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Elevated nonhomologous end-joining by
AATF enables efficient DNA damage repair
and therapeutic resistance in glioblastoma

Lanjuan Mi1,2,9, Yan Cai1,9, Ji Qi3,9, Lishu Chen1, Yuanyuan Li1, Songyang Zhang1,
Haowen Ran1, Qinghui Qi1, Cheng Zhang1, Huiran Wu1, Shuailiang Cao1,
HaohaoHuang1,4, DakeXiao1,5, XinzhengWang1, Bohan Li3, JiongXie3, Fangye Li6,
Qiuying Han1, Qiulian Wu7,8, Tao Li 1, Ailing Li1, Jeremy N. Rich 7,8 ,
Tao Zhou 1 & Jianghong Man 1

Glioblastoma (GB) is a highly aggressive brain tumor resistant to chemor-
adiotherapy, largely due to glioma stem-like cells (GSCs) with robust DNA
damage repair capabilities. Here we reveal that GSCs enhance their DNA repair
capacity by activating non-homologous end-joining (NHEJ) through upregu-
lation of the apoptosis antagonizing transcription factor (AATF), thereby
promoting therapeutic resistance in GB. AATF interacts with XRCC4, a core
NHEJ subunit, preventing its degradation via ubiquitin-mediated proteasomal
processes. Upon DNA damage, AATF undergoes phosphorylation at Ser189 by
ATM, leading to its dissociation from XRCC4 and rapid recruitment of XRCC4
to DNA break sites for efficient NHEJ repair. Moreover, AATF depletion or
deficient AATF phosphorylation impedes NHEJ in GSCs, sensitizing GB xeno-
grafts to chemoradiotherapy. Additionally, elevated levels of AATF inform
poor prognosis in GB patients. Collectively, our findings unveil a crucial
role of AATF in XRCC4-mediated NHEJ repair, and underscore targeting
AATF as a potential strategy to overcome GB resistance to
chemoradiotherapy.

Glioblastoma (GB) is an incurable primary brain tumor with dismal
prognosis1,2. While chemoradiotherapy is the most effective non-
surgical treatment for GB patients, therapeutic resistance is universal1.
Glioma stem-like cells (GSCs) contribute to therapeutic resistance by
efficiently repairing DNA damage and maintaining genomic stability,
allowing them to survive and grow despite DNA damage3–8. However,
the molecular mechanism underlying GSCs’ ability to repair DNA
damage remains incompletely understood, presenting a major obsta-
cle in improving GB treatment outcomes. A deeper understanding of

the DNA damage repair features of GSCs can offer insights into glioma
biology and new treatment possibilities for this devastating disease.

Chemoradiotherapy induces various types of DNA damage, with
DNA double-strand breaks (DSBs) being particularly detrimental as
they can result in chromosomal abnormalities, genomic instability,
and cell death if left unrepaired9,10. There are two major pathways for
repair of DSBs: homologous recombination (HR) and non-homologous
end joining (NHEJ)11–13. HR is an error free process that occurs in the S
and G2 phases of the cell cycle. In contrast, NHEJ, which is an error-
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prone and end-to-end ligation process, can occur at any time during
the cell cycle12 and considered the primary mechanism for repairing
DSBs in human cells13,14. Upon encountering DSBs, NHEJ is initiated by
the binding of the Ku70/80 heterodimer to the free DNA ends, facil-
itating the assembly of essential NHEJ components such as DNA-
dependent protein kinase catalytic subunit (DNA-PKcs), X-ray repair
cross-complementing protein 4 (XRCC4), and DNA ligase IV (LIG4).
The Ku-DNA-PKcs complex plays a crucial role in bringing together the
broken DNA ends. Subsequently, XRCC4 forms a complex with and
stabilizes LIG4,which is subsequently recruited toDNAends to seal the
broken DNA12–15. However, the regulation of XRCC4 protein and its fate
after translation but before recruitment to DSBs are poorly under-
stood. Although deleterious variants of NHEJ genes increase the risk of
GB16–18, NHEJ regulation in GB therapeutic resistance warrants addi-
tional investigation.

In this work, we demonstrate that GSCs repair DNA damage effi-
ciently by activating the NHEJ pathway through increasing apoptosis
antagonizing transcription factor (AATF) levels. We find that AATF
binds to XRCC4, the core component of the NHEJ complex, and pre-
vents its proteasomal degradation. In response to DSBs, ATM phos-
phorylatesAATF, causing its dissociation formXRCC4andallowing the
rapid recruitment of XRCC4 to DSB sites to initiate NHEJ repair, thus
promoting GSCs’ therapeutic resistance. Therefore, these findings
identify AATF as a regulator for XRCC4-mediated NHEJ pathway, sug-
gesting that targeting NHEJ may aid in overcoming GB resistance to
chemoradiotherapy.

Results
GSCs exhibit strong capability to repair DNA damage
To investigate the DNAdamage repair capability of glioma stem-like cells
(GSCs), we utilized preclinical orthotopic GB xenografts. The GSCs were
obtained from GB patients and were functionally characterized in pre-
vious studies19–22. We intracranially implanted GSCs into BALB/c nude
mice to established orthotopic GB xenografts for twenty days, and
treated themwith ionizing radiation (IR) (3Gy) to simulate radiotherapy.
Immunohistochemical (IHC) staining demonstrated the typical patholo-
gical features of GB, including hyperchromatism, pleomorphism, exten-
sive necrosis, and proliferating blood vessels (Supplementary Fig. 1a).We
performed co-immunofluorescence (co-IF) staining with SOX2, a stem
cellmarker, andhistoneH2AXphosphorylation (γ-H2AX), aDNAdamage
marker, inGBxenografts treatedwith IR for 24h. The results showed that
SOX2+ cells (enriched in GSCs) accumulated less γ-H2AX induced by IR
compared to SOX2− cells (Fig. 1a and Supplementary Fig. 1b). Moreover,
co-IF staining with SOX2 and cleaved-caspase 3 (CCP3) revealed that less
apoptosis was occurred in SOX2+ cells in GB xenografts treated with IR
(Supplementary Fig. 1c). In human GB specimens, the SOX2+ cells had
lower γ-H2AX accumulation compared to SOX2− cells in tumors (Sup-
plementary Fig. 1d), validating that GSCs are less susceptible to DNA
damage than differentiated GB cells (DGCs).

We next separated untreated GB xenografts into GSCs and DGCs
using magnetic sorting for CD133, a surface marker commonly
expressed in GSCs23, and exposed these two cell populations to IR. IF
staining showed that IR treatment caused an accumulation of γ-H2AX
foci in both cell populations within 30min (Fig. 1b). However, the γ-
H2AX levels returned to the pre-IRbasal levels within8 h inGSCs, while
they remained elevated in DGCs (Fig. 1b), suggesting an efficient DNA
damage repair in GSCs. This observation was further supported by IB
analysis in GSCs and DGCs treated with IR (Supplementary Fig. 1e).
These results suggest that GSCs possess strong DNA damage repair
capability, which may contribute to their resistance to treatment.

AATF is highly expressed and involved in DNA damage repair
in GSCs
To investigate the potential mechanisms responsible for the strong
DNA damage repair capability of GSCs, we conducted a screening

using liquid chromatography tandem mass spectrometry (LC-MS/MS)
on proteins specifically expressed in GSCs and GBs. Two GSCs and
their corresponding DGCs, as well as four freshly dissociated human
GB cells and non-malignant immortalized normal human astrocytes
(NHAs), were included in the analysis (Fig. 1c). We identified 7 proteins
consistently elevated, and 11 proteins consistently decreased, in GSCs
and GB cells compared to DGCs and NHAs (Fig. 1d and Supplementary
data 1). To determine the role of the upregulated proteins in DNA
damage repair capability in GSCs, we employed small hairpin RNA
sequences (shRNAs) to knock down the expression of 7 elevated pro-
teins in GSCs. IB analysis revealed that knockdown of AATF resulted in
a significant accumulation of γ-H2AX in GSCs compared to cells
expressing non-targeting shRNA (shNT) (Fig. 1e). However, among the
other 6 proteins, only knockdown of PNPH slightly increased the γ-
H2AX levels (Supplementary Fig. 1f), indicating that AATF may be
involved in DNA damage repair in GSCs.

AATF (apoptosis antagonizing transcription factor) is an evolu-
tionarily conserved RNA polymerase II-binding protein. Studies have
indicated that AATF may regulate DNA damage response (DDR), but
the underlying molecular mechanism remains elusive24,25. We con-
ducted IF analysis and found that AATF-KDGSCs exhibited an increase
in γ-H2AX foci compared to shNT cells (Fig. 1f). Neutral comet assays
confirmed that AATF depletion resulted in DNA damage, as evidenced
by an increase in the percentage of cells with comet tails observed in
AATF-KD GSCs (Supplementary Fig. 1g). Furthermore, to evaluate
whether the effects of AATF on DNA damage have broader relevance
across different cell types, we depleted AATF expression in U2OS
(osteosarcoma), HCT116 (colon cancer), Capan-1 (pancreatic cancer),
and HEK293 cells. IB analysis showed that depletion of AATF caused a
consistent increase in γ-H2AX levels in these cells (Supplementary
Fig. 2a). Additionally, we compared the kinetics of accumulations of
γ-H2AX and cleaved caspase-3 in AATF-KD GSCs. Knockdown of AATF
led to an accumulation of γ-H2AX at 12 h post-AATF-KD, while an
increase in cleaved caspase-3 levels was observed from 36 h post-
AATF-KD (Supplementary Fig. 2b), indicating that the increased DNA
damage induced by AATF depletion is not an indirect consequence of
the elevated apoptosis.

Notably, IB analysis revealed that AATF protein levels were con-
sistently elevated in multiple GSC lines compared to the matched
DGCs (Fig. 1g). Additionally, GSCs and primary GB cells, which were
isolated from human primary GB specimens then sorted using the
surface marker CD133 and cultured in serum-free stem cell medium,
exhibited higher AATF protein levels compared to human neural stem
cells (NSCs), neural progenitor cells (NPCs), and normal human
astrocytes (NHA) (Fig. 1h). However, qPCR analysis showed that AATF
mRNA levels were not consistently upregulated in GSCs or GB cells
compared to their respective controls (Supplementary Fig. 2c, d),
indicating that the increase in AATF protein may be regulated post-
transcriptionally. The upregulation of AATF protein in GSCs was fur-
ther confirmedby IB analysis inCD133+ cells compared toCD133− cells
freshly sorted from three human GB specimens (Fig. 1i). Moreover, co-
IF staining of human GB specimens revealed that AATF was highly
expressed in SOX2+ cells, but was low in GFAP+ (glial fibrillary acidic
protein) cells (Fig. 1j and Supplementary Fig. 2e). In contrast, CD45+
(immune cells), CD3+ (T cells), CD68+ (macrophages) and CD31+
(vascular endothelial cells) cells were negative for AATF expression
(Supplementary Fig. 2e), suggesting that AATF is primarily expressed
in GSCs.

To investigate the correlation between AATF expression and DNA
damage in GB tissues in vivo, we performed co-IF staining and found
that IR-induced γ-H2AX occurred less frequently in AATF+ cells com-
pared to AATF− cells in mouse GB xenografts (Supplementary Fig. 2f).
In humanGB tissues, AATF+ cells exhibited lower levels of γ-H2AX than
AATF− cells (Fig. 1k). Moreover, IHC staining with the serial sections
from 15 human GB specimens revealed an inverse correlation between
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AATF expression and γ-H2AX levels (Fig. 1l). Together, our findings
suggest that AATF is highly expressed in GSCs and may play a role in
promoting DNA damage repair in GSCs.

AATF is required for efficient DNA damage repair in GSCs
To investigate the role of AATF in DNA damage repair in GSCs, we
treated shNT and AATF-KD GSCs with IR. IB analysis showed that the
accumulation of γ-H2AX induced by IR was eliminated in shNT GSCs
after 1 h, while AATF-KD GSCs exhibited a continuous increase in γ-

H2AX levels (Fig. 2a). IF staining confirmed the significant elevation of
γ-H2AX foci in AATF-KD GSCs following IR exposure (Fig. 2b), sug-
gesting that AATF depletion inhibits DNA damage repair. Con-
cordantly, the expression of Flag-tagged AATF, but not a Flag-vector,
decreased γ-H2AX levels in GSCs following IR treatment (Fig. 2c, d).
Additionally, ectopic expression of Flag-AATF in DGCs, which express
low endogenous AATF, also diminished γ-H2AX accumulation in
response to IR (Supplementary Fig. 3a, b). These results suggest that
high levels of AATF promotes efficient DNA damage repair.
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To examine whether AATF is necessary for GSC resistance to IR,
we conducted a cell survival analysis. The CellTiter-Glo assay revealed
that AATF-KD GSCs showed reduced cell survival upon IR exposure
compared to shNT GSCs (Fig. 2e, left). Reciprocally, both GSCs and
DGCs expressing Flag-AATF were more resistant to IR treatment than
cells expressing Flag-vector (Fig. 2e, right and Supplementary Fig. 3c).
Moreover, the combined AATF-KD and IR treatment increased GSC
apoptosis compared to each monotherapy, as evaluated by flow
cytometry. Conversely, GSCs expressing Flag-AATF showed a decrease
in GSC apoptosis induced by IR (Supplementary Fig. 3d). Together,
these results suggest that high levels of AATF promote radioresistance
of GSCs.

Targeting AATF sensitizes GB to chemoradiotherapy
To investigate whether targeting AATF enhances GB sensitivity to
radiotherapy, we established orthotopic GB tumors by transplanting
GSCs expressing luciferase and doxycycline (Dox)-inducible shAATF
into the brains of nude mice. On day 9 after transplantation, we ran-
domly divided the tumor-bearing mice into groups and treated them
with Dox (daily in drinking water), IR (3Gy, once a week, three times),
or a combination treatment (Fig. 2f, g, left) Bioluminescence imaging
(BLI) revealed that inducible-KD of AATF inhibited tumor growth
compared to the shNT group mice (Fig. 2f, g and Supplementary
Fig. 3e) and extended survival inmicebearing either of twoGBpatient-
derived xenografts (Fig. 2h). IR monotherapy also inhibited GB tumor
growth (Fig. 2f, g). Notably, the combination therapy showed superior
antitumor benefit over either monotherapy and conferred the largest
improvement in survival in both GB xenografts (Fig. 2f–h).

To confirm the role of AATF in promoting GSC resistance to DNA
damage, we knocked out (KO) AATF expression in GSCs using CRISPR-
Cas9 technology. Consistent with our previous findings, AATF-KO
using two different sgRNA sequences led to increased γ-H2AX levels in
GSCs and sensitized them to IR treatment (Supplementary Fig. 3f, g).
Notably, AATF-KO significantly inhibited GB xenograft growth,
enhanced the tumor response to IR treatment, and prolonged the
survival period of tumor-bearing mice (Supplementary Fig. 3h–j).
These results suggest that targeting AATF sensitizes GB to
radiotherapy.

To testwhether losing AATF increased IR-inducedDNAdamage in
GSCs in vivo, we performed co-IF staining in the GB xenografts tested
above. Compared to control group, both inducible-KD of AATF and
AATF-KO increased γ-H2AX staining in SOX2+ tumor cells, and the
combination therapy led to a further elevation of γ-H2AX levels in
SOX2+ tumor cells (Fig. 2i; Supplementary Fig. 3k). Moreover, co-IF
staining with antibodies against cleaved-caspase3 (CCP3) and SOX2
revealed that the combination therapy induced a higher rate of GSC
apoptosis compared to all other experimental groups (Fig. 2j). These

data suggest that targeting AATF inhibits DNA damage repair in GSCs
and improves radiotherapy efficacy in GB.

Temozolomide (TMZ) is a critical chemotherapeutic agent indu-
ces DNA damage in tumor cells and used to treat GB1,2. To further
investigate the role of AATF in cellular response to TMZ, we treated
AATF-KD GSCs with TMZ. IB analysis revealed that TMZ treatment
increased γ-H2AX levels in shNT GSCs, with a more increase observed
in the GSCs with AATF knockdown (Fig. 2k). In addition, in orthotopic
GB tumor models, BLI analysis demonstrated that TMZ treatment
inhibited tumor growth compared to the control group (Fig. 2l).
Notably, combining AATF inducible-KD with TMZ treatment resulted
in enhanced antitumor effects compared toTMZmonotherapy and led
to the most significant improvement in survival (Fig. 2l, m).

Recurrence of GB is nearly universal, and patients with recurrent
GB fare even worse1. To investigate the long-term impact of AATF
absence on tumor recurrence after radiotherapy, we established a GB
xenograft recurrence model. GSCs were intracranially implanted in
nude mice for 12 days, and then the mice were treated with IR (3 Gy,
every three days, four times). BLI revealed that tumors were sig-
nificantly decreased or undetectable after IR treatment at day 22, fol-
lowed by tumor regrowth starting from day 29, indicating a tumor
recurrence (Supplementary Fig. 3l, m). Notably, inducible knockdown
of AATF sensitized tumors to IR treatment and delayed tumor recur-
rence up to day 43 (Supplementary Fig. 3l, m). These results suggest
that depletion of AATF enhances GB xenograft sensitivity to radio-
therapy and delays long-term tumor recurrence.

AATF interacts with XRCC4 and promotes NHEJ repair
To investigate howAATFpromotes DNAdamage repair, we conducted
an immunoprecipitation (IP) of endogenous AATF and LC-MS analysis
to identify potential binding partners of AATF in GSCs. XRCC4 (X-Ray
Repair Cross Complementing 4), an essential core component of the
non-homologous end-joining (NHEJ) pathway26, was identified as a
putative interaction partner of AATF (Supplementary Fig. 4a and
Supplementary data 2). Mammalian cells use two major DNA double-
strand break (DSB) repair pathways: NHEJ and homologous recombi-
nation (HR)12. We first experimentally confirmed AATF-XRCC4 inter-
action using co-IP experiments with Flag-AATF or Flag-XRCC4 in
293T cells (Supplementary Fig. 4b). Moreover, an in vitro GST pull-
down assay using purified GST-tagged XRCC4 protein revealed that
AATF bound to XRCC4 directly (Supplementary Fig. 4c). IP assays with
anti-AATF or anti-XRCC4 antibody showed a strong interaction
between endogenous AATF and XRCC4 in both GSCs and 293 T cells
(Fig. 3a and Supplementary Fig. 4d, e).

Additionally, we observed a modest interaction between AATF
and DNA ligase IV (LIG4), but not with other NHEJ components like
Ku80 or DNA-PKcs12,13 (Fig. 3a and Supplementary Fig. 4d). Previous

Fig. 1 | AATF is highly expressed and involved in DNA damage repair in GSCs.
a Co-immunofluorescent (co-IF) staining of γ-H2AX and SOX2 in orthotopic GB
xenografts treated with IR (3Gy) for 24h. Nuclei were counterstained with Hoechst
(blue). Left: representative images; scale bars, 20μm. Middle: quantifications of
γ-H2AX foci, each point represents a single cell (n = 4, biologically independent
samples). Right: the percentages of γ-H2AX+ cells, each point represents a biolo-
gically independent sample. b IF staining of γ-H2AX in 4121 GSCs and matched
DGCs treated with IR (3Gy). Nuclei were counterstained with Hoechst (blue). Left:
representative images; scalebars, 10μm.Right: quantifications of γ-H2AX foci, each
point represents a single cell (n = 3, biologically independent experiments).
c, d Schematic model for LC-MS/MS identifying differentially expressed proteins
(DEPs) in GSCs and GB cells. Venn diagram (c) and heatmap analysis (d) of DEPs in
GB cells vs. NHAs and GSCs vs. DGCs (p <0.01, fold change > 2.0). e Immunoblot
(IB) analysis of γ-H2AX and AATF levels in GSCs and NHA. Cells transduced with
shNT or shAATFs (independent sequences). f IF staining of γ-H2AX in 4121 GSCs
transducedwith shNTor shAATFs. Nuclei were counterstainedwithHoechst (blue).
Left: representative images; Scale bars, 10μm.Right: quantifications of γ-H2AX foci,

each point represents a single cell (n = 3, biologically independent experiments).
g,h IB analysis of expressionof indicated proteins inGSCs and theirmatchedDGCs
(g), in GSCs, primary GB cells, NPCs, NSCs, and NHAs (h). i Tumor cells isolated
from three GB patient samples. CD133+ and CD133- cells sorted using magnetic
microbeads (left). IB analysis of AATF and XRCC4 in sorted cells (right). j, k Co-IF
staining of AATF and SOX2 (j), or γ-H2AX (k) in 3 humanGB specimens. Nuclei were
counterstainedwith Hoechst (blue). Left: representative images; Scale bars, 20μm.
Right: quantifications of γ-H2AX or AATF intensity, each point represents a single
cell (n = 3, biologically independent samples). l Immunohistochemical (IHC) ana-
lysis of AATF and γ-H2AX in human GB specimens. Left: representative images;
Scale bars, 50μm. Right: Pearson correlation (two-sided) analysis of AATF and γ-
H2AX IHC scores in 15 GB samples. Labels hGB#3, hGB#28, hGB#35, and hGB#68
refer to individual GB tumor specimens. For IB, protein levels were normalized to
GAPDH or Tubulin. Independent experiments were performed three times with
similar results (e, g, h, i). Data represent mean± SD of at least three independent
experiments (a, b, f, j, k). Unpaired two-sided Student’s t-test. Source data are
provided as a Source Data file.
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studies have demonstrated that XRCC4 and LIG4 form a complex12,13.
To assess whether XRCC4mediates the interaction between AATF and
LIG4, we knocked down XRCC4 expression in GSCs. The IP assay
showed that knockdown of XRCC4 disrupted the interaction between
AATF and LIG4 (Supplementary Fig. 4f).

AATF comprises an acidic domain at its N-terminus followedby an
AATF/Che-1/Traube superfamily-specific domain (AATFD), which
consists of two conserved subdomains (AATFD-N and AATFD-C)27

(Fig. 3b, left). To interrogate the structural AATF interactions with
XRCC4, we generated and expressed several Flag-tagged truncations
constructs of AATF and the full length (FL) mCherry-XRCC4 in 293 T

cells. Co-IP experiments showed that deletion of D-N subdomain in
AATF disrupted the interaction of AATF-XRCC4 (Fig. 3b, right).
Moreover, we found that 50 residues in the AATFD-N subdomain
(331–380 aa) were required for AATF-XRCC4 interaction (Fig. 3c).
Additionally, we also identified thatboth theHeadandCTRdomains of
XRCC4 interact with AATF by performing GST-pull down assays
(Supplementary Fig. 4g).

To determine whether NHEJ is involved in the observed AATF-
mediated DNA damage repair, we utilized two commonly used GFP-
based reporters: EJ5-GFP and DR-GFP (Supplementary Fig. 4h), which
provide readouts for NHEJ and HR activity, respectively28. Flow
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cytometry analysis revealed that AATF-KD inhibited NHEJ repair
activity (Fig. 3d, left), but had no apparent effect on HR efficiency
(Fig. 3d, right). To assess whether the promotion of AATF on NHEJ
repair is mediated by its interaction with XRCC4, we expressed Flag-
tagged full-length AATF or the XRCC4-binding deficient AATFΔ331–380

mutant in GSCs with endogenous AATF knockdown. The EJ5-GFP
reporter assay revealed that expression of AATFFL, but not the
AATFΔ331–380 mutant, restored the NHEJ activity of AATF-KD cells
(Fig. 3e). IB analysis showed that AATFFL rescued the induction of γ-
H2AX in AATF-KD GSCs, whereas no rescue was observed with the
AATFΔ331–380 mutant (Fig. 3f). Furthermore, compared to AATFFL, the
AATFΔ331–380 mutant failed to reduce the γ-H2AX accumulation in DGCs
treated with IR (Supplementary Fig. 3a–c). These results suggest that
AATF promotes efficient NHEJ repair through binding to XRCC4.

The previous studies have indicated that AATF acts as a tran-
scriptional regulator, including its role in enhancing p53
transcription29,30. To determine whether AATF promotes NHEJ repair
through a transcriptional-dependent pathway, GSCs were treated with
Actinomycin D, a transcriptional inhibitor. The results showed that
Actinomycin D treatment led to an increase in γ-H2AX in shNT GSCs,
while knockdown of AATF caused a further increase in γ-H2AX levels in
cells treated with Actinomycin D (Supplementary Fig. 5a). Moreover,
we observed that both full-length AATF and the truncated AATFΔ331–380

mutant increased the transcriptional activity of p53 reporter and p53
target genes’ expression in cells with or without IR treatment (Sup-
plementary Fig. 5b–e). XRCC4 knockdown did not significantly alter
the expression of these p53 target genes (Supplementary Fig. 5e).
These results suggest that AATF promotes NHEJ repair independently
of its transcriptional regulation function.

AATF stabilizes XRCC4 by inhibiting its ubiquitin-mediated
proteasomal degradation
To investigate the impact of AATF on XRCC4 protein, we conducted IB
analysis and found that both AATF-KD and AATF-KO decreased XRCC4
protein levels in GSCs (Fig. 3f, g and Supplementary Fig. 3f). However,
AATF-KDdid not alter themRNA expression of XRCC4 (Supplementary
Fig. 5f), indicating that AATF may stabilize XRCC4 protein. To test this
hypothesis, we performed a cycloheximide (CHX) chase assay and
found that the half-life of XRCC4 protein was reduced in AATF-KD
GSCs compared to shNTGSCs (Fig. 3h).We alsoobserved a decrease in
LIG4 protein levels in AATF-KD GSCs (Fig. 3g), which was consistent
with previous reports that XRCC4 is associated with and promotes
LIG4 stability26,31. Moreover, AATF depletion caused decreased XRCC4
levels across different types of tumor cells (Supplementary Fig. 2a).
Notably, the reduction of XRCC4 protein in AATF-KD GSCs was
restoredby expressingAATFFL, but not theAATFΔ331–380mutant (Fig. 3f),
suggesting that AATF-XRCC4 interaction is required for stabilizing
XRCC4 protein.

Wenext investigated howAATF increases XRCC4protein stability.
IB analysis showed that treatment with MG132, but not chloroquine,
increased XRCC4 protein level in a time-dependent manner in GSCs
(Supplementary Fig. 5g). Moreover, MG132 treatment effectively res-
cued the decreased XRCC4 protein phenotype in AATF-KD GSCs
(Fig. 3i and Supplementary Fig. 5h), implicating ubiquitin–dependent
proteolysis. Indeed, IP assays showed that both Lys 48-linked poly-
ubiquitination and total poly-ubiquitination of XRCC4 were increased
in AATF-KD GSCs compared to shNT GSCs (Fig. 3j). These findings
suggest that AATF increases XRCC4 protein stability by inhibiting its
ubiquitin-mediated degradation.

To evaluate whether AATF promotes NHEJ repair by inhibiting
XRCC4 degradation, we expressed Flag-XRCC4 in AATF-KD GSCs. Flag-
XRCC4 decreased the accumulation of γ-H2AX in AATF-KD GSCs
(Fig. 3k and Supplementary Fig. 5i). The EJ5-GFP reporter assay revealed
that Flag-XRCC4 expression restored the NHEJ activity in AATF-KD
GSCs (Fig. 3l). Furthermore, expression of Flag-XRCC4 decreased the
accumulation of γ-H2AX in DGCs treated with IR, suggesting that ele-
vated levels of XRCC4 enhance DNA damage repair in glioma cells
(Supplementary Fig. 5j). To further explore the broader gene networks
regulated by AATF in GSCs, we performed RNA-sequencing analysis
with control and AATF knockdown GSCs. Our analysis revealed that
AATF depletion significantly altered the expression of a large number
of genes, with a predominance of upregulated genes (Supplementary
Fig. 5k). Gene ontology (GO) analysis of the differentially expressed
genes revealed that AATF depletion resulted in a significant down-
regulation of genes involved in the cell division, DNA replication and
DNA repair pathways (Supplementary Fig. 5l), indicating that AATF
depletion leads to DNA damage and subsequently cell division defects
in GSCs. Together, these results suggest that AATF, by binding to
XRCC4, inhibits its ubiquitin-mediated degradation.

DNA damage induces AATF phosphorylation and causes dis-
sociation of the AATF-XRCC4 complex
To assess whether AATF is co-recruited with XRCC4 to DSB sites, we
transduced GSCs with mCherry-XRCC4 or GFP-AATF and tracked the
localization kinetics of these proteins upon exposure to laser micro-
irradiation-inducedDNAdamage. Interestingly, IF analysis showed that
XRCC4 was efficiently recruited to DSB sites, while the localization of
AATF was unaffected in micro-irradiation-treated GSCs (Fig. 4a). To
investigate whether DNA damage has impact on the interaction
between AATF and XRCC4, we performed IP assays at different time
points after IR treatment. The strength of the AATF-XRCC4 interaction
decreased at 15- and 30-min post-IR treatment, then returned to levels
comparable to non-treated cells within 1 h (Fig. 4b, c and Supple-
mentary Fig. 6a, b). Thefindings suggest thatDNAdamagedisrupts the
AATF-XRCC4 interaction, leading to the dissociation of AATF
from XRCC4.

Fig. 2 | Knockdown of AATF inhibits DNA damage repair in GSCs and sensitizes
GB to chemoradiotherapy. a–d 4121 GSCs transduced with shNT or shAATFs
(a, b), or Flag-vector or Flag-AATF (c, d), were treated with IR (3 Gy) for indicated
time points. IB (a, c) and IF (b, d) analyses of γ-H2AX are shown. Nuclei counter-
stained with Hoechst (blue). Left: representative images; Scale bars (b, d), 10μm.
Right: quantifications of γ-H2AX, each point represents a single cell (n = 3, biolo-
gically independent experiments). e 4121 GSCs transduced with shNT or shAATF#1
(red), or Flag-vector or Flag-AATF (green), were treated with increasing IR dose for
48h or 72 h. Cell viability assessed by CellTiter-Glo assay. (Two-way ANOVA). f–j
BALB/c nude mice intracranially implanted with GSCs transduced with Luciferase
and Tet-on-inducible shNT or shAATF.Mice treatedwith control, IR (3Gy, weekly, 3
times), Dox (1mg/mL in water), or combined treatment from day 9 post-
implantation (f, g, top). GB xenografts tracked by bioluminescence; representative
images and quantifications are shown (f, g, n = 6, mean ± SD; Unpaired two-sided
Student’s t-test). Kaplan–Meier survival plots of mice are shown (h, Log-rank
Mantel–Cox test). Co-IF staining of SOX2 with γ-H2AX (i) or cleaved-caspase3

(CCP3) (j) in GB xenografts are shown. Left: representative images; Scale bars,
20μm. Right: quantifications of γ-H2AX or CCP3 intensity, each point represents a
single cell (n = 4, biologically independent samples). k 4121 GSCs transduced with
shNT or shAATFs were treated with TMZ (50 μM) for indicated time points. IB
analysis of indicated proteins are shown. l, m BALB/c nude mice intracranially
implanted with GSCs (Luciferase) transduced with Tet-on-inducible-shNT or
shAATF. Mice treated with control, TMZ (40mg/kg, every 2 days, 5 times), Dox
(1mg/mL in water), or combined treatment from day 9 post-implantation (l, top).
GB xenografts tracked by bioluminescence; representative images and quantifica-
tions are shown (l, n = 6 mice for each group; mean ± SD; Unpaired two-sided
Student’s t-test). Kaplan–Meier survival plots of mice are shown (m, Log-rank
Mantel–Cox test). For IB, protein levels were normalized to GAPDH. Independent
experiments were performed three timeswith similar results. The curves represent
the relative expression of γ-H2AX protein (a, c, k). Data represent mean ± SD of
three independent experiments (a–e, i–k). Unpaired two-sided Student’s t-test.
Source data are provided as a Source Data file.
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We next investigated how cells detect DNA damage and trigger
the dissociation of AATF from XRCC4. AATF protein contains three
serine/threonine-glutamine (S/T-Q) motifs at its residues Ser189,
Thr394, and Thr410, which are the potential phosphorylation sites for
kinases involved in activating DNA damage responses, including ATM,
ATR, andDNA-PKcs32,33. Subsequently, we testedwhether these kinases
are responsible for the DNA damage-induced disassociation of the
AATF-XRCC4 complex. Co-IP assays revealed that inhibition of ATMby
KU-55933, but not inhibition of ATRbyVE-821 or DNA-PKcs byNU7441,
restored the strength of AATF-XRCC4 interaction that was reduced by
IR treatment (Fig. 4d and Supplementary Fig. 6c), suggesting that ATM

plays a role in regulating the AATF-XRCC4 interaction following DNA
damage.

A previous study revealed that AATF could be phosphorylated by
ATM at Ser-189 site upon DNA damage29. According to the PTMs
database (https://www.phosphosite.org/), the Ser189 of AATF was
identified to be phosphorylated by proteomics analyses. To identify
whether AATF is a substrate of ATM in GSCs, we performed an IP
analysis with the anti-ATM antibody. AATF was interacted with ATM,
and the strength of this interaction was increased by IR exposure
(Fig. 4e). Moreover, we conducted a LC-MS analysis on the immuno-
precipitated AATF proteins from 293 T cells treated with IR for 15min,
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and found that the Ser-189 site of AATF underwent phosphorylation in
response to IR treatment (Supplementary Fig. 6d). The IP-coupled IB
analysis with a phospho-serine-glutamine (p-SQ) antibody revealed a
basal level of AATF phosphorylation, which was increased at 15min of
IR exposure (Fig. 4f). Inhibiting ATM by KU-55933 treatment reduced
this IR-induced AATF phosphorylation (Fig. 4g). Additionally, the AATF
phosphorylation induced by IRwas eliminated in the AATFS189A mutant,
where Ser189 was substituted with alanine (Fig. 4h). These results
suggest that AATF is phosphorylated by ATM at Ser189 residue in
response to DNA damage.

To determine the impact of AATF phosphorylation on AATF-
XRCC4 interaction, we carried out IP assays with Flag-AATFWt, Flag-
AATFS189A, or Flag-AATFS189D mutants in GSCs. The interaction between
AATFWt and endogenous XRCC4 was reduced by IR treatment (Fig. 4i).
However, the phospho-deficient AATFS189A mutant exhibited a robust
interaction with XRCC4, and this interaction was unaffected upon IR
exposure. Conversely, the phospho-mimetic mutant AATFS189D was
barely bound to XRCC4 (Fig. 4i). Collectively, these findings suggest
that ATM-mediated phosphorylation of AATF promotes dissociation
of XRCC4 from AATF.

ATM-mediated phosphorylation of AATF allows recruitment of
XRCC4 to DSB sites
To investigate the role of AATF phosphorylation in DNA damage
repair, we knocked down endogenous AATF expression and re-
expressed Flag-AATFWt, Flag-AATFS189A, or Flag-AATFS189D mutants in
GSCs. IB analysis showed that expression of Flag-AATFWt rescued the
induction of γ-H2AX and the degradation of XRCC4 in AATF-KD GSCs,
whereas no rescue was observed in cells expressing the AATFS189D

mutant (Fig. 5a), suggesting that AATF binding is required for
XRCC4 stability. Although expression of the AATFS189A mutant restored
XRCC4 protein levels, γ-H2AX levels remained elevated in AATF-KD
GSCs (Fig. 5a). Furthermore, IB and IF analyses revealed that the
expression of AATFS189A or AATFS189D mutant led to increased basal
levels of γ-H2AX in GSCs (Fig. 5b, c). The IR-induced γ-H2AX accumu-
lation was higher at 0.5–1.0 h and persisted for a longer duration in
GSCs harboring the AATFS189A or AATFS189Dmutant compared to AATFWt

(Fig. 5b, c). These results indicate that phosphorylation at Ser189 is
crucial for AATF’s function in promoting DNA damage repair.

Ku70–Ku80 heterodimers are the first factors to bind DSB sites
and can then recruit XRCC4-LIG4 to the DNA ends12,13. To further
explore whether the dissociation of AATF-XRCC4 promotes recruit-
ment of XRCC4 to DSB sites, we examined XRCC4-Ku80 interaction by
conducting IP assays in GSCs exposed to IR. XRCC4 interacted with
Ku80, and the interaction strength increased 15min after IR exposure
in GSCs expressing Flag-AATFWt (Fig. 5d, left), but not in GSCs har-
boring the AATFS189A mutant (Fig. 5d, right). In addition, XRCC4 loca-
lization to DSB sites induced by laser micro-irradiation was decreased
in GSCs expressing the AATFS189A mutant compared to AATFWt,

measured by IF analysis (Fig. 5e). Thus, AATF-phosphorylation-
mediated dissociation of AATF-XRCC4 complex enables the rapid
recruitment of XRCC4 to DSBs.

To assess whether the phosphorylation of AATF affects NHEJ
repair, we performed the EJ5-GFP reporter assay. The results
revealed that expression of AATFWt, but not the AATFS189A or
AATFS189D mutant, restored the NHEJ activity in AATF-KD cells
(Fig. 5f). We next investigated whether interfering AATF phos-
phorylation sensitizes GSCs to IR. Compared to AATFWt, expres-
sing the AATFS189A or AATFS189D mutant sensitized GSCs to IR
treatment and increased IR-induced cell apoptosis (Fig. 5g and
Supplementary Fig. 7a). These findings suggest that phosphor-
ylation of AATF facilitates the efficient NHEJ repair.

Studies suggest that the balance between HR and NHEJ is
primarily regulated by BRCA1 and 53BP1. Specifically, 53BP1
initiates NHEJ events and is crucial for repairing DSBs, while
BRCA1 counters 53BP1 to promote DSB resection and facilitate
HR14. To further evaluate the role of AATF in NHEJ repair, we
performed Co-IF staining in GSCs. The results showed that IR
treatment significantly increased the formation of foci for BRCA1/
RAD51 and 53BP1, which were colocalized with γ-H2AX in GSCs
(Supplementary Fig. 7b). Interestingly, we also observed that both
BRCA1/RAD51 and 53BP1 foci levels were elevated in GSCs with
AATF depletion compared to control cells (Supplementary
Fig. 7c). We hypothesize that although our study indicates that
AATF depletion leads to an accumulation of DNA damage through
the inhibition of XRCC4-mediated NHEJ repair, the cells may
compensate by enhancing both NHEJ and HR pathways to address
this damage.

Additionally, to assess whether ATM-mediated phosphorylation
of AATF affects its transcriptional activity, we ectopically expressed
Flag-AATFWt, Flag-AATFS189A, or Flag-AATFS189D mutants in cells and
exposed them to IR (Supplementary Fig. 7d). The p53 reporter assay
revealed that IR exposure increased the transcriptional activity of p53
reporter compared to control group (Supplementary Fig. 7e). Similar
to AATFWt, both the AATFS189A and AATFS189D mutants also enhanced the
transcriptional activity of p53 reporter in cells treated with or without
of IR (Supplementary Fig. 7e). These findings suggest that phosphor-
ylation at Ser189 does not significantly impact AATF’s transcriptional
activity, even in the context of DNA damage.

To evaluate the role of AATF phosphorylation in GB therapeutic
resistance, we established orthotopic GB xenografts using AATF-KD
GSCs expressing AATFWt, AATFS189A, or AATFS189D mutants and treated
tumors with IR. BLI revealed that the combined AATF-KD and IR
treatment significantly inhibited tumor growth and extended survival.
Re-expression of AATFWt enhanced the resistance of tumors to IR
treatment and reduced animal survival (Fig. 5h–j and Supplementary
Fig. 7f). However, neither expression of AATFS189A or AATFS189D mutant
restore the resistanceof AATF-KD tumor to radiotherapy (Fig. 5h–j and

Fig. 3 | AATFpromotesNHEJ repair by stabilizingXRCC4 inGSCs. aAATF-XRCC4
interaction was analyzed by IP with IgG or anti-AATF antibody in GSCs. IB for
indicated proteins are shown. b Schematic of AATF domains (left). Co-IP analysis of
AATF-XRCC4 interaction in 293 T cells expressing Flag-AATFmutants andmCherry-
XRCC4 (right). cAATF-XRCC4 interaction analyzed by IP with anti-FlagM2 beads in
293 T cells expressing Flag-AATF mutants. d NHEJ repair activity in U2OS cells
expressing shNT or shAATFs, transfected with linearized I-Scel NHEJ reporter (EJ5-
GFP) (left). HR repair activity assessed using DR-GFP reporter (right). GFP-positive
cells, indicating NHEJ and HR repair respectively, analyzed by flow cytometry.
e Flag-AATF or Flag-AATF△331–380 mutant was expressed in U2OS cells transduced
with shAATF#1. NHEJ activity was assessed asdescribed in (d). f IB showing that full-
length AATF, but not△331–380 mutant, decreases γ-H2AX accumulation in GSCs
expressing shAATF. g IB showing expression of indicated proteins in GSCs trans-
duced with shNT or shAATFs. h CHX chase analysis of protein degradation in 4121
GSCs transduced with shNT or shAATF#1. XRCC4 levels quantified and normalized

to GAPDH. Data presented as mean ± SEM (n = 3, biologically independent experi-
ments). i IB analysis of protein expression in shNT or shAATF#1 GSCs treated with
MG132 (10 μM) for 12 h. j IP with anti-XRCC4 antibody and IB with anti-Ub-k48 and
anti-Ub antibodies in GSCs (shNT or shAATF#1) treated with MG132. The graph
represents the relative levels of Ub (bottom). k Flag-vector or Flag-XRCC4 was
expressed in 4121 GSCs transduced with shNT or shAATF#1. The expression of
indicatedproteinswas assessed by IB. l Flag-vector or Flag-XRCC4was expressed in
U2OS transduced with shNT or shAATF#1. The NHEJ activity was assessed as
described in (d). For IB, protein levels were normalized to immunoprecipitated
AATF (a–c), GAPDH/Tubulin (f, g, i, k), or immunoprecipitated XRCC4 (j). Inde-
pendent experiments were performed twice (b) or three times (a, c, f–k) with
similar results. Data represent the mean ± SD of at least three independent
experiments (d, e, l, j). Unpaired two-sided Student’s t-test (d, e, h, j, l). Source data
are provided as a Source Data file.
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Supplementary Fig. 7f). Co-IF staining of tumor tissues indicated that,
expression of AATFWt, but not AATFS189A or AATFS189D mutant, rescued
the DNA damage in GSCs in AATF-KD tumors treated with IR (Fig. 5k).
These results suggest that phosphorylation of AATF at Ser189 is crucial
for its role in promoting DNA damage repair in GSCs.

Disrupting AATF and XRCC4 interaction sensitizes GB to
chemoradiotherapy
To investigate whether disrupting the interaction between AATF and
XRCC4 sensitizes GB to chemoradiotherapy, we synthesized a series of

FITC-tagged, cell-permeable polypeptides, including K331-S350, E346-
R365, V361-K380, corresponding to the AATF (aa 331–380) binding
subdomain, along with a scrambled sequence control. The polypep-
tides were linked to an N-terminal SV40-derived nuclear localization
signal (NLS) (Fig. 6a). We treated GSCs with these three polypeptides
and performed IF staining. The results showed that all of the three
FITC-tagged polypeptides (green) entered GSCs (Fig. 6b). Co-IP assay
indicated that the AATF polypeptides treatment reduced the interac-
tion between AATF and XRCC4 in GSCs (Fig. 6c). Moreover, IB analysis
revealed that treatment of AATF polypeptides led to reduced XRCC4
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protein levels and increased basal γ-H2AX levels in GSCs (Fig. 6d). Of
note, the polypeptides treatment elevated the IR- (Fig. 6d, top) and
TMZ-induced (Fig. 6d, bottom) γ-H2AX levels, suggesting that block-
ing AATF-XRCC4 interaction using polypeptides sensitizes GSCs to
DNA damage.

To determine whether disrupting the interaction of AATF-XRCC4
by these polypeptides enhances chemoradiotherapy efficacy in GB
tumors, we established the orthotopic GB xenografts in nude mice.
Starting on day 9 post-transplantation, mice were randomly assigned
to receive IR, TMZ, AATF polypeptides (K331-S350, E346-R365, and
V361-K380), or the combination treatment (Fig. 6e, left). BLI showed
that AATF polypeptides treatment reduced tumor growth and
enhanced the response of GB xenografts to IR or TMZ treatment
(Fig. 6e, f). Furthermore, the combination treatment of AATF poly-
peptides and IR/TMZ significantly improved the survival of GB tumor-
bearing mice compared to monotherapy (Fig. 6g). Collectively, these
results further suggest that disrupting AATF-XRCC4 interaction using
polypeptides promotes XRCC4 degradation and sensitizes GSCs and
GB tumors to chemoradiotherapy.

XRCC4 mediates the function of AATF in promoting GB ther-
apeutic resistance
Wenext investigated the role of XRCC4 inGSCs. XRCC4 protein levels,
but not mRNA levels, were consistently increased in GSCs and primary
GB cells compared to DGCs, NSCs, NPCs, and NHAs measured by IB
and q-PCR (Fig. 1e–g and Supplementary Fig. 8a). XRCC4-KD increased
γ-H2AX accumulation in GSCs (Supplementary Fig. 8b). As anticipated,
XRCC4-KD inhibited NHEJ repair activity but did not affect HR repair,
as respectively assessed with EJ5-GFP and DR-GFP reporters (Supple-
mentary Fig. 8c). Additionally, treatment of shNT and XRCC4-KDGSCs
with IR or TMZ revealed that XRCC4 depletion elevated IR- and TMZ-
induced DNA damage and sensitized GSCs to IR treatment (Supple-
mentary Fig. 8d–f). In the established orthotopic GB xenografts,
inducible-knockdownofXRCC4 inhibited tumor growth and enhanced
the sensitivity of GB xenografts to radiotherapy (Fig. 7a, b).

To evaluate whether XRCC4 protein mediates the promotion of
AATF on DNA damage repair, we expressed Flag-vector or Flag-XRCC4
in GSCs with AATF knockdown. Expression of Flag-XRCC4 resulted in a
reduction of IR-induced γ-H2AX levels in AATF-KD GSCs (Fig. 7c) and
eliminated the sensitivity of AATF-KD GSCs to IR exposure (Fig. 7d).
Moreover, in the short exposure IB image, we observed a decrease of
Flag-XRCC4 at 12 h compared to 0-h post-IR treatment in AATF-KD
GSCs (Fig. 7c). In orthotopic GB xenografts, AATF-KD combinedwith IR
exposure inhibited GB tumor growth, while expressing Flag-XRCC4
compromised the radiosensitivity effects caused by AATF-KD (Fig. 7e, f
and Supplementary Fig. 8g). In addition, IF staining revealed that Flag-
XRCC4 expression reduced the accumulated DNA damage and inhib-
ited cell apoptosis in IR-treated AATF-KD tumors (Fig. 7g). These results
suggest that AATF’s role in promoting DNA damage repair and radio-
resistance in GSCs is dependent on stabilization of XRCC4 protein.

To determine the clinical relevance of AATF and XRCC4 expres-
sion, we performed IB and q-PCR analyses with seven freshly resected
human GB specimens. Both AATF and XRCC4 protein levels were
consistently elevated in GB tissues compared to paired adjacent nor-
mal brain tissues (Fig. 7h). However, the mRNA levels of AATF and
XRCC4 were lower or remained unaltered in GBs compared with nor-
mal brain tissues (Supplementary Fig. 8h). IHC staining with human
glioma tissue microarrays showed that both the percentage and
intensity of AATF and XRCC4 staining were increased in high-grade
gliomas (III or IV) compared to low-grade gliomas (I or II) (Fig. 7i, j).
Moreover, AATF expression was positively correlated with XRCC4
levels in gliomas (Fig. 7k), which was further confirmed by co-IF
staining in human GB specimens (Supplementary Fig. 8i). We then
subgrouped all gliomas, or the high-grade gliomas, based on the
median expression ofAATF andXRCC4 as a cutoff. High levels of AATF
or XRCC4 were associated with poor survival in all gliomas and GB
patients (Fig. 7l, m). Together, these results demonstrate that the
elevation of AATF and XRCC4 is associated with poor prognosis in GB.

Discussion
Therapeutic resistance in glioblastoma (GB) is primarily attributed to
the presence of self-renewing glioma stem-like cells (GSCs), which
exhibit enhanced DNA damage repair efficiency to sustain genomic
stability and survive DNA damage4–6,8. Our study has revealed that
GSCs acquire a potent DNA damage repair capacity by activating the
NHEJ pathway through upregulation of AATF.

AATF was initially identified as a transcriptional cofactor involved
in cell proliferation and survival30,34. Previous studies have demon-
strated that in response to DNA damage, AATF can induce p53 tran-
scription, promoting cell survival by favoring cell cycle arrest over
apoptosis in breast cancer and colon cancer cells25,29,35. In this study,
our findings indicate that the promotion of AATF on DNA damage
repair is transcriptionally independent in GSCs. Instead, we have
identified AATF as a previously unrecognized regulator of NHEJ path-
way, the primary mechanism for DNA damage repair throughout the
cell cycle12. We demonstrate that AATF interacts with XRCC4, a core
component of NHEJ complex that is crucial for DNA-strand joining12,13.
This interaction protects XRCC4 from ubiquitin-mediated proteaso-
mal degradation, thereby maintaining an adequate amount of XRCC4
protein for efficient NHEJ repair (Fig. 8a, left and middle). AATF does
not interact with other NHEJ components, such as Ku80 or DNA-PKcs,
nor affect the levels of these proteins. Our findings suggest AATF
functions as a “binding platform” for XRCC4, increasing XRCC4 pro-
tein stability and facilitating its role in DNA damage repair.

In response to DNA damage, cells activate DNA damage response
(DDR) checkpoints, including ATM, ATR, and DNA-PKcs, leading to
cell-cycle arrest and initiation of DNA damage repair10. Our study
revealed that ATM interacts with and phosphorylates AATF upon DNA
damage, resulting in dissociation of the AATF-XRCC4 complex. This
allows free XRCC4 to be rapidly recruited to DNA double strand break

Fig. 4 | DNA damage induces AATF phosphorylation and causes dissociation of
the AATF-XRCC4 complex. a Live-cell imaging of the recruitment of mCherry-
XRCC4 and GFP-AATF to laser damage tracks generated by laser micro-irradiation
in 4121 GSCs. Left: representative images. Blue arrows indicate the irradiated
regions. Right: quantifications of the fluorescence intensity of XRCC4 and AATF on
the DNA damage tracks (n = 4, biologically independent experiments; data are
presented as mean ± SD; Two-way ANOVA). Scale bars, 5μm. b, c 4121 GSCs (b), or
4121GSCs expressing Flag-XRCC4 (c),were treatedwith IR (7.5 Gy) at indicated time
points. The XRCC4-AATF interaction was analyzed by IP assay. d 293 T cells
expressing Flag-AATF were pretreated with KU-55933 (ATM inhibitor) or NU7441
(DNA-PKcs inhibitor) for 1 h, and were then treated with IR (7.5 Gy, 30min) as
indicated. The XRCC4-AATF interactionwas analyzed by IPwith anti-FlagM2beads.
e 4121 GSCs were treated with IR (7.5 Gy) at the indicated time points. ATM-AATF
interaction was analyzed by IP with IgG or anti-ATM antibody. f 4121 GSCs

expressing Flag-AATF were treated with IR (7.5 Gy) at the indicated time points and
collected for IP with anti-Flag M2 beads, and IB with p-SQ antibody. g 4121 GSCs
werepretreatedwithKU-55933 for 1 h, andwere then treatedwith IR (7.5 Gy, 15min)
as indicated. Cell lysates were collected for IP with anti-AATF antibody, and IB with
p-SQ antibody. h 4121 GSCs expressing Flag-AATF or Flag-AATFS189A mutants were
treated with IR (7.5 Gy, 15min) and collected for IP with anti-Flag M2 beads, and IB
with p-SQ antibody. i 4121 GSCs expressing Flag-AATFWt, Flag-AATFS189A or Flag-
AATFS189D mutants were treated with IR (7.5 Gy) for 30min. The XRCC4-AATF
interaction was analyzed by IP with anti-Flag M2 beads. For IB, protein levels were
normalized to immunoprecipitated AATF (b, d, f–i), XRCC4 (c), or ATM (e)
respectively. Independent experiments were performed three times with similar
results. The graphs represent the relative levels of indicated proteins
(b, c, e, f, right, mean± SD). Unpaired two-sided Student’s t-test. Source data are
provided as a Source Data file.
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(DSB) sites, where it functions as the core component of the NHEJ
complex to repair DNA damage (Fig. 8a, left). The phosphorylation of
AATF is transient, as it returns to basal levelswithin one hour after DNA
damage (Fig. 4f), coinciding with the restoration of the AATF-XRCC4
interaction (Fig. 4b, c). This suggests that once XRCC4 has sealed the
broken DNA, dephosphorylated AATF may re-bind to XRCC4 to sta-
bilize its protein levels. However, the S189 phospho-mimetic mutant
(AATFS189D) remains in a constitutively phosphorylated state and fails to
efficiently bind XRCC4 (Fig. 4i), which may explain why the phospho-
mimetic mutant fails to rescue XRCC4 degradation nor NHEJ repair in
AATF-depleted GSCs (Fig. 5a–c, f–k). Moreover, the dissociation of the
AATF-XRCC4 complex is crucial for the localization of XRCC4, as
inhibiting this dissociation by using an AATF phosphorylation-

deficient mutant prevents the recruitment of XRCC4 to DSBs
(Fig. 8a, right), suggesting AATF as a link protein that senses DNA
damage through ATM-mediated phosphorylation.

Additionally, our findings are consistent with prior research indi-
cating that AATF depletion causes DNA damage36. This study reveals
that AATF may suppress RNA:DNA hybrid (R-loop) formation, a known
cause of DNA double-strand breaks (DSBs)37, and enable DNA damage
repair. Knockdown of AATF results in increased R-loop formation and
DSBs36. While we have established that AATF enhances NHEJ repair
independent of its role in transcriptional activation, we acknowledge
the potential for AATF to regulate genomic homeostasis through
additional mechanisms. We hypothesize that AATF has multifaceted
roles in promoting DNA damage repair and maintaining genomic
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stability, which may explain why AATF depletion leads to more severe
phenotypes compared to XRCC4 depletion in GSCs. We believe that
AATF’s diverse functions in promoting DNA damage repair and geno-
mic stability could contribute to tumor therapeutic resistance.

Consistent with a previous report29, our study also demonstrates
that AATF is phosphorylated by ATM at its Ser189 in response to DNA
damage, which disrupts the interaction between AATF and XRCC4.
Interestingly, Ser189 is not located within the binding region (amino

Fig. 5 | ATM-mediated Phosphorylation of AATF allows recruitment of XRCC4
to DSB sites. a 4121 GSCs were transducedwith shAATFs in combination with Flag-
AATFWt, Flag-AATFS189A, or Flag-AATFS189D. IB analysis of indicated proteins are
shown.b, c 4121GSCs, treated as in (a), were treatedwith IR (3 Gy) at indicated time
points. IB (b) and IF (c) analyses of γ-H2AX. Nuclei were counterstained with
Hoechst (blue). Left: representative images; scale bars, 10μm. Right: quantifica-
tions of γ-H2AX (b, n = 3 biologically independent experiments; mean ± SEM)
(c, each point represents a single cell; n = 5 biologically independent experiments;
mean ± SD). d 4121 GSCs, treated as in (a), were treated with IR (7.5 Gy) at indicated
time points. Ku80-XRCC4 interaction was analyzed by IP. Left: representative
images; Right: quantifications of XRCC4 (n = 3, biologically independent experi-
ments; mean ± SEM). e Live-cell imaging of XRCC4 recruitment to laser micro-
irradiation-induced DNA damage in GSCs treated as in (a). Left: representative
images; scale bars, 5 μm. Blue arrows indicate irradiated regions. Right: quantifi-
cations of XRCC4 fluorescence intensity on DNA damage tracks (n = 4 biologically
independent experiments; mean± SD). f NHEJ activity was assessed in U2OS cells

transduced with shAATFs in combination with Flag-AATF (n = 3 biologically inde-
pendent experiments; mean ± SD). g 4121 GSCs, treated as in (a), were exposed to
increasing IR dose for 48h. Cell viability was assessed by the CellTiter-Glo assay
(n = 4 biologically independent experiments; mean± SD). h–k, BALB/c nude mice
intracranially implanted with 4121 GSCs (Luciferase). Mice were treated with IR
(3Gy, weekly, 3 times) from day 9 post-implantation (h, top). GB xenografts were
tracked by bioluminescence; representative images and quantifications are shown
(h, i, n = 6 mice for each group; mean ± SEM). Kaplan–Meier survival plots of mice
(j, Log-rank Mantel–Cox test). Co-IF staining of γ-H2AX and SOX2 in GB xenografts
(k, top). Intensity of γ-H2AX staining in SOX2+ cells (k, bottom; each point repre-
sents a single cell, n = 3 biologically independent samples, mean± SD). Scale bars,
20μm. For IB, protein levels were normalized to GAPDH (a, b) or immunopreci-
pitated Ku80 (d). Independent experiments were performed three times with
similar results (a, b, d). The curves represent relative levels of indicated proteins
(b, d, right). Unpaired two-sided Student’s t-test (b–d, f, i, k), or Two-way ANOVA
(e, g). Source data are provided as a Source Data file.

Fig. 6 | Disrupting AATF and XRCC4 interaction sensitizes GB to chemor-
adiotherapy. a Schematic drawing of the synthesized polypeptides of AATF. NLS,
nuclear localization signal. b 4121 GSCs were treated with the indicated polypep-
tides for 6 h. Live-cell imaging of FITC-tagged polypeptides was performed in three
biologically independent experiments, and representative images are shown. Scale
bars, 5μm.c4121GSCswere treatedwith the indicatedpolypeptides andMG132 (10
μM) for 6 h. AATF-XRCC4 interaction was analyzed by IP with IgG or anti-AATF
antibody. d 4121 GSCs preincubated with the indicated polypeptides were treated
with IR (3Gy) (top), or TMZ (50μM) (bottom) at the indicated time points. IB
analysis of γ-H2AX and XRCC4 levels are shown. The curves represent the
relative levels of γ-H2AX (right, mean± SD; Unpaired two-sided Student’s t-test).

e–g BALB/c nude mice were intracranially implanted with 4121 GSCs expressing
Luciferase. Mice were treated with control, IR (3 Gy, once a week, 3 times), TMZ
(40mg/kg, every twodays, 5 times), themix of three polypeptides (10mg/kg, every
two days, 5 times), or the combined treatment from day 9 post-implantation. GB
xenografts were tracked by bioluminescence and the representative images are
shown (e). Bioluminescent quantifications of tumor growth are shown (f, n = 6mice
for each group; mean ± SD; Unpaired two-sided Student’s t-test). Kaplan–Meier
survival plots of mice are shown (g, Log-rank Mantel–Cox test). For IB, protein
levels were normalized to immunoprecipitated AATF (c), or GAPDH (d). Indepen-
dent experiments were performed three times with similar results (c, d). Source
data are provided as a Source Data file.
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acids 331–380) of AATF for XRCC4. Structural analysis of AATF using
AlphaFold 2 reveals that Ser189 is situated within a divergent and
intrinsically disordered region, which is spatially close to the binding
domain of AATF. Previous research has shown that disordered
regions are crucial for protein signaling and regulatory functions38.
We hypothesize that phosphorylation of Ser-189 alters the con-
formation of this disordered region in AATF, thereby affecting its
interaction with XRCC4 by interfering with the helical domains of
both proteins. Additionally, the Ser189 in AATF is not conserved
among mammals. While the conservation of phosphorylated amino

acid residues typically indicates their functional significance, it is
important to note that phosphorylation events, even if not con-
served across species, can still play key roles in protein function. For
instance, following UV radiation, p53 is phosphorylated at Ser-33 and
Ser-46 residues by p38 kinase and human serine/threonine kinase
homeodomain-interacting protein kinase-2 (HIPK2), respectively.
This phosphorylation plays a pivotal role in activating p53 in
response to DNA damage39–41. Interestingly, these two serine residues
in p53 are not conserved across human and other animals39. This case
supports the notion that phosphorylated amino acid residues, even if
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not conserved across species, can still be involved in crucial biolo-
gical functions.

NHEJ repair is the predominantmechanismofDNA damage repair
that contributes to resistance of cancer cells to chemoradiotherapy11.
Blocking NHEJ repair is thought to be an effective strategy when used
in combination with chemoradiotherapy in tumor treatment42. A
recent study showed that DNA-PKcs, a NHEJ component, is highly
expressed in GSCs. Pharmacological inhibition of DNA-PKcs enhances
the sensitivity of GB xenografts to radiotherapy43. Our findings
demonstrate thatGSCs acquire the enhancedNHEJ repair capability by
expressing high levels of AATF, which results in the accumulation of
XRCC4 in GSCs. Furthermore, high levels of AATF protein are asso-
ciatedwith increased XRCC4 protein and poor clinical outcomes in GB
patients, highlighting the potential clinical relevance of these findings
regarding AATFmodulation. Notably, our study reveals that disrupting
the interaction between AATF and XRCC4 using polypeptides effec-
tively sensitizes GSCs to DNA damage induced by IR and TMZ, and
improves GB xenograft response to chemoradiotherapy. These find-
ings highlight targeting the AATF-XRCC4 axis as a promising strategy
for GB treatment.

In conclusion, our research has uncovered that GSCs acquire a
strong ability to repair DNAdamage,mainly due to their elevatedNHEJ

repair efficiency. By targeting AATF to disrupt NHEJ repair, we have
shown that GB can be sensitized to chemoradiotherapy, providing a
promising strategy to overcome GSC-mediated therapeutic resis-
tance in GB.

Methods
Ethics statement
The experimental protocol was approved by the Ethics Committee of
National Center of Biomedical Analysis. All animal experiments were
performed in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and with the approval of
the Institutional Animal Care andUseCommittee of National Center of
Biomedical Analysis.

Cell lines, tissues, and cell culture
GSC lines (387, 4121, 3691, 3832, 456, and H2S GSCs) were
derived by our laboratory and transferred via a material transfer
agreement from Duke University (Durham, NC) and were functionally
characterized20,21,44,45. Briefly, cells were isolated from primary GB
specimens or patient-derived GB xenografts using the Papain Dis-
sociation System (Worthington Biochemical) according to the manu-
facturer’s instructions. Isolated cells were recovered in stem cell

Fig. 7 | XRCC4 mediates the function of AATF in promoting GB therapeutic
resistance. a, b BALB/c nude mice intracranially implanted with 4121 GSCs (Luci-
ferase) with indicated treatment.Micewere treatedwith control, IR (3 Gy, weekly, 3
times), Dox (1mg/mL in water), or the combined treatment from day 9 post-
implantation. GB xenografts were tracked by bioluminescence (a, n = 6 mice for
each group; mean ± SD). Kaplan–Meier survival plots of mice are shown (b, Log-
rank Mantel–Cox test). c Flag-vector or Flag-XRCC4 was expressed in 4121 GSCs
transduced with shAATF#1. Cells were treated with IR (3Gy) at indicated time
points. IB analysis of indicated proteins shown. The curve represents relative levels
of γ-H2AX (right, mean ± SD).dGSCs expressing shNT, shAATF#1 or shAATF#1 plus
Flag-XRCC4 were treated with increasing IR dose for 48h (n = 5 biologically inde-
pendent experiments; mean ± SD). Cell viability was assessed by the CellTiter-Glo
assay. (Two-way ANOVA). e–g BALB/c nudemice intracranially implanted with 4121
GSCs (Luciferase). GB xenografts were tracked by bioluminescence (e, n = 6 mice

for each group; mean± SD). Kaplan–Meier survival plots of mice are shown (f, Log-
rank Mantel–Cox test). IF staining of γ-H2AX or CCP3 in GB xenografts are shown
(g, n = 5 biologically independent samples, mean± SD). Scale bars, 20 μm. h IB
analysis of AATF and XRCC4 expression in resected human GB tissues and paired
normal brains. i–m IHC analysis of AATF and XRCC4 expression in serial sections of
glioma tissue microarrays. Representative images (i) and histoscore quantification
(j) of AATF andXRCC4 are shown. Scale bars, 50μm. (grade I-II, n = 89 independent
tissue samples from patients; grade III-IV, n = 67 independent tissue samples from
patients). Pearson correlation analysis (two-sided) between AATF and XRCC4 IHC
scores is shown (k). Kaplan–Meier survival analysis of patients in high-grade glio-
mas (l) and all gliomas (m) are shown. (Log-rank Mantel–Cox test). For IB, protein
levelswere normalized toGAPDH (c,h). Independent experiments were performed
three times with similar results (c, h). Unpaired two-sided Student’s t-test
(a, c, e, g, j). Source data are provided as a Source Data file.

Fig. 8 | Proposed model for AATF promoted NHEJ repair in GSCs. Prior to DNA
damage, AATF forms a complex with XRCC4; Upon DNA damage, ATM interacts
with and phosphorylates AATF at its Ser189 residue, which drives AATF-XRCC4
complex dissociation, thereby allowing rapid recruitment of XRCC4 to DSB sites to

drive NHEJ repair (left). Knockdown of AATF results in polyubiquitination and
subsequent proteasomal degradation of XRCC4, thus inhibiting NHEJ repair (mid-
dle). The non-phosphorylatable AATFmutant variant blocks recruitment of XRCC4
to DSB sites and inhibits NHEJ repair (right).
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medium (Neurobasal-A medium with B27 supplement, 10 ng/mL EGF,
10 ng/mL βFGF, 1% penicillin/streptomycin, 1mM sodium pyruvate,
and 2mM L-glutamine) overnight, then sorted bymagnetic cell sorting
using the surfacemarker CD133 (Miltenyi Biotec.) and cultured in stem
cellmediumas described above. GSCswerederived from the following
GB patients: 3691 GSCs, female; 3832 GSCs, female; 4121 GSCs, male
(recurrent GB); 387 GSCs, female; 456 GSCs, female; H2S, sex not
available. Primary GB cells were obtained from the following GB
patients: G#7, male; G#27, male; G#29, male (Anaplastic astrocytoma,
Grade III); Primary GB tumor specimens were obtained from the fol-
lowing GB patients: GB#1, male; GB#2, female; GB#3, female; GB#28,
female; GB#35, male; GB#37, female; GB#68, sex not available.

Authentication of GSCs was performed with STR analysis and
GSCs were regularly tested negative for mycoplasma contamination.
GB surgical specimens were collected for this study with the approval
of Beijing Fengtai Hospital and PLA General Hospital. Sex was deter-
mined by self-reporting, and it was not taken into consideration for the
statistical analyses of this study, as it was not the focus of the research.
We collected the specimens based on patient availability. Informed
consents were received fromall the participants whose specimenwere
used in this study. The glioma tissue microarray (HBraG171Su01) was
purchased from Shanghai Outdo Biotechnology Company, Ltd.

The human NPC lines (hNP1 and 15167) derived from fetal brains
were cultured and maintained in the stem cell medium described
above according to the vendor’s instruction (Lonza). Human NSCs
(Meisen CTCC) were cultured and maintained in human neural stem
cell medium (Meisen CTCC: CTCC-009-415). NHA cells (Beina Chuan-
glian Biotechnology Institute) was maintained in glucose-free DMEM
supplemented with 5mM glucose and 10% FBS. All these cells were
authenticated by the supplier using STR analysis and were regularly
tested negative for mycoplasma contamination.

Mice
Mice used in these studies were 4-week-old female BALB/c nude mice
purchased fromBeijing Vital River Laboratory Animal Technology. Sex
was not considered in the study design and analysis because this study
was not designed to detect sex differences. All mice were resided in
specific pathogen-free (SPF) conditions. Mice lived in a cycle of 12 h of
light and 12 h of darkness. The temperature and humidity of themouse
feeding environment are 18–22 °C and 50–60%, respectively. Animal
care was monitored daily by certified veterinary staff and laboratory
personnel. A maximum of five mice per cage was allowed. Animals
were maintained until manifestation of neurological signs, at which
point they were sacrificed by inhalation of carbon dioxide followed by
cervical dislocation, and then remove the tissues for in vitro analysis.
All surgical procedures were performed under anesthesia by intra-
peritoneal injection of a ketamine and xylazine cocktail.

Establishment of GSC-derived intracranial GB xenografts and
combination treatment
Intracranial transplantation of GSCs to establish GB xenografts was
performed19,21. Briefly, GSCs (2 × 104) with indicated treatment were
implanted into the right frontal lobe of female BALB/c nude mice.
Four-week-old littermates were used for transplantation studies and
randomized to be grouped. Mice in each group were treated with
doxycycline (Dox) (1mg/mL, daily in water), irradiation (γ-ray irra-
diator, 3 Gy, once a week, three times in total), TMZ (40mg/kg, every
two days, five doses in total), or were treated with AATF polypeptides
(10mg/kg, every two days, 5 time in total), starting on the indicated
days after tumor implantation. In the recurrent GB model, tumor-
bearingmicewere treatedwith irradiation (3 Gy, every three days, four
treatments) to eliminate the tumor. To monitor tumor growth, mice
transplanted with GSCs, which stably expressed firefly luciferase, were
monitored by bioluminescence imaging longitudinally using the Cali-
bar IVIS® Spectrum (PerkinElmer) in vivo imaging system every week.

For the survival experiments, animals were maintained until manifes-
tation of neurological signs. The maximum tumor burden permitted
by the ethics committee is 1500mm3, and the tumor weight must not
exceed 10% of the mouse’s body weight. The humane endpoint was
defined by a combination of clinical signs, including lethargy, hunched
posture, and significant tumor volume. In this study, noneof the tumor
volumes exceeded these limits.

Mice were euthanized and necropsied by exsanguination using
cardiac perfusion with PBS under deep anesthesia, when exhibiting
signs of declining neurologic status or performance status. Mouse
brains were fixed in 4%paraformaldehyde for 24h at 4 °C, washedwith
PBS andpreservedwith 30% sucrose.Mouse brainswere placed inOCT
compound and stored at −80 °C before sectioning at a thickness of
8 µm until use.

Isolation of CD133 positive and negative glioma cells from
human primary GB tissue
Fresh primary glioblastoma tissues were obtained fromBeijing Fengtai
Hospital and PLAGeneralHospital andweredissociated into single-cell
suspensions using brain tumor dissociation kit (Miltenyi Biotec, Cat#
130-095-942). Then theCD133 positive and negative cellswere isolated
using CD133 microbead kit (Miltenyi Biotec, Cat# 130-100-857)
according to the manufacturer’s protocol.

Immunofluorescence staining, immunohistochemistry, and
Immunoblot
For IF staining19,21, cells or tissue sections were fixed in 4% paraf-
ormaldehyde (PFA, Sigma-Aldrich) for 15min at room temperature and
then permeabilized in PBS containing 0.3% Triton X-100 (Bio-Rad
Laboratories) for 15min. Samples were blocked with 5% bovine serum
albumin and0.3% Triton X-100 in PBS for 1 h at room temperature, and
then incubated with primary antibodies overnight at 4 °C followed by
incubation with appropriate secondary fluorescently labeled antibody
for 1 h at room temperature. Nuclei were counterstained with Hoechst
(Invitrogen). Images were acquired using a laser confocal microscope
(Zeiss, LSM880) with Zen 2.1 SP2 software. ImageJ software 1.8.0
(version 1.54g) was used for image processing after data acquisition.

For IHC staining21,46, a tissue microarray of de-identified formalin-
fixed, paraffin-embedded glioma specimens was immunostained with
anti-AATF or -XRCC4 antibody. Secondary antibody was labeled with
polymer-HRP (horseradish peroxidase) anti-mouse as appropriate.
Staining was visualized using DAB (3, 30-diaminobenzidine) chromo-
gen. The staining intensity of AATF or XRCC4 was scored using a
modified histochemical scoring (H-score) system to assess both the
staining intensity and the percentage of positively stained cells. For the
intensity, a score of 1–4 (corresponding to negative, weak, moderate,
or strong staining) was recorded and the percentage of positively
stained cells at each intensity was estimated. Presence or absence of
AATF or XRCC4 staining was scored by at least 2 individuals, one of
whom is a pathologist, and consensus scores are reported. Tissue
microarrays including low-grade and high-grade gliomas (Shanghai
Outdo Biotechnology Company, Ltd). The detailed information of
tissue microarrays is listed in Supplementary data 3.

For Western blot analyses19,21, cells were lysed in RIPA buffer
supplemented with protease inhibitors and phosphatase inhibitors
(Roche), and then incubated on ice for 30min. Protein concentration
was determined by the Bradford assay (Bio-Rad Laboratories). Protein
samples were loaded on SDS-PAGE gels and transferred to PVDF
membranes (Millipore, Billerica, MA). Blots were incubated with pri-
mary antibodies overnight at 4 °C followed by HRP-conjugated spe-
cies-specific antibodies (Jackson Immuno Research, 1:5000) at room
temperature for one hour.

The following antibodies were used: AATF (Proteintech Group for
IB, 1:1000, Cat#10282-1-AP; for IF, 1:200, Cat#A301-032a; Santa Cruz
for IHC, 1:200, Cat#sc-81225), XRCC4 (Santa Cruz for IB, 1:1000, for
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IHC 1:200, Cat#sc-365055; Proteintech Group for IF, 1:200,Cat# 15817-
1-AP), γ-H2AX (Millipore for IB, 1:1000, Cat#05-636; Cell Signaling for
IF 1:200, cat#9718), Flag (Sigma for IB, 1:2000, Cat#F7425), Cleaved-
Caspase3 (Cell Signaling for IB, 1:1000; for IF, 1:100, Cat#9664 s), LIG4
(Proteintech Group for IB, 1:1000, Cat#12695-1-AP), DNA-PKcs (Cell
Signaling for IB, 1:1000, Cat#4602), Ku80 (Proteintech Group for IB,
1:1000, Cat#16389-1-AP), ATM (Abcam for IB, 1:1000, Cat#ab32420),
SOX2 (Santa Cruz for IB, 1:1000, cat#SC-365823; R&D for IF,
1:200,cat#AF2018), CD3 (Thermo Fisher for IF, 1:200, cat#14-0037-82),
CD45 (Thermo Fisher for IF, 1:200, cat#58-0459-42), CD68 (Abcam for
IF, 1:400, cat# ab955), GFAP (Cell Signaling for IF,1:400,cat#12389).
BRCA1 (Proteintech Group for IF, 1;200, cat#22362-1-AP), Rad51 (Cell
Signaling for IF, 1:200, cat# 8875), 53BP1 (Novus for IF, 1:200, cat#
NB100-304), Ubiquitin (MBL for IB, 1:1000, Cat#D058-3), Ubiquitin,
Lys48-specific (Millipore for IB, 1:1000, Cat#05-1307), p-SQ (Cell Sig-
naling for IB, 1:1000, Cat#6966S), Secondary antibody labeled with
polymer-HRP anti-rabbit (Jackson for IB, 1:5000, cat#111-035-003),
secondary antibody labeledwith polymer-HRP anti-mouse (Jackson for
IB, 1:5000, cat#115-035-003). Alexa Fluor 488 donkey anti-rabbit IgG
(Thermo for IF, 1:400, Cat#A21206), Alexa Fluor 488 donkey anti-
mouse IgG (Thermo for IF, 1:400, Cat#A21202), Alexa Fluor 555donkey
anti-mouse IgG (Thermo for IF, 1:400, Cat#A31570), and Alexa Fluor
555 donkey anti-goat IgG (Thermo for IF, 1:400, Cat#A21432).

DNA constructs and lentiviral transfection
Human Flag-AATF, GFP-AATF, Flag-XRCC4, and mCherry-XRCC4 were
generated by PCR and were cloned into the pCDH-MCS-T2A-Puro-
MSCV lentiviral vector (System Biosciences). Human GST-XRCC4 were
generated by PCR and were cloned into the pGEX-4T-1 vector
(Addgene). The deletion mutation forms of AATF (Δ181–230aa,
Δ231–280aa, Δ281–330aa, Δ331–380aa, Δ381-440aa) were cloned into
the pCDH-MCS-T2A-Puro-MSCV vector. The truncated mutant forms
of XRCC4 and AATF were cloned into the pGEX-4T-1 vector. Clones
expressing AATF or XRCC4 shRNAs were cloned into the pLKO.1 TRC
vector (Addgene); Clones expressing AATF or XRCC4 Dox-induced
shRNAs were cloned into the Tet-pLKO-puro vector (Addgene).

AATF DOX-induced shRNA: 5′-TTGACTCAGATCGACCATATT-3′;
AATF-shRNA#1: 5′-TTGACTCAGATCGACCATATT-3′; AATF-shRNA#2:
5′-GCTCTTGGAAGGAAGG ATCAA-3′; AATF-shRNA#3: 5′-ATGGAG-
GAAACCAGTGACTTT-3′; XRCC4 DOX-induced shRNA: 5′-CCTCAG-
GAGAATCAGCTTCAA-3′; XRCC4-shRNA#1: 5′-TATTGCTTGGACAC
CATTGCA-3′; XRCC4-shRNA#2: 5′-CCTCAGGAGAATCAG CTTCAA-3′.

Lentiviral viral particles were produced in 293 T cells by co-
transfection of lentiviral vectors, the packaging vectors pSPAX2 and
pVSVG using a standard calcium phosphate transfection method. For
rescue experiments, GSCs stably expressing Flag-XRCC4 were trans-
duced with shAATF or non-targeting shRNA via lentiviral infection.
After recovering for 48 h, cells were selected by puromycin (2μg/mL)
and plated to assess cell viability, DNA damage or used for in vivo
experiments.

Inducible knockdown
For inducible knockdown21, GSCs stably expressing firefly luciferase
were infected with lentivirus carrying inducible pLKO-Tet-On-shRNA.
GSCs expressing AATF or XRCC4 Dox-induced shRNAs were cultured
with 0.1 µg/mL Dox for 6 days before cell lysates were collected to
confirm the knockdown efficiency of AATF or XRCC4. After validation
of knockdown efficiency in vitro, GSCs expressing Dox-induced
shRNAs were intracranially transplanted into nude mice and supplied
with water containing 1mg/mL Dox.

CRISPR-Cas9 gene knockout
The CRISPR design tool from the Broad Institute (https://portals.
broadinstitute.org/gpp/public/analysis-tools/sgrna-design) was used
to design AATF sgRNAs Forward: 5′-CACCGGCTTTAAGTGCCTT

GTGACC-3′, Reverse: 5′-AAACGGTCACAAGGCACTTAAAGCC-3′, For-
ward: 5′-CACCGCCTTTATTTCCCAGGTCACA-3′, Reverse: 5′-AAACTGT
GACCTGGGAAATAAAGGC-3′. Oligonucleotides were annealed and
cloned into LentiGuide-puro (Addgene) plasmid. For knockout stu-
dies, GSCs were transduced with LentiCas9-blast (Addgene) lentiviral
construct and selected by blasticidin (10μg/ml) to obtain GSCs stably
expressing Cas9. After that, the GSCs-Cas9 were transduced with a
lentiviral plasmid carrying sgRNAs targeting AATF and were selected
with puromycin (2μg/ml) for 48h. Cell pools were harvested to con-
firm the knockout efficiency of AATF by IB.

Cell viability assay
Cell viability assays were conducted by plating cells at a density of
2 × 103 cells/well in 96-well plates with 200μl culture medium in tri-
plicate. Cell titers were determined after the indicated number of days
using Cell Titer-Glo Luminescent Cell Viability Assay kit (Promega,
Madison). All data were normalized to the initial reading at day 0 and
presented as mean ± SD.

Immunoprecipitation and mass spectrometric analysis
Cells were collected and lysed in NP-40 lysis buffer (Boster biological
technology, AR0107) supplemented with protease inhibitors and phos-
phatase inhibitors, incubated on ice for 30min, and followed by cen-
trifugation at 15,000×g for 15min at 4 °C. The supernatant was
subjected to immunoprecipitation with the primary antibody (5μg of
antibody as indicated, or isotype control antibodies) overnight at 4 °C.
The precipitants were extensively washed six timeswith IP buffer, boiled
with SDS loading buffer and subjected to SDS-PAGE and immunoblot.

For the AATF binding proteins identification, endogenous AATF
was immunoprecipitated with anti-AATF antibody or isotype control
overnight at 4 °C. The precipitants were extensively washed with wash
buffer, boiled with SDS loading buffer and were separated on SDS-
PAGE followed by silver staining. Gel fragments were excised, washed,
detained in 50% ethanol and 5% acetic acid, dehydrated in acetonitrile,
dried in a SpeedVacuum, anddigestedwith trypsin. The peptideswere
extracted from the polyacrylamide and subjected to LC-MS analysis.

This study utilized an EASY-nLC 1200 liquid chromatography
system coupled with a Q Exactive HF mass spectrometer (Thermo
Fisher Scientific) to analyze peptides from all samples, including
three technical replicates. Samples were first dissolved in 99.9% H2O/
0.1% FA and centrifuged at 16,000 × g for 10min before 500 ng was
taken for analysis. Chromatographic conditions included a single-
column mode with a separation column of 75 μm× 150mm (Repro-
Sil-Pur C18-AQ, 1.9 μm particle size), at a temperature of 60 °C.
Mobile phases consisted of A: 99.9% H2O + 0.1% FA and B: 80%
ACN + 20% H2O + 0.1% FA, with a flow rate of 0.3μL/min. The elution
program gradually increased the concentration of phase B over
75min. Mass spectrometry settings included a spray voltage of 2.1 KV
and a capillary temperature of 320 °C, with Orbitrap resolutions set
at 120,000 for precursor ions and 15,000 for fragment ions. Data
were qualitatively and quantitatively analyzed using ProteinDiscov-
erer 2.1.1.21 software, searching against the NCBI human protein
database, with precursor and fragment ion tolerances set at 20 ppm
and 50mmu, respectively. Variable modifications considered were
N-terminal acetylation and methionine oxidation, employing trypsin
digestion allowing up to two missed cleavages, with peptide-level
FDR control set at 1%. For experiments analyzing differential protein
expression in GSCs and GBMs, DGC and NHA were used as control
groups, with three technical replicates performed. For identification
AATF binding proteins, IgG was used as a control group, with two
biological replicates conducted.

GST-pull down assay
GST-vector and GST-XRCC4were expressed in BL21 Competent E. coli,
purified and incubated with Glutathione Sepharose 4B beads (GE
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Healthcare, 17-0756-01) according to the manufacturer’s protocol
(AmershamBiosciences). For binding assay, Flag-AATFwas transfected
into 293 T cells. The cells were lysed with NP-40 lysis buffer and then
the lysate supernatant was subjected to GST-beads coupled XRCC4
overnight at 4 °C in NP-40 lysis buffer. The precipitants were exten-
sivelywashed six timeswith lysis buffer, boiledwith SDS loading buffer
and subjected to SDS-PAGE.

RNA isolation and real-time PCR
Total RNAwas isolated from cultured cells using RNeasy Kit (QIAGEN).
Then the RNA was reversely transcribed to cDNA with PrimeScript RT
Master Mix (Takara Bio Inc.) according to the manufacturer’s instruc-
tions. Real-time PCR was performed with SYBR Green Master Mix
(Applied Biosystems) on a cycler (Applied Biosystems QS3). Actin was
used for normalization. The primer pairs used to detect the mRNA
level are listed below.

AATF, Forward: 5′-CCAGGGTGATTGACAGGTTTG-3′, Reverse: 5′-
CCAGTTTT CTAATGCTACCCACT-3′; XRCC4, Forward: 5′-ATGTTGGT
GAACTGAGAAAAGCA-3′, Reverse: 5′-GCAATGGTGTCCAAGCAATAAC-
3′; TP53, Forward: 5′-CAGCACA TGACGGAGGTTGT-3′, Reverse: 5′-
TCATCCAAATACTCCACACGC-3′; P21, Forward: 5′-TGTCCGTCAGA
ACCCATGC-3′, Reverse: 5′-AAAGTCGAAGTTCCAT CGCTC-3′; PLK2,
Forward: 5′- TACGCCGCAAAAATTATTCCTC-3′ Reverse: 5′-TCTTT
GTCCTCGAAGTAGTGGT-3′; GAPDH, Forward: 5′-CCAGGTGGT
CTCCTCTGACTTC-3’, Reverse: 5′- GTGGTCGTTGAGGGCAATG-3′.

Ubiquitination assay
GSCs were treated with 10μMMG132 or vehicle control for 6 h before
collection. Cells were washed with cold PBS and then lysed with NP-40
lysis buffer (Boster biological technology, AR0107) or denatured pro-
tein extracts RIPA supplemented with protease inhibitors (Roche) and
N-Ethylmaleimide (Sigma, E3876), incubated on ice for 30min, and
followed by sonication at 75Hz with a 2-s pause of 3 s for a total of 7
times and centrifugation at 15,000× g for 15min at 4 °C. The super-
natant was immunoprecipitated with anti-Flag M2 affinity gel (Sigma,
A2220) and subjected towestern blottingwith anti-ubiquitin antibody,
anti-ubiquitin Lys48-specific antibody, or anti-Flag antibody to detect
ubiquitination of XRCC4.

Flow cytometry analysis
For apoptosis assay, GSCs were harvested and trypsinized as single
cell, and then re-suspended in 100μl AnnexinV-FITC/PI buffer (Pro-
mega) and incubated for 15min at room temperature in dark. Totally
10,000 cells were analyzed per sample and the rate of apoptosis was
measuredby aflowcytometer (BDAria III). Flowcytometry assayswere
performed at least three times per cell line. Data analysis was per-
formed with FlowJo V10 software.

Alkaline comet assay
The alkaline comet assay was performed according to manufacturer
protocol (Trevigen #4250-050-K). Briefly, GSCs were harvested and
suspended in low-melting point agarose, plated onto provided comet
slides, and subjected to electrophoresis and DNA precipitation in
neutral electrophoresis buffer. Slides were processed according to
manufacturer’s instructions. DNA tails were visualized after SYBR Gold
staining using an Invitrogen EvosTM M5000 fluorescence microscope.

HR and NHEJ reporter assays
U2OS cells integratedwith DR-GFP or NHEJ-GFP cassettes were used to
analysis of HR or NHEJ efficiency, respectively47,48. Cells transduced or
transiently transfected with indicated plasmids were then transfected
with I-Scel expressionplasmid pCBA-Scel (Addgene). Forty-eight hours
after transfection, percentages of GFP-positive cells were analyzed by
flow cytometry. HR or NHEJ efficiency is presented as the ratio of
control cells.

Identification of phosphorylation sites of AATF
For the identification of AATF phosphorylation sites, HEK293T cells
were transduced with Flag-tagged AATF. Following collection, cells
were lysed in PIP lysis buffer and kept on ice for 30min, then clarified
by centrifugation at 16,000× g at 4 °C for 10min. An equal amount of
lysate was subsequently incubated with anti-Flag M2 beads at 4 °C
overnight. The precipitates were washed thrice with high-salt buffer
(PIP lysis buffer adjusted to 300mM NaCl), boiled with SDS loading
buffer, and subjected to SDS-PAGE. The gel was stained with Coo-
massie brilliant blue, sliced, and subjected to LC-MS/MS analysis at the
National Center for Protein Sciences (Beijing). Briefly, gel slices were
destained, reduced with DTT, alkylated with iodoacetamide, and
digested with trypsin. The resulting peptides were purified and
detected using Orbitrap mass spectrometers in positive ionization
mode. LC-MS/MS data was analyzed using Proteome Discoverer and
the free version of the Mascot Server.

Laser micro-irradiation
GSCs stably expressing indicated plasmids were cultured in glass-
bottom dishes and pre-treated with 2μM Hoechst 33342 Solution
(Thermo Scientific) for 10min. Cells were then subject to a 405-nm
localized laser beam (70% laser power, 10 s) on an inverted Nikon A1R
microscope. Cells were then imaged using the Nikon TIE microscope
and the Nikon NIS software at indicated time. Data analysis was per-
formed with Volocity demo software.

Dual-luciferase report assay
Human p53 promoter (−2000bp–+100bp)was cloned into pGL3-Basic
to construct luciferase reporter vectors. Cells expressing Flag-vector,
Flag-AATF, or Flag-AATF△331–380 mutant plasmids were co-transfected
with p53 reporter constructs and Renilla luciferase plasmids. After
48 h, luciferase activity was determined by a dual luciferase reporter
assay system (Promega) according to the instructions of the manu-
facturer and measured by a multi-mode microplate reader
(SpectraMax iD3).

RNA sequencing
Total RNA was isolated from cells using the RNeasy Mini Kit (QIAGEN).
cDNA libraries were generated using the VAHTS Universal V6 RNA-seq
Library Prep Kit for Illumina. After library construction, the libraries
were first quantified using Qubit 3.0 for preliminarymeasurement and
then diluted to a concentration of 1 ng/μL. Subsequently, the insert
size of the libraries was analyzed using an Agilent 2100 Bioanalyzer.
Once the insert size met the expected range, the effective concentra-
tion of the libraries was accurately determined by qPCR (with a
requirement of effective concentration >10 nM), to ensure library
quality. Sequencing was then performed on the Illumina platform
using a PE150 sequencing strategy, generating paired-end reads of
150 bp in length. Bowtie v1.0.1 was used to build the reference genome
index, and the clean data were then aligned to the reference genome
using HISAT2 v2.0.5. Fragments per kilobase per millions (FPKMs) of
known genes were calculated using eXpress v1.5.1.

Peptides
There sequence encoding AATF (331–380) was: K331-S350
(KQQRRRVPAKRKLEMEDYPS); E346-R365 (EDYPSFMAKRFADFT-
VYRNR); V361-K380 (VYRNRTLQKWHDKTKLASGK). A control peptide
sequence (ALGFTDQKTPKSKRTVNSKQPFKTPSKNLTAY) was designed
which had the same amino acid composition and did not bear
homology to any known protein in human protein database. The Cell
Permeable Peptide (CPP) versions (aa331–380 and control peptides)
were tagged with SV40 Large T antigen nuclear localization signal
(PKKKRKVEDPYC) in the N-terminus and FITC in the C-terminus. The
peptides were dissolved in DMSO tomake 100mM stocks. For in vitro
assays in cells, subsequent dilutions were made in 1 × PBS, while for
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in vivo studies, the compounds were dissolved in 1 × PBS contain-
ing 5% DMSO.

Quantification and statistical analysis
All grouped data are presented as mean± SD or SEM from studies
performed at least in triplicate unless otherwise specified. For bar
graphs, the unpaired two-sided Student’s t-test was used to compare
two groups with equal variances andWelch’s t-test for the comparison
of two groupswith unequal variances. Multi-group data was compared
by Two-way ANOVA. A probability value of 0.05 or less was considered
significant. For the survival analysis, Kaplan–Meier survival curves
were analyzed by using log-rank statistics comparing the different
patient or mouse groups. GraphPad Prism Software 8.3.0 (GraphPad
Software, Inc.) was used to examine statistical significance. For IB
analysis, protein levels were quantified using ImageJ (version 1.54g)
software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The mass spectrometric analysis data and RNA-seq data generated for
this study have been deposited in the China National Center for
Bioinformation under the accession code OMIX004102 and
HRA009680, which are publicly available. The remaining data are
availablewithin theArticle, Supplementary InformationorSourceData
file. Source data are provided with this paper.
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