (Figure S3G). Further examination revealed
significant abnormalities in the lung tissue of an ATM™~ ma-
caque, including widespread vascular expansion and notable in-
flammatory cell infiltration (Figure 3E). Interestingly, despite the
severe lymphoid and pulmonary abnormalities, ATM deficiency
did not result in decreased levels of immunoglobulins (IgA and
IgG) in peripheral blood (Figures 3G and S3H). In contrast, IgM
levels were notably elevated in ATM-deficient macaques
(Figure 3F), which serve as a crucial indicator of poor prognosis
in A-T patients.®®®' The observed variations in lymphocyte
maturation and immune homeostasis in ATM-deficient ma-
caques underscore the complex role of ATM in immune function
and offer critical insights into the pathophysiology of A-T.

Cerebellum-related neurobehavioral deficits in ATM-
deficient macaques
Progressive impairment in the coordination of voluntary move-
ment is a hallmark feature of A-T in patients.®”®® To explore
whether ATM deficiency leads to similar neurobehavioral deficits
in macaques, we conducted a comprehensive series of tests de-
signed to assess brain function associated with ATM deficiency
(Figures S4A). Initially, we monitored the spontaneous locomotor
activity of ATM-deficient macaques by recording daily home-
cage videos. Quantitative analysis revealed that ATM-deficient
macaques exhibited a marked reduction in exploratory behavior,
preferring to remain on the ground rather than actively moving
around their cages (Figures 4A and 4B). This behavior contrasted
with the more active and inquisitive nature observed in control
macaques.

To further investigate motor coordination, we employed the
Kinema Tracer 3D gait analysis system (Kissei, Japan)®® to
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Figure 2. ATM-deficiency in macaques recapitulates canonical A-T phenotypes in humans
(A and B) Body weight (A) and head circumference (B) of control (ATM*/*) and ATM-deficient (ATM ") macaques after birth. Data are presented as mean + SEM,

with n = 3 macaques per group; n.s., no significance; unpaired t test.

(C) Representative photographs of control (C1; ATM*'*) and ATM-deficient (A1; ATM /") macaques at 12 months of age. Scale bars, 10 cm.
(D) Ocular telangiectasia observed in ATM-deficient macaques (A1, A2, and A3) but not in controls (C1, C2, and C3). Yellow arrows indicate the presence of

telangiectasia. Scale bars, 2 mm.

(E) Serum levels of alpha-fetoprotein (AFP) in control and ATM-deficient macaques. Data are presented as mean + SEM, with n = 3 macaques per group. *p < 0.05

and **p < 0.01; n.s., no significance; unpaired t test.

(F and G) Western blot analysis showing the expression of PARP in fibroblasts from ATM-deficient macaques and controls (F) and quantification (G). GAPDH was

used as a loading control.

(H) The survival rate of fibroblasts from ATM-deficient macaques and controls after irradiation at different doses.
Data in (G and H) are presented as mean + SEM, with n = 3 macaques per group. *p < 0.05 and **p < 0.01; unpaired t test.

evaluate macaque hindlimb function at an age of 15 months,
which is approximately equivalent to 5 years of age in humans.
The macaques were trained to walk bipedally on a treadmill, al-
lowing for detailed footprint analysis to assess differences in
ambulation between ATM-deficient and control macaques. The
ATM-deficient macaques displayed a disordered and inconsis-
tent stepping pattern (Figures 4C and 4D). Specifically, the
ATM-deficient macaques exhibited significantly faster ca-
dences, and larger stride widths, but shorter gait cycles and
stride lengths compared to controls (Figures 4E-4H, and
Videos S1, S2, S8, S4, S5, and S6). These findings suggest an

abnormal gait pattern, indicative of ataxia. In addition to gait
analysis, we evaluated manual dexterity using the Kllver board
and vertical slit tasks, which assess the ability to manipulate ob-
jects to retrieve food pellets.®>°° No statistically significant dif-
ferences in manual dexterity were observed between ATM-defi-
cient macaques and controls (Figures 41, 4J, S4B, and S4C).
To evaluate cognitive functions related to the cerebrum,
particularly learning and memory, we used the delayed-
response task, a well-established test linked to prefrontal cortex
activity.®”~°° This task was conducted in an improved Wisconsin
General Test Apparatus (WGTA) adapted for juvenile macaques
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Figure 3. ATM deficiency in macaques results in reduced immune function
(A-C) Peripheral blood analyses of ATM-deficient and control macaques. ATM-deficient macaques exhibited significantly lower counts of white blood cells
(A) and lymphocytes (B) during development compared to controls. The lymphocyte ratio (C) was also reduced in ATM-deficient macaques. Data are presented
as mean + SEM, with n = 3 macaques per group. “p < 0.05 and **p < 0.01; n.s., no significance; unpaired t test.

(D and E) Representative hematoxylin and eosin (H&E) stained sections showing tissue architecture in an ATM-deficient macaques (A1, ATM~/~) compared to a
control (C1, ATM~/7). The axillary lymph node (D), spleen, thymus, and lung (E) tissues were examined. Scale bars: black panel, 2 mm; white panel, 100 pm.
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(Figure 4K). No significant differences were observed between
the ATM-deficient and control macaques in this task
(Figures 4K and S4D-S4l). Therefore, a careful assessment of
whether late-stage ATM deficiency affects upper limb dexterity
and cognitive functions of macaques will be valuable for future
research.

Brain MRI tracking reveals progressive cerebellar
atrophy and altered cerebellum connectivity in ATM-
deficient macaques

Neurodegeneration, particularly early-onset cerebellar atrophy,
is one of the most debilitating aspects of A-T in patients.”® To
dynamically monitor aberrant growth in ATM-deficient ma-
caques, we conducted regular non-invasive MRI scans every
three months, starting at three months of age. Our analysis
began by measuring the cerebellum and total brain volume of
each macaque at various ages (Figure 5A). The ATM-deficient
macaques consistently exhibited a significantly smaller cere-
bellar volume (Figure 5B) and reduced external cerebellar sur-
face area (Figures S5A and S5B) compared to controls at each
time point. Although the volume of other brain regions, excluding
the cerebellum, was slightly reduced in ATM-deficient ma-
caques, these differences were not statistically significant
(Figure S5C). The control group exhibited sustained positive
cerebellar volume growth trajectories throughout the observa-
tion period, as reflected by consistently positive volumetric
change rates (Figure 5C). In stark contrast, the ATM-deficient
group showed a progressive decline in cerebellar growth, culmi-
nating in a pathological shift to negative growth rate by
15 months of age (Figure 5C). This reversal in growth dynamics
indicates a critical transition, wherein cerebellar atrophy begins
to outweigh normal developmental expansion.

As the macaques aged, cerebellar atrophy in ATM-deficient
individuals became increasingly pronounced. This atrophy was
most rapid during the first 12 months of life, after which it
continued at a slower pace, reaching its peak severity by
21 months (Figure 5D). These findings closely mirror the progres-
sive cerebellar degeneration observed in human A-T patients. To
gain a more detailed understanding of cerebellar atrophy, we
divided the cerebellum into 17 subregions based on the Paxinos
atlas.”' Our analysis revealed that each cerebellar subregion in
ATM-deficient macaques exhibited varying degrees of atrophy
over time. Notably, the paraflocculus (PFL), Crus Il, and Par re-
gions within the cerebellar hemispheres displayed the most sig-
nificant atrophy, with damage progressively extending from the
hemispheres to the vermis (Figure 5D, bottom right). The most
pronounced volume reductions were observed in the Par, PFL,
Crus Il, and the V-region of the motor cortex, suggesting that
these areas may be particularly susceptible to damage.

Brain function is closely linked with the brain’s geometry, such
as its shape (contour and curvature).”” To further quantify the
geometric differences in the cerebellum, we utilized eigenvalue
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decomposition methods to analyze the cerebellar structure of
each subject.”? We found that the second through fourth eigen-
modes (eigenmode 2-4) showed significantly larger eigenvalue
ranges in ATM-deficient macaques compared to controls, indi-
cating greater morphological differences (Figure S5D). For
example, in geometric eigenmode 2, the cerebellum of ATM-
deficient macaques appeared elongated along the proximal
left-right axis, while in eigenmode 3, it was extended from the
medial-ventral to external-dorsal direction, resulting in a flatter
overall structure. These structural alterations gave the cere-
bellum of ATM-deficient macaques a “dried-out” appearance,
in contrast to the fuller, more robust cerebellum observed in
controls.

Altered functional connectivity has recently been recognized
as a key biomarker of neuropathological states in a range of
neurological and psychiatric disorders.®> We collected resting-
state fMRI data from both ATM-deficient and control macaques
at 18 and 21 months of age, the stages at which morphological
differences were most pronounced. Analysis of the mean func-
tional connectivity within the cerebellar cortex and between the
cerebellar cortex and cerebral cortex (intra-cerebellar and cere-
bello-to-cerebral connectivity) revealed a marked decrease in
ATM-deficient macaques (Figures 5E and S5E). Specifically,
intra-cerebellar connectivity decreased from an average
strength of 0.2593 to 0.1945, while cerebello-to-cerebral con-
nectivity dropped from 0.2107 to 0.1278. The most significant re-
ductions in intra-cerebellar connectivity were observed in motor
regions IV-VI and cognitive regions such as VIll, Par, Sim, and
Crus I. Similarly, cerebello-to-cerebral connectivity was most
severely impaired in areas VII-VIIl, Par, Crus I, and Crus Il
(Figure S5E). Taken together, cerebellar fMRI data suggest that
ATM-deficient macaques exhibit reduced resting-state connec-
tivity, both locally and globally.

ATM deficiency induces vulnerability and degenerative
changes in macaque cerebellar Purkinje cells

To identify neuropathological differences, we performed detailed
histological analyses at both the light and ultrastructural levels.
Gross histological examination revealed a reduction in cerebellar
volume and abnormal morphology in the ATM-deficient macaque
(A1) compared to the control (C1) (Figure 6A), while no significant
differences were observed in the cerebral cortex or hippocampus
between the two groups (Figures S6A-S6D). Immunohistochem-
ical staining for DARPP32, a marker of Purkinje cells,”*"* showed
a marked decrease in the number of Purkinje cells in the ATM-
deficient cerebellum, with fewer DARPP32-positive cells
compared to the healthy control (Figures 6A-6C). Staining for
aldolase C (AldoC), another established marker of Purkinje cells,”®
further confirmed a significant reduction in Purkinje cell density in
the ATM-deficient group compared to controls (Figure S6E). Inter-
estingly, we also observed a significant increase in microglial den-
sity with pronounced clustering within the white matter of the

(F and G) Elevated serum immunoglobulin IgM (F) and IgA (G) levels in ATM-deficient macaques compared to controls. Data are presented as mean + SEM, with
n =3 macaques per group. “p < 0.05, **p < 0.01, and ***p < 0.001; n.s., no significance; unpaired t test. The ATM-deficient macaques had a generally higher level of
serum immunoglobulin than those of control macaques, but the comparisons of levels at certain time points between the two groups showing no statistical

difference, partially due to the small sample size.
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Figure 4. Behavioral abnormalities indicative of cerebellar dysfunction in ATM-deficient macaques

(A) ATM-deficient macaques exhibited reduced activity in their home cages at 3 months of age. Data are presented as mean + SEM, with n = 3 macaques per
group. *p < 0.05; unpaired t test.

(B) ATM-deficient macaques primarily moved within the lower regions of the cage, indicating the limited range of motion.

(C) Representative footprint patterns from three controls (C1, C2, and C3; ATM*/*) and three ATM-deficient macaques (A1, A2, and A3; ATM /7). The treadmill
speed was set to 2 km/h.

(D) Photographs illustrating the bipedal gait of a control macaque (C1; ATM*"*) compared to an ATM-deficient macaque (A1; ATM /") at 15 months of age. Arrows
highlight the inward buckling of the hallux in A1. Scale bars, 5 cm.

(E-H) Significant behavioral abnormalities in ATM-deficient macaques, including increased cadence (E), shortened gait cycle (F), reduced stride length (G), and
increased stride width (H), compared to controls. Data are presented as mean + SEM, with n = 3 macaques per group. *p < 0.05, **p < 0.01, and ****p < 0.0001;
unpaired t test.

(I and J) Fine motor abilities of the upper limbs in ATM-deficient macaques were not significantly impaired, as assessed by the Kluver board (l) and vertical slit
(J) tasks at 15 months of age.

(I) Schematic of the Kltver board (top) and testing results for ATM-deficient macaques and controls across bore diameters (10, 10.5, 11, 12, and 13 mm) (botttom).
(J) Schematic of the vertical slit task (window size: 30 x 6 mm) (left) and testing results, with the x axis representing the number of learning days and the y axis
representing accuracy (right). Data are presented as mean + SEM, with n = 3 macaques per group; n.s., no significance; unpaired t test.

(K) Learning and memory were not impaired in ATM-deficient macaques relative to controls. The delayed-response task in a modified Wisconsin General Test
Apparatus (WGTA) suitable for young macaques (left) was used to perform the delayed-response trials (right). No significant differences were observed between
controls and ATM-deficient macaques at various delay times (0, 5, 10, 15, 20, and 30 s). Data are presented as mean + SEM, with n = 3 macaques per group; n.s.,
no significance; unpaired t test.
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Figure 5. MRI scans reveal progressive cerebellar atrophy and degeneration in ATM-deficient macaques

(A) T1-weighted structural images of the brain at 21 months of age from a control macaque (C2; top) and an ATM-deficient macaque (A2; bottom).

(B and C) Volume (B) and growth rate analysis of the cerebellum (C) in control macaques (ATM*'*, blue) and ATM-deficient macaques (ATM '~ red) at various time
points. n = 3 macaques per group; *p < 0.05 and **p < 0.01; n.s., no significance; unpaired t test.

(D) Temporal differences in cerebellar volume between ATM-deficient and control macaques. The 3D maps above and below the dot plots illustrate the degree of
atrophy across different cerebellar compartments (expressed as the percentage difference in volume relative to controls). Bars represent the average volume
reduction in specific subregions over time. The schematic diagram provides the spatial distribution of cerebellar subregions from anterior and posterior views.
Labels: A (anterior), P (posterior), R (right), L (left), and D (dorsal).

(E) Average functional connectivity (FC) within the cerebellum, comparing ATM-deficient macaques to controls. The graph on the right shows differences in
intracerebellar functional connectivity between the two groups.
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Figure 6. ATM deficiency leads to Purkinje cell vulnerability and degenerative changes

(A) Immunohistochemical staining for DARPP32, a marker for Purkinje cells, in cerebellar hemispheres and vermis sections from a control (C1; ATM**) and an
ATM-deficient (A1; ATM /) macaque. Red arrows indicate DARPP32-positive Purkinje cells. Scale bars, 4.0 mm (left) and 100 pm (right) in hemispheres or

vermis.

(B and C) A significant reduction of the number of DARPP32-positive Purkinje cells (PCs) in cerebellar hemispheres (B) and vermis (C) in ATM-deficient macaque
(A1) compared to control (C1). Data are presented as mean + SEM, with counts from at least two sections and ten visual fields per section. ****p < 0.0001; unpaired

t test.

(legend continued on next page)
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ATM-deficient cerebellum, while astrocyte numbers remained
comparable to controls (Figures S6E and S6F). Further analysis
using Golgi staining revealed no significant differences in the
branching structure of Purkinje cells between ATM-deficient and
control macaques. However, there was a notable decrease in
cell body area and spine density in Purkinje cells from ATM-defi-
cient macaques (Figures 6D-6H).

Given the critical role of mitochondria in cellular metabolism,
particularly in high-energy-demanding cells such as neurons, we
examined the impact of ATM deficiency on mitochondrial integ-
rity. Previous studies have reported impaired mitochondrial func-
tion in ATM-deficient cultured cells.®"® In our study, transmission
electron microscopy (TEM) analysis revealed significantly reduced
numbers and morphologically aberrant mitochondria in Purkinje
cells from ATM-deficient cerebellum (Figures 61-60). Additionally,
we observed dilatation in the endoplasmic reticulum, Golgi com-
plex, and nuclear membrane in ATM-deficient neurons (Figures 6l
and 6P). These alterations indicate that ATM deficiency disrupts
multiple cellular organelles, potentially contributing to neuronal
dysfunction and degeneration.

To further explore the impact of ATM deficiency on cerebellar
function, we assessed the state of cerebellar white matter. We
measured the g-ratio, axon diameter, and myelin thickness-key
metrics for evaluating axonal myelination.”” Our findings re-
vealed that the cerebellum of ATM-deficient macaques exhibited
significantly thinner myelin sheaths, as indicated by an increased
g-ratio, along with smaller axon diameters compared to controls
(Figures 6Q-6U). These changes may be linked to the activation
of microglia in the ATM-deficient white matter (Figures S6E and
S6F). Despite these alterations, axon density remained un-
changed, suggesting that while myelination is impaired, the
overall number of axons is not significantly affected at the early
stage of A-T.

Moreover, in vivo analysis using the TUNEL (terminal deoxynu-
cleotidyl transferase dUTP nick end labeling) assay revealed
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striking differences in cerebellar apoptosis between ATM-defi-
cient and control macaques. Specifically, the cerebellum of the
ATM-deficient macaque (A1) exhibited a markedly higher inci-
dence of apoptotic cells compared to age-matched controls
(Figure S6G). Quantitative analysis showed a 3.7-fold increase
in TUNEL-positive cells in the cerebellar cortex of A1
(p < 0.001, n > 4 fields per animal). This elevated apoptosis
was particularly pronounced in the Purkinje cell layer and the in-
ternal granule cell layer, key regions affected in A-T. Further-
more, immunohistochemical analysis of cleaved caspase-3, a
crucial executioner of apoptosis, corroborated the TUNEL re-
sults. Cerebellar sections from ATM-deficient macaques
showed a 4.7-fold increase in cleaved caspase-3-positive cells
compared to controls (p < 0.001, n > 4 fields per animal)
(Figure S6H), indicating a heightened level of apoptosis likely
associated with impaired DNA repair in the ATM-deficient
cerebellum.

Single-nucleus transcriptome profiling of cerebellum in
ATM-deficient macaque

To gain a deeper understanding of the molecular and cellular
mechanisms underlying cerebellar dysfunction in ATM-deficient
macaques, we conducted a comprehensive snRNA-seq analysis
across various cerebellar regions, including the superior vermis
(SV), anterior lobe (AL), posterior lobe (PL), and flocculus (FL)
(Figure 7A). For this comparative analysis, samples were
collected from a 24-month-old ATM-deficient macaque (A1),
alongside an age- and sex-matched wild-type control (C1).
Following rigorous quality control procedures (Figures S7A and
S7B), we obtained a high-quality dataset comprising 121,791
cells suitable for downstream single-nucleus transcriptomic
analysis. The dataset exhibited robust depth and coverage,
with a median of 1,226 unique molecular identifiers (UMIs) per
cell and a median of 744 genes expressed per cell. The final da-
taset consisted of 62,421 cells from the wild-type macaque (C1)

D) Representative images of Purkinje cells. Scale bars, 20 pm.
F) Quantification of Purkinje cell body area.

(
(
(
(
(
(

section; n.s., no significance; unpaired t test.
(I-P) Ultrastructural abnormalities in Purkinje cells due to ATM deficiency.

D-H) Examination of Purkinje cell structure and dendritic spines in control and ATM-deficient macaque (A1) by Golgi staining.
E) Sholl analysis depicting the number of intersections of Purkinje cell branches and branchlets with concentric spheres centered on the cell soma.

G) Representative images showing dendritic spines of Purkinje cells. Scale bars, 10 pm.
H) Quantification of dendritic spine density. Data are presented as mean + SEM from at least five sections, with counts from five different Purkinje cells per

(I) Representative electron microscopy images showing Purkinje cell ultrastructure in the cerebellar vermis. Mit, mitochondria; ER, endoplasmic reticulum. Scale

bars, 10 pm.

(J) Number of mitochondria in Purkinje cells.
(K) Mitochondrial area.

(L) Mitochondrial width.

(M) Mitochondrial length.

(N) Mitochondrial aspect ratio.

(

0) Percentage of different mitochondrial categories. Data include n = 195-343 mitochondria per group.
(P) Endoplasmic reticulum lumen width. Data include n = 20 ER sections per group. All data are presented as mean + SEM from at least two sections, with counts

from twenty different visual fields. **p < 0.01 and ***p < 0.0001; unpaired t test.

(Q-V) Cerebellar myelin degeneration in ATM-deficient macaque (A1).

(Q) Ultrastructural images of myelin in the cerebellar vermis. Scale bars, 5 pm.
(R) Scatterplots of G-ratio indicating myelin thinning.

(S) Calculation of G-ratio showing decreased myelin thickness.

(T) Axon diameter measurements.

(U) Axon density analysis. *p < 0.05 and **p < 0.01; unpaired t test.
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Figure 7. Single-cell transcriptomic atlas of neural cell types in the cerebellum of ATM-deficient and C1 macaques

(A) 3D visualization of all collected samples. A total of four cerebellar subregions (SV, AL, PL, and FL) were isolated and profiled using snRNA-seq.
(B) UMAP visualization of snRNA-seq profiles for all cell types, with colors representing different cell populations. AS, astrocyte; Endo, endothelial cell; Mic,
microglia; MLI, molecular layer interneuron; PLI, Purkinje layer interneuron; OL, oligodendrocyte; OPC, oligodendrocyte precursor cell; BG, Bergmann glia;
Granule, granule neuron; Golgi, Golgi neuron; Purkinje, Purkinje cell.
(C) Expression patterns of cell-type-specific markers from the snRNA-seq data shown in (B).

(D) Relative proportions of each cell type in control (C1; ATM**) and ATM-deficient (A1; ATM~'~) cerebellums following dataset integration.
(E) Gene ontology (GO) (top) and Kyoto encyclopedia of genes and genomes (KEGG) (bottom) terms associated with downregulated expressed genes in Purkinje
cells of ATM-deficient cerebellum (A1). The length of the bar chart represents the number of genes, and the color indicates —log10(p.adjust) values.
(F) Differentially expressed genes (DEGs) between ATM-deficient (A1) and control (C1) macaques across various cell types. Blue bars represent down-
regulated genes while pink bars represent up-regulated genes in ATM-deficient macaque (A1) relative to control according to the criteria |log2FoldChange| > 0,

p value <0.05.
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(G) GO terms associated with downregulated genes in MLI1 (top) and MLI2 (bottom) in ATM-deficient macaque (A1). The size of each point reflects the number of
genes, and the color denotes —log10 (p.adjust) values.
(H) Overview of the intercellular communication networks among cells measured by network centrality analysis. Different cell populations are illustrated with
different colors, and the blue edge represents a decrease in the number of interactions in ATM-deficient cerebellum compared with C1 (top). Decrease in the
number of interactions among the cells in ATM-deficient cerebellum (A1) relative to C1 (bottom).
() Heatmaps of the overall signaling flows for each cell population mediated by individual signaling axes in ATM-deficient cerebellum (A1) and control (C1).
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and 59,370 cells from the ATM-deficient macaque(A1), providing
a balanced representation of both conditions (Figure 7B). Next,
we employed a sophisticated bioinformatics pipeline to integrate
the high-quality single-nucleus transcriptomic profiles from
both macaques. This integration step was essential to minimize
batch effects and enable direct comparisons between the two
conditions. We then applied a global-scaling normalization
method,”®8° which normalizes feature expression for each cell
based on its total expression, followed by the identification of
highly variable features. A linear transformation was used to
scale the dataset. Next, dimensionality reduction was performed
using principal component analysis and uniform manifold
approximation and projection (UMAP), allowing for visualization
of the cellular landscape. These techniques project cells with
similar gene expression profiles into a lower-dimensional space
by capturing the underlying structure of the dataset (Figure 7B).
Unsupervised clustering analysis was then applied to identify
distinct cell populations based on their gene expression profiles.
To annotate these clusters, we leveraged classical gene markers
as described in recent literature, particularly drawing from the
comprehensive study.®’ This approach enabled us to confidently
define twelve distinct cell types within the cerebellum, including
but not limited to Purkinje cells, granule cells, Golgi cells, stellate/
basket cells, and various glial cell types (Figure 7C).

One of the most striking findings from our analysis was the
marked reduction in the proportion of Purkinje cells in the
ATM-deficient macaque (A1) compared to the control (C1),
providing strong evidence of Purkinje cell loss (Figure 7D). This
observation is particularly significant given the essential role of
Purkinje cells in cerebellar function and motor coordination. In
contrast, the proportions of most other cell types remained rela-
tively stable between the two conditions, suggesting a selective
vulnerability of Purkinje cells to ATM deficiency. To further inves-
tigate this phenomenon, we conducted differential gene expres-
sion analysis between Purkinje cells from ATM-deficient and
control cerebella. Somewhat unexpectedly, Purkinje cells,
despite their known susceptibility in A-T, exhibited only a small
number of differentially expressed genes (DEGs) (Figure 7E;
Table S8). This finding suggests that the observed reduction in
Purkinje cell numbers may not stem from widespread transcrip-
tional alterations within these cells, but rather from other factors
such as increased susceptibility to apoptosis or disruptions in
the local microenvironment. Nonetheless, several dysregulated
pathways were identified, including those involved in synaptic
plasticity, protein metabolism, and signal transmission
(Figure 7F).

Additionally, we performed a comprehensive differential gene
expression analysis across twelve distinct cell types identified in
our snRNA-seq dataset, comparing the ATM-deficient (A1) and
control (C1) conditions. Using a threshold of [log,FoldChange| > 0
and p < 0.05, we identified DEGs across these populations. This
analysis revealed a striking and consistent pattern: all cell types
predominantly exhibited downregulated gene expression in the
ATM-deficient macaque (A1) relative to the control (C1). The
most pronounced transcriptomic alterations were observed in
two subtypes of molecular layer interneurons (MLIs), designated
MLI1 and MLI2 (Figure 7F), which displayed the highest number
of DEGs among all analyzed cell types. MLIs, comprising stellate
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and basket cells, are integral components of the cerebellar cir-
cuitry. They play critical roles in modulating Purkinje cell activity,
maintaining cerebellar signaling fidelity, and providing trophic
support to other cerebellar neurons.*’

To better understand the functional implications of the
observed gene expression changes in MLI1 and MLI2, we con-
ducted gene set enrichment analysis on the downregulated
genes. This analysis revealed significant enrichment of pathways
related to protein metabolism, synaptic vesicle cycling, and
neurotransmitter release (Figures 7G and S7C). These disrup-
tions suggest that the functional capacity of MLIs to regulate
cerebellar circuit activity may be compromised, potentially lead-
ing to impaired synaptic transmission and disrupted cerebellar
homeostasis.

As Purkinje cell loss and MLIs dysfunction in the cerebellum
significantly correlate with the pathological progression of
ATM-deficient cerebellum, we conducted a cell-cell communica-
tion analysis to map coordinated differences in the cerebellar
cellular communications underlying the ATM-deficient and
healthy control conditions. We compared the global communica-
tion atlas between ATM-deficient (A1) and control (C1) cerebel-
lums. We found that the total inferred interactions between cells
decreased in the ATM-deficient cerebellum in terms of both the
number and strength of the interactions (Figures 7H and S7D). In-
formation flow analysis revealed that the epidermal growth factor
(EGF), CD117, semaphorin 7A (SEMA7), semaphorin 6 (SEMAG6),
platelet-derived growth factor (PDGF), CD45, CD22, secreted
phosphoprotein 1 (SPP1), PERIOSTIN, and L1 cell adhesion
molecule (L1CAM) signaling pathways were switched off in the
ATM-deficient cerebellum (Figure S7E). Then, we detected 28
signaling pathways among the 12-cell populations to distinguish
the greatly altered signaling pathways in the ATM-deficient cere-
bellum (Figure 71). Surprisingly, nearly all the signaling patterns
were decreased in Purkinje cells and PLlIs.

ATM kinase plays a crucial role in the DNA damage response
pathway.®** The signal network analysis reveals that ATM defi-
ciency directly alters the expression pattern of several other
important regulators and sensors including DNA mismatch
repair proteins (MSH2 and MSH6), MRE11-RAD50-NBN (MRN)
complex, tumor antigen p53 (TP53), serine/threonine-protein
kinase ATR, mediator of DNA damage checkpoint protein 1,
TP53-binding protein 1 (TP53BP1), serine/threonine-protein ki-
nase CHEK2, and breast cancer type 1 susceptibility protein
(BRCA1).257% These alterations in the broader DNA damage
response network highlight the central role of ATM and under-
score the complex interdependencies within this cellular
pathway (Figure S7F). These findings suggest that neurodegen-
eration changes in ATM-deficient cerebellum is a disease
involving multiple cells and their interactions, rather than just
Purkinje cell death or other single types of cellular dysfunction.

DISCUSSION

A-T is a complex genetic disorder associated with mutations in
the ATM gene, which lead to a wide range of clinical symptoms
including progressive neurological degeneration, immunodefi-
ciency, and heightened cancer susceptibility.’*>"® Neuropatho-
logically, A-T is characterized by neurodegenerative changes
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that significantly impact cerebellar structures, particularly Pur-
kinje and granule cells.**° Several rodent models of A-T have
been produced, and while they are by a large accurate genocop-
ies of the disease, they have failed to replicate most of the neuro-
logical and neuropathological symptoms found in human A-T.
Thus, advanced disease models are essential to mirror the
relentless neurodegeneration of A-T and enable mechanistic
and translational research.

In this study, a CRISPR-Cas9-engineered ATM-deficient rhe-
sus macaque model, which overcomes several critical short-
comings of rodent models, was successfully generated. This
NHP system more faithfully mimics the clinical and pathological
progression of human A-T, particularly regarding cerebellar
degeneration. ATM deficiency was confirmed through genetic
and functional analyses in three macaques, all of which devel-
oped hallmark features of A-T, including elevated AFP, conjunc-
tival telangiectasias, and hypersensitivity to radiation-induced
DNA damage.®?°" Importantly, the model displayed progressive
neurodegeneration in a primate-specific anatomical context,
underscoring the translational potential of NHPs for modeling
complex neurodegenerative processes.**%~%°

Longitudinal multimodal analyses including molecular assays,
MRI brain imaging, and behavioral testing revealed significant
cerebellar atrophy localized to the vermis and hemispheres,
with relatively preserved volumes in the cerebral cortex and hip-
pocampus. This cerebellar-specific degeneration correlated
with early-onset motor dysfunction (e.g., ataxic gait and stance),
phenocopying human A-T.5>°" By six months, ocular bulbar tel-
angiectasias emerged, a defining clinical marker of A-T, and
accompanied by systemic symptoms such as growth retarda-
tion, immune dysregulation, and elevated AFP levels.® Histolog-
ical analyses confirmed early Purkinje cell loss, indicating that
cerebellar degeneration initiates early in disease development.

To elucidate the molecular underpinnings of cerebellar
dysfunction, we performed snRNA-seq on over 121,000 cere-
bellar cells. Twelve distinct cell types were identified, including
a substantial reduction in Purkinje cells in ATM-deficient animals.
Although most cell types exhibited global transcriptional down-
regulation, Purkinje cells showed surprisingly few DEGs. In
contrast, MLIs (MLI1 and MLI2), which modulate cerebellar cir-
cuitry and provide critical support for Purkinje cells,*’ exhibit
pronounced transcriptional suppression. Gene enrichment ana-
lyses revealed downregulation of pathways involved in transla-
tion and transcription, particularly eukaryotic initiation factors
and ribosomal proteins, suggesting impaired protein synthesis
and neuronal support. These changes may contribute to Purkinje
cell vulnerability and dysfunction. Furthermore, spatial transcrip-
tomic analyses have identified primate-specific subtypes of Pur-
kinje cells and MLlIs, characterized by distinct gene expression
profiles and functional connectivity.>® These findings point to
evolutionarily conserved mechanisms that may underlie spe-
cies-specific patterns of cerebellar degeneration and highlight
the necessity of primate models for accurately capturing human
A-T pathology.

In summary, this ATM-deficient macaque model faithfully re-
capitulates the neurodevelopmental, neurodegenerative, and
systemic features of A-T, bridging a long-standing gap between
murine models and human disease. The identification of pri-
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mate-specific cellular and molecular signatures offers insights
into A-T pathogenesis and establishes a robust platform for ther-
apeutic discovery. Future studies leveraging this model to eval-
uate targeted therapies or gene therapy strategies could signifi-
cantly advance treatment development for A-T and related
cerebellar disorders.

Limitations of the study

We developed ATM-deficient macaques that mimic early-stage
features of human A-T, including motor deficits, cerebellar atro-
phy, and altered cerebellar gene expression. However, a key lim-
itation is the current focus on early manifestations. Understand-
ing the full course of A-T will require longitudinal studies
capturing late-stage phenotypes and broader systemic dysfunc-
tion, including the deep cerebellar nuclei, other brain regions,
spinal cord, immune system, tumor susceptibility, and reproduc-
tive health. Additionally, due to model availability and ethical
considerations, pathological and snRNA-seq analysis were con-
ducted at a single time point and restricted to male macaques.
This might preclude assessment of age- and sex-dependent
pathophysiological variations in A-T progression. While we
observed transcriptomic changes across cerebellar cell types,
the mechanisms underlying Purkinje cell vulnerability remain un-
clear. Future work should dissect ATM-dependent DNA repair,
metabolic regulation, oxidative stress pathways, and electro-
physiological properties in specific neuronal and glial popula-
tions to identify targets for preventing motor decline.

The rarity of A-T presents challenges for therapy development
and biomarker validation, underscoring the value of robust pre-
clinical models. Despite the limited number of surviving ATM-
deficient macaques, this model lays essential groundwork for
large-scale phenotypic screens and therapeutic discovery.
Finally, the absence of high-throughput, clinically translatable
readouts—such as serum biomarkers or non-invasive imag-
ing—limits the bridge to human applications. Future studies
should prioritize scalable, cross-species assays to enhance
translational potential.
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Flow cytometer BD Biosciences LSR Fortessa

NanoDrop Life technologies ND-1000

Microscope slide scanner Pannoramic 250 Flash I
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethical statement
All experimental processes in this study comply with the Animal Care and Use Institutional Committee of the Institutional Animal Care
and Use Committee of Kunming Institute of Zoology (IACUC20005), Chinese Academy of Sciences (CAS).

Animals

Throughout the experiment, the rhesus macaque (Macaca mulatta) was housed in a conditioned environment (temperature: 22 + 1°C,
relative humidity: 50% =+ 5%) with 12 h light/dark cycle. All animals were given a commercial monkey diet twice a day with tap water
and were fed fruits and vegetables once daily. Routine veterinary care was provided by professional keepers and veterinarians during
the entire process of experiments.

Cells

COS-7 cells (African Green Monkey Kidney Cell) were obtained from Conservation Genetics CAS Kunming Cell Bank and were
cultured at 37°C with DMEM media (Corning), 10% Fetal Bovine Serum (FBS) (Gibco), and 100 U/mL penicillin-streptomycin (Gibco).
Primary fibroblasts were derived from macaque ear skin and were cultured at 37°C with DMEM media (Corning), 10% FBS (Gibco),
and 100 U/mL penicillin-streptomycin (Gibco).

METHOD DETAILS

Preparation of gRNAs

The sgRNAs that target the ATM exon (designed using Guide Design Tools (https://www.zlab.bio/resources)) were inserted into the
pSpCas9(BB)-2A-Puro (PX459) vector and the constructed plasmids were transfected into COS-7 cells, followed by flow cytometry
sorting (Beckman). Genomic DNA of green fluorescent positive cells was extracted to verify the knockout efficiency (using PCR and
Sanger sequencing).

RNP preparation

Guide RNA1 5'-UUGUUUCAGGAUCUCGAAUCGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUU
GAAAAAGUGGCACCGAGUCGGUGCUUUU-3' and guide RNA2 5-CGGCAUUCAGAUUCCAAACAGUUUUAGAGCUAGAAAUAG
CAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU-3' were obtained from GenScript,
with the target RNA underlined. Cas9 protein was obtained from Invitrogen. In the preparation of ribonucleoprotein (RNP), the final con-
centration of single sgRNA was 133 ng/pL, and the final concentration of Cas9 protein was 300 ng/pL.

Oocyte collection and in vitro fertilization

Oocyte collection and fertilization were performed as previously described. % In brief, 3 healthy female cynomolgus monkeys aged
5-8 years with regular menstrual cycles were selected as oocyte donors for superovulation, which was performed by intramuscular
injection with rhFSH (recombinant human follitropin alpha, GONAL-F, Merck Serono) for 8 days, then rhCG (recombinant human cho-
rionic gonadotropin alpha, OVIDREL, Merck Serono) on day 9 Oocytes were collected by laparoscopic follicular aspiration 32 h after
rhCG administration. Follicular contents were placed in Hepes-buffered Tyrode’s albumin lactate pyruvate medium containing 0.3%
BSA at 37°C. Oocytes were stripped of cumulus cells by pipetting after a brief exposure (<1 min) to hyaluronidase (0.5 mg/mL) in
TALP-Hepes to allow visual selection of nuclear maturity metaphase Il (Mll; first polar body present) oocytes. The maturity oocytes
were subjected to intracytoplasmic sperm injection (ICSI) immediately and then cultured in CMRL-1066 containing 10% FBS at 37°C
in 5% CO.. Fertilization was confirmed by the presence of the second polar body and two pronuclei.
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Genotyping of mutant monkeys

To genotype ATM mutation in newborn macaques, a PCR product flanking the desired mutation site was amplified using high-fidelity
polymerase from blood and skin genomic DNA of all macaques, using primer forward: 5-TGCTGCCGTCAACTAGAACA-3' and
reverse: 5-TGCCTTGCATATGAATTTGGCA-3'. PCR products from individual macaques were TA-cloned into T-vector (Takara).
Ligation mixtures were transformed into competent Escherichia coli and plated onto plates with ampicillin selectivity. Individual bac-
terial colonies were picked up, and plasmid DNA was subjected to Sanger sequencing using M13 primer to examine various types of
indels and their percentages.

Fibroblast isolation and cell culture

The macaque skin obtained from the ear rim was disinfected with 75% ethanol, hair and fat tissue were removed, washed with PBS,
and then cut into small pieces and pasted on a Petri dish. Fibroblasts can be grown within a week. All cells were cultured in DMEM
high-glucose (Corning) medium containing 10% FBS (Gibco), 1% glutamine (Gibco), and 1% penicillin/streptomycin (Gibco). Culture
at 37°C in 5% CO..

Blood analysis

Before feeding in the morning, a professional veterinarian collected fresh whole blood from the monkeys’ upper arms. Whole blood
was immediately used for routine blood analysis after EDTA anticoagulation, and supernatant was centrifuged for alpha-fetoprotein
and immunoassay.

Behavior observation and analysis
Behavioral observation and analysis were performed by two independent trained observers with at least 80% inter-observer reli-
ability. None of the observers knew the genotype of the macaques.

Analysis of locomotive behaviors

The monkeys were observed alone in observation cages after weaning. The observation cage is similar to their home cage.** All mo-
tion behaviors were recorded continuously for 20 min every day, and all data were summarized to calculate the time distribution of the
range of motion in the cage and the scope of exploration.

Kinematics analyses of bipedal locomotion

The bipedal movement of animals was characterized by gait test and footprints. In a nutshell, each group of monkeys (n = 3) per-
formed bipedal exercise on a treadmill under restricted conditions with a customized device.'® After the macaques acclimated
(without biting the traction bar or making strange noises), the macaques were pulled to the treadmill for acclimation training at a start-
ing speed of 0.8 km/h. After running for 30 s in the first phase, the macaques were allowed to rest for 1-2 min and given a food reward.
The treadmill speed was adjusted to 1 km/h, 2 km/h or 3 km/h according to the animal adaptation state, but in actual operation, it was
found that some AT groups could not adapt to the speed of 3 km/h and above. Therefore, the subsequent fixed training speed was
1 km/h, 2 km/h, and 3 km/h, that is, each monkey trained three times a day. After 30 days of training, they can adapt to the treadmill,
eat the reward normally when resting, and do not become overly anxious when they return to the cage. After dipping the monkey’s
feet in diluted food coloring during the trail, the treadmill was turned on, and the monkey walked on the treadmill and recorded its gait.
Limb and joint movements were recorded by four cameras connected to the Kinema Tracer for Animal automated 3D Animal Gait
Analysis system. Gait data, including stride length, stride width, stride frequency and gait period, are recorded by measuring dis-
tance. Obtain data for successive steps for subsequent processing and analysis. The kinematic analysis was as follows: (i) food col-
oring was used to label both sides of the macaque’s joints, including the toe joints, ankle joints, knee joints, hip joints, and sacroiliac
joints; (ii) gait datasets were calculated using MATLAB (MathWorks, Natick, MA, USA). The parameters of each gait cycle (including
feature parameters and correlation coefficients) were extracted and normalized; (jii) 3D reconstruction 121, collecting 20-30 consec-
utive gait cycles, and analyzing the locomotion gait of monkeys. All parameter data of the three groups were analyzed and displayed.

Manual dexterity training and testing

Monkeys were trained on manual dexterity with a Kllver board, which contains cylindrical wells of five different sizes (10, 10.5, 11, 12,
and 13 mm in diameter, 7 mm in depth).'®* In the Kliiver board task, the board was placed on the floor in front of the cage, and mon-
keys retrieved small spherical food pellets (3 mm in diameter) from the wells. Monkeys were trained to retrieve the food pellets from
one of the five wells of different sizes for 30 min/day and 5 days/wk. On the first day of training, pellets were placed only in the largest
well. When the total pellets retrieved on a given day exceeded 500, the next smaller well was used on the following day. Training was
completed when the number of pellets retrieved from the smallest well exceeded 500 on 2 consecutive days. The Kliver board task
was also used in the test session, when the daily changes in manual dexterity were evaluated. The test session consisted of 50 trials;
in each trial, a pellet was placed pseudo randomly into a well such that 10 pellets were placed in each of the 5 differently sized wells
over the course of the session. Manual dexterity was also evaluated by a task in which monkeys grasped and retrieved a small piece
of food through a narrow vertical slit by using both the index finger and thumb. In this vertical slit task, the food piece (7 x 7 x 7 mmin
size) was positioned in the center of a slit (30 mm in height and 10 mm in width) located at shoulder height and at a sagittal distance of
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15 cm from the cage. This is a similar but slightly more difficult task than that used in our previous studies), which was performed with
the monkey sitting in a monkey chair. Monkeys reached their hand out between the cage bars in the present vertical slit task, and thus
a higher level of coordination between the hand and arm was required. The test sessions with the Kliver board task and vertical slit
task were conducted before and after the training session, respectively. Food was restricted for 14-18 h before the test/training ses-
sions with water available ad libitum. Supplemental feedings were given if adequate feeding was not obtained from the test/training
sessions.

Wisconsin General Test Apparatus

According to the WGTA protocol,®® monkeys were subjected to WGTA tests by trained technicians at the age of 1.5 years. The device
includes a test box for observing the subject’s activity, a display board with a food well for placing the reward, a test door connected
by a pulley rope to separate the subject from the display board, and an access door. All tests were conducted in a quiet and standard-
lit room.

MRI data acquisition

The brain of rhesus macaques was scanned regularly by a 3.0 T MRI machine (uMR 770, United Imaging Healthcare), and the
changes in brain volume were analyzed at the same time. To prevent gastric regurgitation caused by the anesthetic, each animal
was fasted for at least 6 h before MRI scanning. The animals in each group (n = 3) were scanned by MRI after anesthesia. Each animal
was given ketamine hydrochloride solution (10 mg/kg, i.m.) and atropine sulfate injection (0.05 mg/kg, i.m.) before MRI scan to induce
anesthesia and reduce bronchial and salivary secretions. Deep anesthesia was maintained with dexmedetomidine (0.05 mg/kg, i.m.).
3D T1-weighted images were acquired with these parameters: TR = 13 ms, TE = 5.6 ms, inversion time = 880 ms, FA = 8°, FOV =
96 mm x 80 mm, in-plane resolution of 192 um x 100 pm, slice thickness = 500 pm. Resting-state functional MRI data were acquired
with these parameters: TR = 1700 ms, TE = 29 ms, FA = 80°, FOV = 96 mm x 96 mm, in-plane resolution of 64 um x 100 pm, slice
thickness = 1500 pm.

Structural image processing

For structural image processing, we averaged all the T1 or T2 image of each subject using the ‘Averagelmages’ function of software
‘ANTs’'%° to get a finer image, then extracted the brain by the ‘BEN’ algorithm.'°® To obtain the cerebellar mask for each subject, we
registered the reference NMT-V2’s template to each subject’s high age (e.g., 21m) T1 image and apply the transformation by the
‘antsRegistrationSyN’ and ‘antsApplyTransforms’ of ANTs, and then registered the cerebellar mask from high age to low age within
the same individual. All cerebellar masks obtained were manually checked and corrected in the itksnaps96 for further analysis. The
cerebellar cortex were delineated into 17 regions on the template based on the paxinos atlas (including lingula | (I), central lobule Il (I1),
culmen Il (1l), declive IV (IV), lobule V (V), folium VI (VI),tuber VII (VII), pyramid VIII (VIIl), uvula IX (IX), nodulus X (X), simplex lobule (Sim),
paramedian lobule (Par), copula (Cop), flocculus (Fl), PFL (PFI), Crus I, and Crus Il).”" The cerebellar cortex regions were also regis-
tered to each subject space with a similar but more precise ‘cerebellum to cerebellum register’ methods. The regions images were
finally smoothed with 0.5 mm by the ‘3dLocalstat’ method of AFNI®® to remove artificial information.

Surface reconstruction and geometric analysis

The cerebellar outer contour surface were extracted by the cerebellar mask using the ‘mri_tessellate’ and ‘mris_extract_main_com-
ponent’ methods of Freesurfer,?® and the outer contour surface area was calculated using the wb_command -surface-vertex-areas
method of Connectome Workbench.®” For the analysis of the morphological, the first four geometric eigenmodes were generated by
the cerebellar outer contour surface using the eigenmode decomposition.'®” We use the maximum value minus the minimum value
for each geometric eigenmode to obtain the value used to represent the distance traveled by this geometric eigenmode, which rep-
resents the length of the change in the direction of this geometric eigenmode.

Functional MRI analysis

For the fMRI data, spike artifacts removing, slice-timing correction, head-motion correction were performed using 3dDespike,
3dTshift and 3dvolreg function of AFNI,*® respectively. The preprocessed fMRI data were spatially registered to the T1 or T2 images
of each subject by a rigid-body transformation and registered to the NMT-V2 template by an affine and a nonlinear transformation
using the “antsRegistrationSyN” routine of ANTs. The registered fMRI cerebellar data of were mapped to a 3D surfaces of cerebellum
and spatially smoothed with a 0.5 mm FWHM kernel on the cerebellar surface using the wb_command of Connectome Workbench.
And the registered fMRI cerebral cortex data were spatially smoothed with a 1 mm FWHM kernel on the volume space using the
3dBlurinMask function of AFNI.

Analysis of survival rate and apoptosis

Primary fibroblasts from macaque skin were plated in 6-multiwell plates different densities and treated after 48 h with increasing
doses of irradiation. After 5 days, cells were fixed and stained with crystal violet for cell counting. Apoptosis was identified by using
FITC Annexin V Apoptosis Detection Kit | (BD). Fibroblasts were plated in 6-multiwell plates and treated after 48 h with the indicated
treatments. After 12 h, cells were incubated as described by the manufacturers. Briefly, cells were rinsed three times in 1x PBS and
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then incubated in 1x PBS supplemented with Annexin V-FITC and Pl for 30 min at room temperature. FACS analysis for each sample
was carried out on an LSR Fortessa flow cytometer (BD Biosciences). Up to 30,000 cells were analyzed for each condition, and data
analysis was performed using FlowdJo software.

Tissue collection

Following a 24-month postnatal observation, a pair of sex- and age-matched macaques were anesthetized, and subsequently, a sa-
line solution was perfused systematically through heart. The tissues from different systems were then collected. Fresh tissues were
sampled and stored in freezing tubes in liquid nitrogen. The remaining tissues were fixed with 4% paraformaldehyde, embedded in
OTC (Leica) and cryopreserved in —80°C freezers.

Immunohistochemical and fluorescent staining

Animals were deeply anesthetized with dexmedetomidine (0.05 mg/kg, i.m.) and perfused with PBS (0.1 M). For immunohistochem-
ical analysis, the brain tissue was sectioned in paraffin slicer (Leica, HistoCore BIOCUT) at a thickness of 10 microns. Immunohis-
tochemical staining and hematoxylin-eosin (HE) staining were performed. Digital images taken using a slide scanner (Pannoramic,
250 Flash Ill). Immunohistochemical sections were washed three times with 0.01 M phosphate buffered saline (PBS, pH 7.4) and incu-
bated with primary antibody at 4°C overnight. After incubation of the primary antibody, the corresponding secondary antibody incu-
bated slices were left in the dark at room temperature for 3 h. Sections were covered with a lid containing DAPI (Abcam) and scanned
under a fluorescence microscope (Leica TCS SP8). The staining results were analyzed using the Imaged software.

Western blotting

Tissues were homogenized in RIPA buffer (containing 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% so-
dium deoxycholate, protease inhibitor cocktail and phosphatase inhibitor cocktail) on ice and then centrifuged at 1,000 g for 10 min at
4°C. The supernatant was stored at —80°C until use. Protein concentration was measured with BCA method. Approximately 30 pg
protein of each sample was loaded in on 10% SDS-PAGE and run at 120 V constant voltage. A constant current of 0.36 mA was used
for transblotting. Blots were probed with primary antibodies overnight at 4°C. After washing three times, blots were then incubated
with secondary antibody at room temperature for 2 h. Chemiluminescence was used to visualize protein bands.

In situ direct DNA fragmentation (TUNEL) assay

To measure damaged DNA in macaque cerebellum, a terminal deoxynucleotidyl transferase-mediated-dUTP nick-end labeling
(TUNEL) staining was used following the manufacturers protocol. As a positive C1, brain slides were treated with DNase to induce
DNA damage. Images were obtained by fluorescence microscopy.

Golgi stain

Tissue preparation and tissue staining were performed according to the manufacturer’s instructions, using the FD Rapid GolgiStain
kit (FD NeuroTechnologies, Inc.; PK401 Cell Systems Biology).’” Briefly, the cerebellar samples are 1.5-2 mm thick and immersed
into the dipping solution (solution of the same volume of A and B). After two weeks (first 24 h after solution change A/B), the tissue was
transferred to solution C and stored at room temperature for 72 h (first 24 h after solution change C), parts were transferred to PBS
and cut to 100 pm thickness using Vibratome (VT1200S; Leica). Imaging of Golgi-stained Purkinje neurons for Sholl analysis and den-
dritic analysis was performed using an Olympus FV1000 confocal microscopy system. Using ImagedJ software, Sholl analysis was
performed on each Purkinje neuron. Concentric rings each increased in radius by 10 um were layered around the cell body until den-
drites were completely encompassed. Dendrite length was measured within a concentric ring area and plotted. Branching points
(nodes) were reported as the number per concentric ring area. Intersections were determined as the number of points where the pro-
cesses crossed a concentric ring.

Transmission electron microscopy method

The samples were fixed overnight at 4°C using 2.5% glutaraldehyde in 0.1 M PBS (PH7.2), then washed with 0.1M PBS (PH7.2) three
times for 7 min. Afterward, samples were postfixed with 1% OsO, for 2h at 4°C, then washed with ddH,O three times for 7 min, fol-
lowed by serial ethanol dehydration and acetone transition for 5min, embedding in SPI pon 812 resin, polymerization at 60°C for 48 h.
Serial sections of uniform thickness, 60 nm for ultrathin sections, were made using a Leica EM UC7 ultramicrotome. Ultrathin sections
were then loaded onto Cu grids and double stained with 2% uranyl acetate and lead citrate before observations employing a JEM-
1400 Plus transmission electron microscope at 80 kv.

Nuclei isolation

The collected tissues were washed by 1x PBS, then quickly frozen and stored in liquid nitrogen. Nuclei extraction was separated by
mechanical extraction method.'?® Firstly, put the tissues into a 2 mL Dounce homogenizer set and thawed in homogenization buffer
(containing 20 mM Tris pH8.0, 500 mM sucrose, 0.1% NP-40, 0.2U/uL RNase inhibitor, 1x protease inhibitor cocktail, 1% bovine
serum albumin (BSA), and 0.1 mM DTT. Use Dounce pestle A to grind the tissue 10 times, filter with 70 um cell filter, and then grind
with Dounce pestle B 10 times, filter with 30 pm cell filter. Centrifuge at 500 g for 5 min at 4°C to pellet the nuclei, and resuspend in the
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blocking buffer containing 1% BSA and 0.2 U/uL RNase inhibitor in 1x PBS. Centrifuge again at 500 g for 5 min and resuspend with
Cell Resuspension Buffer (MGl).

Single-nucleus RNA library construction and sequencing

DNBelab C Series High-throughput Single-Cell RNA Library (MGI) was utilized for snRNA-seq library preparation. In brief, the single-
nucleus suspensions were converted to barcoded snRNA-seq libraries through steps including droplet encapsulation, emulsion
breakage, mRNA captured beads collection, reverse transcription, cDNA amplification, and purification. cDNA production was
sheared to short fragments with 250-400 bp, and indexed sequencing libraries were constructed according to the manufacturer’s
protocol. Qualification was performed using Qubit ssDNA Assay Kit (Thermo Fisher Scientific) and Agilent Bioanalyzer 2100. All li-
braries were further sequenced by the DNBSEQ-T7(MGI) sequencing platform with pair-end sequencing. The sequencing reads con-
tained 30-bp read 1 (including the 10-bp cell barcode 1, 10-bp cell barcode 2, and 10-bp UMIs (UMI)), 100-bp read 2 for gene se-
quences and 10-bp barcodes read for sample index.

Single-cell sequencing data processing
We used the DNBC4tools, which is a Python package for DNBelab Series Single-Cell analysis workflow to process the sequencing
reads of single-cell transcriptomics and align to rhesus macaque reference genome (Mmul_10), resulting in a preliminarily filtered
gene-by-cell expression matrix. The output was processed using Seurat v4.3.0.1."%° We then applied standard filtering (nGene >
200, nUMI > 200, nGene < 5000, nUMI < 25000, percent.mt < 5) and removed doublets (Assuming 7.5% doublet formation rate)
using doubletFinder_v3 function from DoubletFinder v2.0.3 (Figure S7B).”® The quality C1 statistics are listed in Table S1 and the
filtered violin plots are presented in Figure S1A. We used NormalizeData, FindVariableFeatures and ScaleData function of Seurat
to normalize and scale the Seurat object with LogNormalize method. And we used harmony (v1.2.0)'% to integrate the sample
snRNA-seq data of ATM-deficient (A1) and healthy C1 cerebellums (The annotated integration results are shown in Figure 7B).
We further quantified the proportion of A1 cells and C1 cells within each cell type (Figure 7D). Cell that passed the filtering and inte-
grating were clustered and annotated based on manual curation using published markers from human and mouse cerebellum.®'-'%°
Genes were differentially expressed between A1 and C1 were defined for each cluster using the FindMarkers function of Seurat.
And we performed GO enrichment analysis based on DEGs using enrich GO function of clusterProfiler (v4.6.0) package.*' To perform
intercellular communication analysis, we transformed the macaque genes to human genes using gprofiler2 (v0.2.3).5° CellChat
(v1.6.1)1%* was used to analyze receptor-ligand interactions using standard processing and comparison analysis between A1 and
C1 was performed based on human ligand-receptor interactions database.

QUANTIFICATION AND STATISTICAL ANALYSIS

For cellular and animal experiments, statistical parameters including statistical analysis and statistical significance reported in the
figure legends and supplementary figure legends were determined by two-tailed Student’s t test. GraphPad Prism 9 was used to
perform the bar graphs or line graphs. MRI analyses and visualizations were performed in MATLAB version 2020a (MathWorks),
ITK-SNAP Version 3.8.0, Connectome Workbench Version 1.4.2, AFNI Version 22.1.10, and Freesurfer Version 3.0. Bioinformatic
quantitative and statistical analyses of snRNA-seq data were performed using the R and python computational environment and
packages. More details can be found in the relevant sections of the method details.

ADDITIONAL RESOURCES

This study did not generate any additional resources.
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Figure S1. Generation of CRISPR/Cas9-mediated ATM-deficient macaques, related to Figure 1

(A) Conservation analysis of the ATM protein sequences showed the higher conservation ratio between macaque
and human compared with that of mouse, indicating the higher conservation between primates. Data from
UniProt: www.uniprot.org.

(B) Sequences and concentrations of the components used in the macaque embryo assay, including sgRNAs and
Cas9 protein.

(C-D) Different types of mutations identified by PCR-amplified ATM-DNA from sgRNAs/Cas9-injected
macaque embryos (C) and Sanger sequencing validation (D). WT, wild-type embryo; NC, negative control. (D)
Alignment of partial ATM sequences genotyped from embryo DNA, showing the specific mutations introduced
by the CRISPR/Cas9 editing.

(E) Editing efficiency of the embryos, indicating the proportion of successfully edited embryos.

(F) Schematic representation of the process used to generate ATM-deficient macaques via CRISPR/Cas9-
mediated genome editing. Scale bars: 50 pm and 50 mm.

(G) Summary of embryo microinjection and transplant procedures, detailing the injection of RNPs into macaque
embryos.

(H) Immunohistochemical staining for ATM in cerebellum sections from a control (C1; ATM"") and an ATM-
deficient macaque (A1; ATM™"). Scale bars: 2.0 mm (mid) and 100 um (left & right).
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Figure S2. Phenotypes in multiple systems of ATM-deficient macaques, related to Figure 2

(A) Cultured primary fibroblasts from macaque ear skin. Scale bar, 10 pm.
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(B-C) ATM-deficient fibroblasts show increased sensitivity to ionizing radiation and DNA damage. Relative
apoptosis rates of fibroblasts treated with etoposide (B, assessed by Annexin V/PI assay) and irradiation (C).

(D) Cell survival after irradiation at different doses, with the initial cell number indicated in parentheses.

Data in (B-D) are presented as mean + SEM, n = 3 macaques per group; *, p < 0.05; **, p <0.01; *x**, p <

0.0001; unpaired t-test.
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Figure S3. ATM-deficiency results in immune dysfunction in macaques, related to Figure 3

(A-C) Peripheral blood analysis of red blood cells (A), hemoglobin (B), and platelets (C) during development.
Data are presented as mean + SEM, with n = 3 macaques per group; n.s., no significance; unpaired t-test.

(D) Representative spleen images of control (C1; ATM"") and ATM-deficient (A1; ATM”") macaques at 24-
months. Scale bar, 2 cm.

(E-G) Immunohistochemical staining for CD3 (E) and CD20 (F) in axillary lymph node sections from control
(C1) and ATM-deficient (A1) macaques. CD3 marks T-lymphocytes, and CD20 marks B-lymphocytes. Scale
bar: left panels, 2 mm; right panels, 100 um. (G) Quantification of positive cells in (E) and (F). Data are
presented as mean + SEM from at least two sections, with counts from six different visual fields. *, p < 0.05; *x,
p <0.01; unpaired t-test.

(H) Representative images of hematoxylin and eosin (HE) staining of liver, kidney, and muscle tissues from
ATM-deficient (A1) and control (C1) macaques. Scale bar, 100 um.

(I) Quantification of IgG levels in macaque serum. Data are presented as mean + SEM, n = 3 macaques per
group; n.s., no significance; unpaired t-test.
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Figure S4. Behavior analysis of ATM-deficiency macaques, related to Figure 4

(A) Illustration of the workflow for behavioral experiments in all macaques.

(B) Accuracy of the Kliiver board test. The X-axis represents the number of learning days, the Y-axis represents
accuracy.

(C) Vertical slit test in macaques. The photographs show hand and digit movements of ATM-deficient (A1) and
control (C1) macaques. Images sequentially depict (step 1) the moment of contact between the index fingertip
and the slit, (step 2) the moment when the fingertips approach the food morsel, (step 3) contact of the thumb tip
with the food morsel, and (step 4) digits withdrawing from the slit. Scale bar, 1 cm.

(D-I) Accuracy in location-matched memory tasks with varying delays: no delay (D), 5 s delay (E), 10 s delay
(F), 15 s delay (G), 20 s delay (H), and 30 s delay (I). The X-axis represents the number of learning days, and
the Y-axis represents accuracy.

Data in (B-I) are presented as mean + SEM, n = 3 macaques per group; n.s., no significance; unpaired t-test.
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Figure SS5. MRI analysis ATM-deficiency macaques, Related to Figure 5

(A) T1-weighted structural images of the cerebellum from 21-month-old control macaques (/eff) and ATM-
deficient macaques (right). Scale bar, 1 cm.

(B) Surface area of the outer contour of the cerebellum in control (47M*"*; blue) and ATM-deficient macaques
(ATM”; red) over time. n = 3 per group, *x, p < 0.01; *x*%, p < 0.0001; n.s., no significance; unpaired t-test.
(C) The brain volume excluding the cerebellum in control macaques (ATM""*, blue) and ATM-deficient
macaques (ATM”", red) at various time points. no significance; unpaired t-test.

(D) Differences in the first four geometric eigenmodes of the cerebellum between ATM-deficient and control
groups. n = 3 per group; **, p < 0.01; ****, p <0.0001; n.s., no significance; unpaired t-test.

(E) Average functional connectivity (FC) of cerebellar-to-cerebral pathways, with differences between ATM-

deficient and control macaques.
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Figure S6. ATM-deficiency results in cerebellar-specific degeneration in macaques, related to Figure 6
(A-D) No major structural abnormalities were detected in the ATM-deficient cerebrum. Representative HE-
stained sections of the prefrontal cortex (A) and the hippocampus (B) from an ATM-deficient (A1; ATM”") and a
control (C1; ATM"") macaque. Scale bar: 200 um in (A); 100 pm (flank panels) and 1 mm (center panel) in (B).
(C-D) Quantification of prefrontal cortex thickness (C) and hippocampus cell numbers (D). Data are presented
as mean = SEM from at least two sections, with counts from ten different visual fields. n.s., no significance;
unpaired t-test.

(E-F) Immunofluorescence staining of diverse cerebellar cells. (E) Representative immunofluorescence images
for Purkinje cell (ALDOC; purple), astrocyte (GFAP; green), and microglia (IBA1; red). Scale bar: 50 um (flank
panels) and 2 mm (center panel). (F) Quantification of (E). Data are presented as mean + SEM from at least two
sections, with counts from six different visual fields. **, p <0.01; n.s., no significance; unpaired t-test.

(G-H) DNA damage (G) and cellular apoptosis (H) were increased in ATM-deficient cerebellum (A1; ATM™).

(G) Representative images of TUNEL staining show green fluorescence (arrows) (/eff), indicating positive



TUNEL staining; nuclei are counterstained with DAPI (blue). Quantitative analysis of TUNEL-positive cells in
cerebellar vermis (right). (H) Representative images of cleaved caspase-3 staining show green fluorescence
(arrows) (/eft), indicating positive cleaved caspase-3 staining; Purkinje cells and nuclei are co-stained with
aldolase C (ALDOC; red) and DAPI (blue), respectively. Quantitative analysis of cleaved caspase-3-positive
cells in cerebellar vermis (right). Scale bar, 100 um. Data are presented as mean = SEM from at least two

sections, with counts from at least five different visual fields. *x*, p <0.001; unpaired t-test.



nFeature_RNA nCount_RNA percent.mt
a0 25000 s
4000 20000 4
15000 3
3000 © Doublet
© Singlet
10000 2
2000
bﬂ 6 5000 1
1000 “ ‘ h
H ‘ J“i . L
0
NER RN AN RN R NERE NN AN MY DI ANT DI DI DD
RSP ST SRR SRR E
EGF
K —-—
C o ATM** o ATM** D e
A ATM A ATM* SEMAG{ =
Eukaryotic Initiation Factor-related Genes Expression In MLI1 Ribosomal Protein-related Genes Expression In MLI1 poGr | —
3 06 Cp4s |
g cD22{ =
H 10 04 sppq| —
I% PERIOSTIN { M
g 05 0.2 LicAm | m==
£ ez |
=
LRSI FPIL S IES I I F o > cLon |
SELEEELS SPLEEE F e f&ef*ﬂf'g & ¢ wecrv | [ P
coH { -
°© ATM** ° ATM** o = e
4 ATM AYATMZ LAMININ _-
Eukaryotic Initiation Factor-related Genes Expression In MLI2 Ribosomal Protein-related Genes Expression In MLI2 psap | -
3 08 NCAw | [
g 10 = ChL 0.132 ontv| -
§ 5 04 i p—
g § 0.10 NRG | —
os 02 g° | I
§ 5 co3o | [
TS S ST SN NI & 20 S & 2 B 005 0.039 |
& f@«n&@ﬁép &Q}«*;},(»?Z«@Qé SELE & 59& & q,,épqc;é’:@* & ® : NEGR | [E—
& K& & & & & 2 NRXN |
< c —
= 0.00 Jav{
ATM ** ATM* Epvia | [
ATM 00 01 02 03 o4
F ATM 7 Information flow
p <222e-16 03 p=2.3e-08 p=027 p<222e-16 p=87e-10 p = 0.00034
04 — . —— 03 — — — —
E E 0.3 03
E 0.3 02 0.2
0.2 0.2
® ¥
c 02 02
B 0.1 0.1
% 0.1 0.1 0.1 0.1
S
Q2 00 0.0 0.0 0.0 0.0 0.0
$ Granule BG MLI1 MLI2 oL AS
=
= p=0.013 p =0.002 p=0.22 p =0.063 p=0.81 p=07
< — — —_— — — 0.3 —
% 03 0.3 0.20
2 02 . 0.2
8 02 0.2 . 0.2
»n 0.10
) 0.1
g o1 01 ol 005 0.1
3 !
0.0 0.0 0.0 0.00. 0.0 0.0
OPC Mic Golgi Endo Purkinje PLI

Figure S7. Single-cell transcriptomic atlas of neural cell types in the cerebellum of ATM-deficient
macaque and control, related to Figure 7

(A) Violin plots displaying quality control metrics for single-cell transcriptome sequencing post-filtering. From
left to right: the number of detected genes per cell, total RNA molecules per cell, and the percentage of
mitochondrial gene expression. Each subregion has two technical replicates.

(B) Detection and filtering of doublets within the single-cell dataset.

(C) Expression levels of genes related to Eukaryotic Initiation Factor (EIF) and ribosomal protein functions in
MLI1 (top) and MLI2 (below).

UMAP visualization showing the integration of single-cell datasets from ATM-deficient (A1; ATM”) and
control (C1; ATM"") macaques.

(D) Overview of the intercellular communication networks in the interaction strength, the blue edge represents a



decrease in the interaction strength in A1 compared with C1 (fop). Decrease interaction strength among the cells
in A1 relative to C1 (below).

(E) Bar plots ranking signaling axes by overall information flow in the interaction networks of C1 and Al. The
signaling pathways colored red are enriched in C1, and these colored green were enriched in Al.

(F) Gene score of 10 ATM-interacted genes in 12 types of cerebellar cells. Genes included in this analysis are:
MSH?2, MSH6, NBN, TP53, MRE11, ATR, MDC1, TP53BP1, CHEK2, BRCAI.

AS, astrocyte; Endo, endothelial cell; Mic, microglia; MLI, molecular layer interneuron; PLI, Purkinje layer
interneuron; OL, oligodendrocyte; OPC, oligodendrocyte precursor cell; BG, Bergmann glia; Granule, granule

neuron; Golgi, Golgi neuron; Purkinje, Purkinje cell.



Table S1. List of cerebellum regions sampled in this study.

Samples name Macaque ID Cerebellum regions Number of cells in scRNA-seq dataset Median UMI counts per cell Median genes per cell
Al1-PL-1 posterior lobe 8053 1064 634
A1-PL-2 posterior lobe 8912 947 582
Al-AL-1 anterior lobe 4943 1350 796
Al-AL-2 A1-21365 anterior lobe 6693 1173 712
Al1-FL-2 Flocculus 3975 1484 815
Al1-SV-1 Superior vermis 14278 434 307
Al1-SV-2 Superior vermis 12516 457 323
WI1-PL-1 posterior lobe 7567 1366 821
W1-PL-2 posterior lobe 8408 1482 910
WI1-AL-1 anterior lobe 7542 1749 1011
WI1-AL-2 anterior lobe 8611 1780 1035
W1-FL-1 121367 Flocculus 6856 1565 893
WI1-FL-2 Flocculus 10780 1456.5 873
W1-SV-1 Superior vermis 6612 1636.5 977
WI1-SV-2 Superior vermis 6045 1886 1086

Cell counts for snRNA-seq are final counts after all quality control filters have been applied.



Table S2. The number of differentially expressed genes per cell type.

Cell type Up-regulation of Al Down-regulation of Al
Granule 1605 2126
BG 1342 1702
MLI1 922 3209
MLI2 2282 3078
OL 1556 1798
AS 1021 2501
Endo 63 888
Golgi 259 1973
Mic 714 2265
OPC 131 1131
Purkinje 85 814
PLI 139 689

AS, astrocyte; Endo, endothelial cell; Mic, microglia; MLI, molecular layer interneuron; PLI, Purkinje layer interneuron; OL, oligodendrocyte; OPC, oligodendrocyte

precursor cell; BG, Bergmann glia; Granule, granule neuron; Golgi, Golgi neuron; Purkinje, Purkinje cell.



