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SUMOylation of Warts kinase promotes
neural stem cell reactivation

Yang Gao 1, Ye Sing Tan1, Jiaen Lin1, Liang Yuh Chew1, Htet Yamin Aung1,
Brinda Palliyana1, Mahekta R. Gujar1, Kun-Yang Lin1, Shu Kondo2 &
Hongyan Wang 1,3,4

A delicate balance between neural stem cell (NSC) quiescence and prolifera-
tion is important for adult neurogenesis and homeostasis. Small ubiquitin-
related modifier (SUMO)-dependent post-translational modifications cause
rapid and reversible changes in protein functions. However, the role of the
SUMO pathway during NSC reactivation and brain development is not estab-
lished. Here, we show that the key components of the SUMO pathway play an
important role in NSC reactivation and brain development in Drosophila.
Depletion of SUMO/Smt3 or SUMO conjugating enzyme Ubc9 results in
notable defects in NSC reactivation and brain development, while their over-
expression leads to premature NSC reactivation. Smt3 protein levels increase
with NSC reactivation, which is promoted by the Ser/Thr kinase Akt. Warts/
Lats, the core protein kinase of the Hippo pathway, can undergo SUMO- and
Ubc9-dependent SUMOylation at Lys766. This modification attenuates Wts
phosphorylation byHippo, leading to the inhibition of theHippopathway, and
consequently, initiation of NSC reactivation. Moreover, inhibiting Hippo
pathway effectively restores the NSC reactivation defects induced by SUMO
pathway inhibition. Overall, our study uncovered an important role for the
SUMO-Hippo pathway during Drosophila NSC reactivation and brain
development.

Neural stem cells (NSCs) are important for the development and
regeneration of the nervous system. While the majority of NSCs in an
adultmammalianbrain exist in a quiescent state1,2, extrinsic signals can
induce their proliferation, in a process named reactivation. Variants of
human orthologs of several genes that regulate NSC reactivation in
Drosophila, such as IGF1-R, are associated with neurodevelopmental
disorders3–11.

Drosophila NSCs, also known as neuroblasts, have emerged as a
powerful model system to study the mechanisms underlying NSC
reactivation in vivo12,13. Drosophila NSCs in the central brain (CB) and
thoracic ventral nerve cord (VNC) enter into quiescence at the end of

embryogenesis, and subsequently exit quiescence (reactivate) in
response to dietary amino acids, typically within 24 h after larval
hatching (hALH) (Fig. 1a)14–16. The nutritional signals originate from the
Drosophila fat body—functional equivalent of mammalian liver and
adipose tissue17—and lead to activation of the insulin/insulin-like
growth factor (IGF) signaling pathway18,19 and inactivation of the Hippo
signaling pathway in NSCs for their reactivation18–21.

The evolutionarily-conserved Hippo pathway maintains NSC
quiescence in Drosophila larval brains20,22. The core Hippo pathway
consists of a kinase cascade, in which Hippo (Hpo)/Mst1/2
phosphorylates Warts (Wts)/Lats1/2. When activated, Wts/Lats1/2
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phosphorylates the oncogenic transcriptional coactivator Yorkie
(Yki)/YAP, resulting in its cytoplasmic retention23. When the Hippo
pathway is inactive, Yki enters the nucleus to enhance the expression
of target genes23–25. A CRL4 E3 ubiquitin ligase promotes Wts kinase
ubiquitination and degradation, thus promoting NSC reactivation26.
The intricate interplay between the InR/PI3K/Akt and Hippo path-
ways during NSC reactivation is coordinated by components of the

Striatin-interacting phosphatase and kinase (STRIPAK) complexes27.
Moreover, various intrinsic molecules are required for NSC
reactivation28–33.

SUMOylation is a type of post-translational modification in which
the small ubiquitin-relatedmodifier (SUMO) peptide is conjugated to a
substrate protein for swift and reversible alteration of protein func-
tion, including its activity, stability, or subcellular localization34,35. In
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Drosophila, there exists a single SUMO gene known as smt3. SUMO
maturation involves removal of the C-terminal extension by Ubiquitin-
Like Protease 1 (Ulp1) that exposes its diglycine motif36,37. After
maturation, SUMO is activated by the heterodimeric SUMO-activating
enzyme (SUMO E1) Aos1/Uba2, through the formation of a thioester
bond38,39. Subsequently, this thioester linkage is transferred to a
cysteine in the sole E2-conjugating enzyme ubiquitin-conjugating 9
(Ubc9, encoded by the lesswright (lwr) gene)39–42. Ultimately, Ubc9
transfers SUMO to the substrate protein, through an isopeptide bond
between the lysine residue of the substrate and the C-terminal glycine
in SUMO40–42. SUMO E3 ligases, which bind both Ubc9 and the sub-
strate protein, facilitate the formation of isopeptide bonds34,43–45. The
SUMO pathway plays a pivotal role in developmental processes34,46,47,
and its dysregulation is implicated in a variety of human diseases,
including cancers and neurodegenerative diseases47–52. However, the
role of the SUMO pathway during NSC reactivation and brain devel-
opment remains to be established.

In this study, we demonstrated an important, indispensable role
for the SUMO pathway in NSC reactivation and brain development.

Results
Smt3, the single SUMOprotein inDrosophila, is required forNSC
reactivation and brain development
To identify regulators of NSC lineage development, we carried out a
genetic screen using a collection of 504 CRISPR-Cas9-mediated gene
deletion mutants on chromosome 2L53. From this screen, we isolated
four mutants, M2L-2483, M2L-2484, M2L-2401 and M2L-2402, that
displayed defects in NSC reactivation (Supplementary Fig 1a, b). At
24 h ALH, the majority of NSCs in control larval brain were reactivated
and incorporated with 5-ethynyl-2’-deoxyuridine (EdU), with only 9.6%
of NSCs remaining quiescent and negative for EdU (Supplementary
Fig 1a, b). In contrast, the percentage of quiescent NSCs that were EdU-
negative was significantly higher at 28.0% and 28.8% in M2L-2483 and
M2L-2484 heterozygousmutants, respectively, and at 47.8% and 42.6%
in M2L-2401 and M2L-2402 homozygous mutants, respectively (Sup-
plementary Fig 1a, b). TheM2L-2483 andM2L-2484mutants contained
mutations in smt3/SUMO, which encodes the solo SUMO protein in
Drosophila, whereas the M2L-2401 and M2L-2402 mutants contained
mutations in lwr/Ubc9, which encodes the SUMO E2 conjugating
enzymeUbc9 inDrosophila. M2L-2483, M2L-2484, M2L-2401 andM2L-
2402 are hereinafter termed smt3M2L-2483, smt3M2L-2484, lwrM2L-2401 and
lwrM2L-2402, respectively. Themutation in smt3M2L-2483 is a result of a silent
mutation on Q26 and the addition of 2 extra base pairs (bps), which
results in a missense mutation from the 27th amino acid onwards
(Fig. 1b, SupplementaryTable 1a). Themutation in smt3M2L-2484 is a result
of the addition of two extra nucleotide bases, leading to a missense
mutation from 27th amino acid and early termination of translation at

34th amino acid (Fig. 1b, Supplementary Table 1a). Furthermore,
mutations in lwrM2L-2401 and lwrM2L-2402 are caused by a 7- and 1-bp dele-
tions, resulting in missense mutations from the 40th or 39th amino
acids, respectively, and early termination of translation at 59th and
61th amino acids, respectively (Fig. 1b, Supplementary Table 1b).

Since smt3M2L-2483 and smt3M2L-2484 mutants were homozygous lethal
at 24 h ALH, we examined a known smt3 loss-of-function allele,
smt304493, which was generated by a P-element insertion at 20 bp
upstream of the transcription start site and survived to early second
instar stage54. At 24 h ALH, 64.2% of NSCs in smt304493 homozygous
mutants failed to incorporate EdU as compared to 10.4% in control
larval brains (Fig. 1c, d). Furthermore, the percentage of EdU-negative,
quiescent NSCs in a trans-heterozygous mutant between smt304493 and
smt3M2L-2483 and a hemizygous mutant between smt304493 and a smt3-
deficient line (smt3Df24652) dramatically increased to 83.6% and 88%,
respectively (Fig. 1c, d). We further quantified the percentage of
quiescent NSCs with primary cellular protrusions, the hallmark of
quiescent NSCs21,55. Using Miranda (Mira) as a marker for the cellular
extensions, we found that there was a significant percentage of Mira-
positive NSCs that still extended their cellular protrusions in smt304493

mutant brains (12.6%) as compared to 4.5% in control larval brains
(Fig. 1e, f). Moreover, the number of mitotic NSCs that are positive for
phospho-Histone H3 (PH3) was significantly reduced from 22.2% in
control larval brains to 7.1% in smt304493 mutant brains (Fig. 1e, g). Smt3
fluorescence intensity was significantly reduced to 0.52-fold in
smt304493 mutant NSCs as compared to control NSCs (Supplementary
Fig 1c, d), which validated smt304493 as a loss-of-function allele. Addi-
tionally, at 24 h ALH, knockdown of smt3 in NSCs by two independent
RNAi lines resulted in prominent reactivation defects in NSCs: the
percentage of EdU-negative quiescent NSCs significantly increased
from 8.8% in control larval brains to 53.2% and 58.5% in smt3RNAi lines
respectively (Supplementary Fig 1e, f). Both smt3RNAi lines still dis-
played strong NSC reactivation defects at 48 h and 72 h ALH at 29 °C
(Supplementary Fig 3a, b), suggesting a block in NSC reactivation.
Upon smt3 knockdown inNSCs, only 34.7% and 17.9% of the NSCs were
Smt3/SUMO-positive in these twoRNAi stocks, comparedwith 100% in
control NSCs, confirming the efficiency of smt3 knockdown (Supple-
mentary Fig 1g, h). While smt304493 mutant had a decrease in the total
NSC number (68 NSCs/brain lobe vs 87.1 in control), the total number
of NSCs in both smt3RNAi lines appears to be normal (82.3 and 79.3 vs
83.3 in control; Supplementary Table 2).

Remarkably, the volume of smt304493 mutant brain lobes was dra-
matically reduced to 0.84 × 106 µm3, compared to control larval brain
volume of 1.66 × 106 µm3 (Fig. 1h, i), mimicking microcephaly pheno-
types. There was a significant decrease in the number of Dpn-positive
neuroblasts at 4 h after egg laying in smt304493 homozygous embryos
(Supplementary Fig 1i, j), suggesting that this embryonic phenotype

Fig. 1 | Smt3, the single SUMO protein in Drosophila, is required for NSC reac-
tivation and brain development. a Diagrammatic representation of Drosophila
brain and quiescent NSC reactivation time line. aNSC: active NSC, qNSC: quiescent
NSC. b Diagram of CRISPR-Cas9 mediated gene deletion mutants on smt3 and lwr.
c Larval brain lobes from control (yw), smt304493, smt304493/smt3M2L-2483, smt304493/
smt3Df24652 and smt304493+tub>smt3 were analyzed for EdU incorporation. NSCs were
marked by Dpn and Mira. White arrows point to EdU- qNSCs. d Quantification of
EdU- NSCs per brain lobe (BL) for (c). Control, 10.4 ± 2.2, n = 11; smt304493, 64.2 ± 8.9,
P = 5.6E-14, n = 10; smt304493/smt3M2L-2483, 83.6 ± 7.7, P = 8.9E-09, n = 12; smt304493/
smt3Df24652, 88 ± 5.2, P = 2.6E-10, n = 12; smt304493 + tub>smt3, 12 ± 1.6, p =0.07,
P = 5.0E-13, n = 10. e Larval brain lobes from control (yw) and smt304493 were labeled
with Dpn, PH3 and Mira. White arrows point to PH3+ NSCs, yellow arrows point to
qNSCswith protrusion. fQuantificationofNSCs retaining cellular protrusionper BL
for (e). Control, 4.5 ± 1.1, n = 11; smt304493, 12.6 ± 1.4, P = 8.5E-14, n = 11.
g Quantification of PH3+ NSCs per BL for (e). Control, 22.2 ± 2.7, P = 3.5E-13, n = 11;
smt304493, 7.1 ± 1.2, n = 11. h Maximum intensity z-projection of larval brains from
control (yw), smt304493, smt304493+tub>smt3, and smt304493+grh>smt3 were stained

with DAPI. i Quantification of brain volume in (h). Control, 1.66 ± 0.23, n = 10;
smt304493, 0.84 ± 0.19, P = 4.4E-08, n = 11; smt304493+tub>smt3, 1.57 ± 0.32, P = 0.48,
n = 10; smt304493+grh>smt3, 1.11 ± 0.15, P = 8.3E-06, n = 10. j Larval brain lobes in
control (β-galRNAi) and smt3RNAi lines driven by insc-Gal4 were stained with DAPI.
k Quantification of brain volume in (j). Control, 28.22 ± 8.2, n = 10; smt3RNAi-1,
6.77 ± 6.6, P = 2.5E-06, n = 10; smt3RNAi-2, 5.57 ± 6.7, P = 4.6E-06, n = 11. l Larval brain
lobes in control (β-galRNAi) and two UAS-venus-smt3 lines driven by grh-Gal4 were
analyzed for EdU incorporation. White arrows point to EdU+ NSCs.
mQuantification of EdU+ NSCs per BL in (j). Control, 28.4 ± 4.6, n = 10; UAS-venus-
smt3-1, 59.4 ± 11.3, P = 2.3E-07, n = 10; venus-smt3-2, 59.6 ± 13.3, P = 1.0E-06, n = 11.
nQuantification of NSCs retaining cellular protrusion per BL in (j). Control, 12.4 ± 1,
n = 10; UAS-venus-smt3-1, 5.6 ± 1.8, P = 4.0E-09, n = 10; venus-smt3-2, 5.7 ± 2,
P = 2.3E-08, n = 10. o Quantification of PH3+ NSCs per BL in (j). Control, 7.2 ± 1.7,
n = 10; UAS-venus-smt3-1, 14.3 ± 3.6, P = 2.9E-05n = 10; venus-smt3-2, 13.5 ± 3.5,
P = 7.0E-05, n = 10. Data are presented as mean ± SD. **** for P ≤0.0001, ns for
P > 0.05. Scale bars are 10μm except in (j), which is 50μm.
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mayalsocontribute to the reductionof brain lobe size in smt3mutants.
These data indicate that Smt3/SUMO is required for NSC reactivation
and brain development.

Overexpression of smt3/SUMO leads to premature NSC
reactivation
We generated Venus-tagged smt3 transgenic flies and verified them
with anti-SUMO and anti-Venus antibodies (Supplementary Fig 1l, m).
At 9 h ALH, most of the wild-type NSCs were still in a quiescent state,
with only about 28.4% of NSCs incorporating EdU (Fig. 1l, m).
Remarkably, overexpression of Venus-tagged smt3 by NSC-specific
driver grainy head-Gal4 (grh-Gal4) significantly increased the percen-
tage of proliferative NSCsmarked by EdU incorporation: from 28.4% in
control to 59.4% and 59.6% in two independent smt3 overexpression
strains (Fig. 1l, m). Moreover, the percentage of quiescent NSCs with
primary cellular protrusions significantly decreased from 12.4% in
control to 5.6% and 5.7% in smt3 overexpression strains (Fig. 1n). In
addition, the percentage of PH3-positive mitotic NSCs significantly
increased from 7.2% in control to 14.3% and 13.5% in smt3 over-
expression strains (Fig. 1o), suggesting that smt3/SUMO over-
expression triggers premature NSC reactivation. Furthermore,
overexpression of Venus-tagged smt3drivenby tubulin-Gal4 (tub-Gal4)
fully rescued NSC reactivation defects (Fig. 1c, d), microcephaly-like
phenotypes (Fig. 1h, i) and Smt3/SUMO intensity (Supplementary
Fig 1n, o) in smt304493 allele, suggesting that Venus-tagged Smt3 is
functional. Overexpression of smt3 driven by grh-Gal4 partially res-
cued the microcephaly-like phenotypes (Fig. 1h, i) in smt304493 allele,
suggesting that NSC reactivation phenotype contributes to the
microcephaly phenotype in smt3 mutant. grh-Gal4 drives the expres-
sion of UAS transgenes in only a subset but not all NSCs in both
embryonic ventral nerve cord (Supplementary Fig 1k) and larval
brains18, which likely accounts for the incomplete rescue of the
microcephaly-like phenotypes using this driver. Indeed, knocking
down of smt3 using another NSC-specific driver insc-Gal4, which is
known to drive expression in all NSCs, but not grh-Gal4, dramatically
decreased the brain size at 72 h ALH, causing microcephaly-like phe-
notype (Fig. 1j, k), consistent with smt3 mutant phenotype. Upon
overexpression of smt3 or lwr at 9 h ALH, there was a slight increase in
NSC number, compared with the UAS control line (Supplementary
Table 2). Taken together, our results indicate that Smt3/SUMO is both
necessary and sufficient for promoting NSC reactivation and indis-
pensable for brain development.

SUMO conjugating enzyme Lwr/Ubc9 promotes NSC
reactivation
To further understand the role of the SUMO conjugating enzyme
Ubc9/Lwr in Drosophila, we analyzed two other lwr loss of function
alleles, lwr05486 and lwr13, both of which were generated from the
imprecise excision of a P-element inserted in the regulatory
zone56,57. Interestingly, at 24 h ALH, 60.5% of NSCs in lwr05486 and
55.2% of NSCs in lwr13 mutants failed to incorporate EdU as com-
pared to 9% in control (Fig. 2a, b), suggesting severe NSC reactiva-
tion defects in these mutants. In addition, the percentage of
quiescent NSCs retaining the primary cellular protrusion increased
significantly from 4.5% in control to 12.9% and 12.1% in lwr05486 and
lwr13 mutant brains, respectively (Fig. 2c). Moreover, the number of
PH3-positive mitotic NSCs was greatly reduced from 23.4% in con-
trol to 15% in lwr05486 and 15.3% in lwr13 mutant brains (Fig. 2d). lwr13

mutant brains showed a mild decrease in NSC number (79.2 vs 87.1
in control; Supplementary Table 2). Additionally, knockdown of lwr
in NSCs by two independent RNAi lines also resulted in NSC reac-
tivation defects at 24 h ALH, wherein, the percentage of EdU-
negative NSCs significantly increased from 4.9% in control to 36.8%
and 30.8% in the two lwrRNAi lines (Supplementary Fig 2a, b). lwr13 still
exhibited NSC reactivation defects at 48 h, 72 h and 96 h ALH

at 25 °C (Supplementary Fig 3c, d), suggesting a failure of NSC
reactivation.

Consistent with NSC reactivation defects in lwr mutants, the
volume of the brain lobes significantly reduced from 1.66 × 106 µm3 in
control to 1.06 × 106 µm3 in lwr13 mutant at 24 h ALH (Fig. 2e, f). The
microcephaly-like phenotype of lwr13 mutants was more severe at 96 h
ALH (34.98 × 107 µm3 vs 3.88 × 107 µm3 in control, Supplementary
Fig 3e, f). These data suggest that lwr is important for the reactivation
of quiescent NSCs and brain development.

Overexpression of SUMO E2 Lwr/Ubc9 drives premature exit of
NSC quiescence
Overexpression of lwr in NSCs at 9 h ALH resulted in premature
reactivation of NSCs, evident by a significant increase in the per-
centage of EdU-positive NSCs from 30.3% in control to 49.2% in lwr
overexpression strain at 9 h ALH (Fig. 2g, h). Moreover, the per-
centage of NSCs with primary cellular protrusion dramatically
decreased from 12.4% in control brains to 6.3% in lwr over-
expression brains (Fig. 2i). In addition, the percentage of PH3-
positive mitotic NSCs significantly increased from 7.2% in control
brains to 12.1% in lwr overexpression brains (Fig. 2j). Interestingly,
overexpression of a dominant-negative lwr (lwrDN) stain58,59 at 24 h
ALH resulted in reactivation defects with increased number of EdU-
negative quiescent NSCs (Supplementary Fig 2c, d). Furthermore,
the overexpression of wild-type lwr driven by grh-Gal4 or tub-Gal4
in lwr13 homozygous mutant at 24 h ALH significantly rescued NSC
reactivation defects (Supplementary Fig 2e, f), while over-
expression of lwrDN led to more severe NSC reactivation defects
(Supplementary Fig 2e, f). Besides, overexpression of lwr driven by
tub-Gal4 and grh-Gal4 significantly rescued the microcephaly-like
phenotype caused by lwr13 mutant (Fig. 2e, f). However, over-
expression of smt3 or lwr failed to promote NSC reactivation in
sucrose-only food (Supplementary Fig 2g, h), suggesting that Smt3
and Ubc9 promote NSC cell cycle reentry relying on the presence of
nutrition. There was no significant difference between control and
smt3 or lwr overexpression at 24 h ALH (Supplementary Fig 3g, h),
suggesting their overexpression effect was not sustained at a later
stage. Taken together, we propose that the SUMO conjugating
enzyme Ubc9/Lwr, like the SUMO protein, is a key regulator of NSC
reactivation and brain development.

The heterodimeric SUMO activating enzyme Aos1/Uba2 is
required for NSC reactivation
Next, we analyzed the functions of the heterodimeric SUMOactivating
enzyme Aos1/Uba2 during NSC reactivation. A known aos1 loss of
function allele, aos1c06048, which was generated by a PiggyBac trans-
poson insertion60 in the 5′ UTR of the aos1 gene, 41 bp upstream from
the ATG61, showed obvious NSC reactivation defects (Fig. 2k–n). At
24 h ALH, the percentage of EdU-negative quiescent NSCs significantly
increased from 9.4% in control brains to 32.8% in aos1c06048 mutant
brains (Fig. 2k, l). Furthermore, the percentage of quiescent NSCs
retaining primary cellular protrusions increased from 4.4% in control
brains to 11.1% in aos1c06048mutant brains (Fig. 2m), and the percentage
of PH3-positive mitotic NSCs reduced from 20.8% in control brains to
14.4% in aos1c06048 mutant brains (Fig. 2n). Consistently, knockdown of
aos1 by RNAi at 24 h ALH resulted in a significant increase in the
number of quiescent NSCs lacking EdU incorporation (Supplementary
Fig 2i, j). aos1c06048 mutant brains showed a mild decrease in NSC
number (80.2 vs 87.1 in control; Supplementary Table 2).

Uba2, the other component of the SUMO E1 heterodimeric
enzyme alongside Aos1, is also required for NSC reactivation. Knock-
downofuba2 inNSCsby two independent RNAi lines at 24 hALH led to
a notable increase in the percentage of EdU-negative quiescent NSCs:
6.1% in control to 32.5% and 29.7% in the two knockdown strains
(Fig. 2o, p). In addition, the percentage of quiescent NSCswith primary
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cellular protrusions increased significantly from4.2% in control to 9.2%
and 8.8% in the two uba2RNAi lines (Fig. 2q). Alternately, the number of
PH3-positive mitotic NSCs reduced from 24.7% in control to 16.9% and
17.3% in uba2RNAi lines (Fig. 2r). These findings point to an essential role
for the heterodimeric SUMO activating enzyme Aos1/Uba2 in NSC
reactivation.

Smt3/SUMO levels increase with NSC reactivation
To assess the expression pattern of smt3 in larval brains, we analyzed a
published dataset of single cell RNA-sequencing obtained from late
first instar larvae at 16 h ALH62. smt3 expression level was low in
quiescent NSCs, but increased notably in active NSCs (Fig. 3a). Dpn, an
NSCmarker that has a higher expression level in active than quiescent
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NSCs27, was included as a positive control, while Rpl32, a housekeeping
gene that has similar expression levels in these two cell populations
(Fig. 3a). Consistent with changes in mRNA levels, at 6 h ALH, the
relative SUMO intensity increased from 1.25 in quiescent NSCs (qNSCs)
to 2.57 in activeNSCs (aNSCs) (Fig. 3b, c).While at 12 hALH, the relative
SUMO intensity in quiescent NSCs significantly increased to 1.46
(compared with 1.25 at 6 h ALH), the relative SUMO intensity in active
NSCs remained relatively constant at 2.45 (Fig. 3b, c). These results
suggest that the Smt3/SUMO mRNA and protein levels in quiescent
NSCs are increased when quiescent NSCs re-enter the cell cycle but
remain constant following the reactivation.

Akt promotes the increase of Smt3/SUMO protein during NSC
reactivation
To test whether InR/PI3K/Akt pathway regulates SUMOprotein during
NSC reactivation, we examined the SUMO protein levels in akt3

mutant63 larva brains. SUMO protein level at 24 h ALH significantly
decreased to 0.65-fold in akt3 mutant compare to control (Fig. 3d, e).
Consistent with this observation, the SUMO fluorescence intensity in
both quiescent NSCs and active NSCs in akt3 is significantly lower than
that in control (0.82-fold vs 1-fold in quiescent NSCs, 1.49-fold vs 1.96-
fold in active NSCs, Fig. 3f, g). Quantitative real-time PCR revealed no
significant change in smt3 mRNA levels in akt3 mutant larval brains
compared to control at 24 h ALH (Fig. 3h), suggesting that Akt pro-
motes Smt3 protein levels, but not transcript levels. On the contrary,
overexpression of an active form of akt (Myr-Akt) in NSCs led to sig-
nificant increase of SUMO intensity in both quiescent NSCs and active
NSCs compared to control (Fig. 3i, j; 1.32-fold vs 1-fold in quiescent
NSCs and 2.39-fold vs 1.59-fold in active NSCs). Moreover, over-
expression of an active form of InR (InRAD), the Akt upstream activator
driven by grh-Gal4 led to significant increaseof SUMO intensity in both
quiescent NSCs and active NSCs compared to control (1.14-fold vs
1-fold in quiescent NSCs and 2.05-fold vs 1.59-fold in active NSCs,
Fig. 3i, j). Besides, the percentage of NSCs with higher SUMO intensity
per brain lobe in these brains are significantly higher (Fig. 3i, k). While
Arf1 overexpression promotes NSC reactivation via the regulation of
microtubulegrowth32, it didnot affect SUMOintensity (Supplementary
Fig. 4a, b). These results suggest that InR/Akt specifically promotes the
increase of SUMO protein during NSC reactivation to promote quies-
cent NSCs reentering cell cycle.

SUMO pathway promotes Wts SUMOylation at Lys766
Utilizing the Joined Advanced SUMOylation Site and Sim Analyser
(JASSA)64, Wts-Lys766 (Wts-K766) and Wts-Lys561 (Wts-K561) were
predicted to be SUMOylated with a high probability. Wts-K766 resides
in the kinase domain (Supplementary Table 3a; Fig. 4a) within the
consensus sequence [Ψ]-[K]-[x]-[E/D]-[x]-[E/D]6 (ψ stands for a
hydrophobic amino acid, Supplementary Table 3b), which belongs to

NDSM (negatively charged amino acid-dependent SUMOylation site)65.
Wts-K561 is within the consensus sequence [E/D]-[x]-[K]-[Ψ] (Supple-
mentary Table 3b), an inverted SUMOylation motif66. Since Wts-K766,
but not Wts-K561, is conserved in human LATS1 and LATS2 (Supple-
mentary Table 3c), we focused on Wts-K766 in our subsequent study.
To investigate whether Wts can be SUMOylated, we conducted
SUMOylation assays in S2 cells. Cells were transiently transfected with
Flag-Wts (~150 kD), either alone or in combination with Myc-tagged
wild-type (WT) Smt3. Following precipitation with a Flag antibody, the
resulting protein complexes exhibited an anticipated >150kD bands
corresponding to SUMOylated Flag-Wts (Fig. 4b). Notably, smt3 over-
expression resulted in a remarkable 2.59-fold increase in SUMOylated
Flag-Wts levels (Fig. 4b, c), suggesting that Smt3 promotes Wts
SUMOylation. It is noteworthy that the conjugation of Smt3with target
proteins relies on its two carboxy-terminal glycine residues, G87 and
G88 (Supplementary Table 1a in yellow color). Substituting these two
amino acids with alanine (G87A, G88A) is sufficient to disrupt this
conjugation67,68. Consistently, when Flag-Wts and Myc-Smt3G87A, G88A

(denoted as Myc-Smt3AA) were co-expressed in S2 cells, we observed a
significantly reduced enhancement of Flag-Wts SUMOylation from
2.59-fold to 1.28-fold (Fig. 4b, c). These results highlight the specificity
of Wts SUMOylation by Smt3.

Overexpression ofwts in NSCs resulted in obvious increase ofWts
intensity in NSCs (1.7-fold compared to 1-fold in control, Supplemen-
tary Fig 5a, b), while Wts intensity decreased dramatically to 0.69-fold
of control in wtse26-1 mutant NSCs (Supplementary Fig 5c, d). In addi-
tion, in S2 cells upon wts knockdown, Wts protein level decreased to
0.36-fold in Western blot (Supplementary Fig 5e, f) and 0.25-fold in
immunostaining (Supplementary Fig 5g, h), compared with control
groups, respectively, further validating the specificity of anti-Wts
antibodies. Moreover, clonal experiments that allowed us to directly
compareendogenousWts signal intensity inwild-type cellswith thatof
neighboring wts-depleted or wts-overexpressing cells all strongly
supported the specificity of anti-Wts antibodies in larval brains (Sup-
plementary Fig 5i–n).

Subsequently, we examined the SUMOylation of endogenous
Wts in S2 cells following the depletion of SUMO/smt3 or SUMO E2
lwr with double-stranded RNA (dsRNA) treatment. In input, there
was a significant reduction in overall SUMOylation in smt3- or lwr-
knockdown groups compared to the control (gfpRNAi) (Fig. 4d).
Within the IP samples, the SUMOylation of endogenous Wts
decreased significantly from 1-fold in control to 0.64-fold and 0.68-
fold, in the smt3- and lwr- knockdown groups respectively
(Fig. 4d, e), indicating that both SUMO and SUMO E2 are essential
for Wts SUMOylation. The high efficiency of smt3 and lwr knock-
down was confirmed by anti-SUMO blotting of the input samples
(Fig. 4d) and anti-HA (Ubc9 tagged with HA) immunostaining
(Supplementary Fig 6a), respectively.

Fig. 2 | SUMO E2 and E1 are required for NSC reactivation. a, k, o At 24h ALH,
larval brain lobes from various genotypes were analyzed for EdU incorporation.
NSCs were marked by Dpn and Mira. White arrows point to EdU- qNSCs.
b Quantification of EdU- NSCs per BL for (a). Control (yw), 9 ± 3.3, n = 11; lwr05486,
60.5 ± 4.2, P = 8.1E-18, n = 10; lwr13, 55.2 ± 8.5, P = 1.9E-13, n = 11. c Quantification for
percentage of NSCs retaining cellular protrusion per BL for (a). Control, 4.5 ± 1.1,
n = 10; lwr05486, 12.9 ± 2.7, P = 4.2E-08, n = 10; lwr13, 12.1 ± 1.6, P = 9.6E-08, n = 10.
d Quantification of PH3+ NSCs per BL for (a). Control, 23.4 ± 3, n = 10; lwr05486,
15 ± 2.2, P = 1.1E-06, n = 10; lwr13, 15.3 ± 3.8, P = 5.1E-05, n = 10. e Maximum intensity
z-projection of larval brains from control (yw), lwr13, lwr13+tub>lwr and
lwr13+grh>lwr were stained with DAPI. f Quantification of brain volume for (e).
Control, 1.66 ± 0.23, n = 10; lwr13, 1.06 ±0.19, P = 6.9E-06, n = 10; lwr13+tub>lwr,
1.65 ± 0.4, P = 0.98, P = 0.0005, n = 10 BL; lwr13+grh>lwr, 1.3 ± 0.12, P = 0.0004,
P = 0.0038, n = 10. g At 9 h ALH, larval brain lobes in control (β-galRNAi) and UAS-lwr
line driven by grh-Gal4 were analyzed for EdU incorporation. White arrows point to
EdU+ NSCs. h Quantification of EdU+ NSCs per BL for (g). Control, 30.3 ± 6, n = 10;

UAS-lwr, 49.2 ± 8, P = 2.6E-05, n = 10. i Quantification of NSCs retaining cellular
protrusion per BL for (g). Control, 12.4 ± 1, n = 10; UAS-lwr, 6.3 ± 1.1, P = 1.4E-10,
n = 10. (j Quantification of PH3+ NSCs per BL for (g). Control, 7.2 ± 1.7, n = 10; UAS-
lwr, 12.1 ± 1.5, P = 2.9E-06, n = 10. l Quantification of EdU- NSCs per BL for (k).
Control (yw), 9.4 ± 2.5, n = 10 BL; aos1c06048, 32.8 ± 8, P = 6.2E-08, n = 10.
m Quantification of NSCs retaining cellular protrusion per BL for (k). Control,
4.4 ± 1.1, n = 10; aos1c06048, 11.1 ± 2.4, P = 2.7E-07, n = 10. n Quantification of PH3+
NSCs per BL for (k). Control, 20.8 ± 2.3, n = 10;aos1c06048, 14.4 ± 2, P = 3.5E-06, n = 10.
p Quantification of EdU- NSCs per BL for (o). Control (β-galRNAi), 6.1 ± 3, n = 11;
uba2RNAi-1, 32.5 ± 7.1, P = 2.1E-10, n = 11; uba2RNAi-2, 29.7 ± 3.8, P = 5.7E-13, n = 11.
q Quantification of NSCs retaining cellular protrusion per BL for (o). Control,
4.2 ± 1.3, n = 10; uba2RNAi-1, 9.2 ± 1.9, P = 2.1E-06, n = 10; uba2RNAi-2, 8.8 ± 2, P = 8.4E-
06, n = 10. r Quantification of PH3+ NSCs per BL for (o). Control, 24.7 ± 5.4, n = 10;
uba2RNAi-1, 16.9 ± 1.8, P = 0.0004, n = 10; uba2RNAi-2, 17.3 ± 1.9, P = 0.0007, n = 10.
Data are presented as mean± SD. **** for P ≤0.0001, *** for P ≤0.001, ns indicates
p > 0.05. Scale bars: 10μm.
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Fig. 3 | Akt stabilizes SUMO protein level during NSC reactivation. a Analysis of
smt3 and dpnmRNA expression in qNSCs and aNSCs from the dataset of single-cell
RNA seq62. RpL32works as a house keeping gene. b Larval brains expressingmCD8-
GFP driven by grh-GAL4. White arrows point to aNSCs. Yellow arrows point to
qNSCs. cQuantification of SUMO intensity (normalized toGFP) at 6 h ALH for (b) in
aNSCs (big Dpn+ cells) (2.57 ± 1.79, P = 4.4E-06, n = 10) and qNSCs (Dpn+ cells with
protrusion) (1.25 ± 0.42, n = 10), at 12 h ALH in aNSCs (2.45 ± 1.66, P = 0.0003,
P = 0.75, n = 10) and qNSCs (1.46 ± 0.57, P = 0.041, n = 10). d Fly brains from yw
control and akt3 at 24 h ALH were dissected to extract proteins for western blot.
e Quantification of relative SUMO protein levels in (d), n = 3. Control, 1; akt3,
0.65 ± 0.08, P = 0.002. At 24h ALH (f) and 9 h ALH (i), larval brain lobes were
labeledwith SUMO,DpnandMira. The yellow circles labeledNSCs, lower panels are
enlarged views of cells in white squares in upper panels, yellow dotted circles
labeled the nucleus of NSCs. g Quantification of SUMO intensity (normalized to
Dpn) in qNSCs and aNSCs in (f). QNSCs in control (yw), 1 ± 0.21, n = 10; qNSCs in

akt3, 0.82 ± 0.22, P = 0.0007, n = 10; aNSCs in control, 1.96 ± 0.38, P = 1.9E-20,
n = 10; aNSCs in akt3, 1.49 ± 0.17, P = 5.2E-38, P = 7.4E-15, n = 10. h Quantification of
smt3 mRNA fold enrichment in qPCR assay. At 24h ALH, larva brains from yw
control and akt3 were dissected for qPCR, P = 0.07, n = 3. i Larval brain lobes from
control (β-galRNAi), UAS-InRAD and UAS-Myr-Akt lines driven by grh-Gal4.
jQuantification graph of SUMO intensity (normalized to Dpn) in qNSCs and aNSCs
in (i). qNSCs in control, 1 ± 0.26, n = 11; qNSCs in UAS-Myr-Akt, 1.32 ± 0.35, P = 2.1E-
25, P = 7.8E-11, n = 10; qNSCs in UAS-InRAD, 1.14 ± 0.33, P = 2.5E-08, P = 0.003, n = 10;
aNSCs in control, 1.59 ± 0.56, P = 3.6E-17, n = 11; aNSCs in UAS-Myr-Akt, 2.39 ± 0.72,
P = 4.1E-16, n = 10; aNSCs in UAS-InRAD, 2.05 ± 0.63, P = 2.5E-08, n = 10.
kQuantification of the % of NSCs with higher SUMO intensity per BL in (i). Control,
26 ± 11.8, n = 11; UAS-Myr-Akt, 33.3 ± 4.6, P = 0.001, n = 10; UAS-InRAD, 30.2 ± 3.7,
P = 0.027, n = 10. Yellow dotted circles labeled cell nucleus. Data are presented as
mean ± SD. **** for P ≤0.0001, *** for P ≤0.001, ** for P ≤0.01, ∗ for0.05≤p ≤0.01, ns
indicates p > 0.05. Scale bars: 10μm.
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ML-792 is an effective inhibitor of SUMO activating enzyme (SAE,
SUMO E1) that impedes the process of SUMOylation69. In the DMSO-
treated control group within the IP samples, the overexpression of
both Smt3 and Ubc9 substantially augmented Flag-Wts SUMOylation,
with a 2.71-fold increase (Fig. 4f, g). However, when subjected to ML-
792 inhibitor treatment, Flag-Wts SUMOylation was significantly
reduced from 2.71-fold to 0.93-fold (Fig. 4f, g). This reduction is even
more pronounced than the baseline level of SUMOylation observed

without Smt3 and Ubc9 overexpression, which stands at 1-fold
(Fig. 4f, g). Moreover, ML-792 inhibitor treatment also suppressed
the overall SUMOylation in the input group (Fig. 4f). Furthermore, the
SUMOylation of endogenous Wts in S2 cells is similarly disrupted by
ML-792 inhibitor (Supplementary Fig 6b). Therefore, SUMOE1 enzyme
is indispensable for facilitating Wts SUMOylation.

To determine whether Wts-K766 serves as the primary site for
SUMOylation on Wts, the K766 residue in Wts was replaced with an
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arginine (R) residue in the SUMOylation assay. In S2 cells, Myc-Smt3
overexpression led to a 1.5-fold increase in the SUMOylation of Flag-
Wts, while the SUMOylation of Flag-WtsK776R (WtsKR) remained
unchanged (Fig. 4h, i). This observation strongly suggests that K766
represents a major site of SUMOylation on Wts.

SUMO conjugation is required for NSC reactivation
We have generated transgenic flies expressing Venus-tagged con-
jugation-deficient SUMO (smt3AA), verified its expression (Supple-
mentary Fig 6c, d), and examined its effect on NSC reactivation.
Notably, Venus-Smt3 localized to the nucleus (Supplementary Fig 1l,
6e),while Venus-Smt3AA localized toboth cytoplasmandnucleus of the
NSCs (Supplementary Fig 6c, e), consistent with a previous report37.
Interestingly, at 24 h ALH, overexpression of smt3AA led to NSC reac-
tivation defects, with a significant increase in the percentage of NSCs
lacking EdU incorporation (Fig. 4j, k, 8.9% in the control; 29.8% and 35%
in the smt3AA lines). Additionally, the percentage of NSCs retaining
their cellular protrusion significantly increased from 3.2% in control to
8.4% and 10.9% in smt3AA lines (Fig. 4l). Furthermore, there was a sig-
nificant decrease in the percentage of PH3-positive NSCs in smt3AA

mutant brains (13.9% and 12.7%) compared to control (24.4%; Fig. 4m).
These findings suggest that SUMO relies on its conjugation activity to
regulate NSC reactivation.

SUMOylation of Wts at Lys766 attenuates its phosphorylation
and kinase activity in vitro
The phosphorylation level ofWts-Thr1077 (p-Wts) by Hpo kinase is the
principal readout of the Hippo pathway activity70. We examined p-Wts
levels in S2 cells, wherein we expressed Flag-Wts or Flag-WtsKR, both
with and without co-expression of Myc-Hpo. As expected, Hpo over-
expression significantly increased Wts phosphorylation on Thr1077
from 0.57-fold to 1-fold (Fig. 5a, b, first 2 lanes). Even without hpo
overexpression, the phosphorylation level of WtsKR by Hpo well
exceeded that of wild-type Wts (Fig. 5a, b, lane 3 vs lane 1, 0.96-fold vs
0.57-fold), and with hpo co-overexpression, WtsKR phosphorylation
level remained notably higher than that of wild-type Wts (Fig. 5a, b,
lane 4 vs lane 2, 2.25-fold vs 1-fold). These observations suggest that
the SUMOylation deficient Wts has higher phosphorylation level than
wild-type Wts.

hpo knockdown in S2 cells significantly reduced the phosphor-
ylation levels of WtsKR from 2.25-fold to 1.12-fold (Fig. 5c, d, lane 3 vs
lane 4; Supplementary Fig 7a), suggesting that either Hpo kinase
exhibits a preference for phosphorylating SUMOylation-deficient Wts
or phosphorylation of non-SUMOylated Wts is stabilized.

To distinguish between these two possibilities, we conducted
cycloheximide (CHX) chase assays in S2 cells to block protein bio-
synthesis and detect Wts or WtsKR protein levels in a time-course
experiment. Notably, the phosphorylation level of wild-type Wts

remained relatively stable (from 1-fold to 1.17-fold), albeit much lower
than WtsKR (Fig. 5e, f), whereas the phosphorylated WtsKR decreased
slightly from 1.82-fold to 1.55-fold within 6 h in the IP group (Fig. 5e, f).
This finding suggests that phosphorylation of non-SUMOylated Wts
did not result in its stabilization. Therefore, we favor the model that
Hpo kinase preferentially phosphorylates SUMOylation-deficient Wts
than the wild-type Wts.

Upon its phosphorylation by Hpo kinase, Wts further phosphor-
ylates Yki primarily at Ser168 (p-Yki), leading to its cytoplasmic
retention and inactivation23,70,71. In S2 cells, co-expression of Flag-Wts
with HA-Yki resulted in a slight increase in Yki phosphorylation from
0.7-fold to 1-fold (Fig. 5g, h). Notably, co-expression of Flag-WtsKR

further increased Yki phosphorylation to 2.07-fold (1.83-fold after
further normalized to Flag-Wts protein levels, Fig. 5g, i). Moreover, in
input group, Yki band exhibited a slight upward shift when co-
expressed with wild-type wts, and a more pronounced upward shift
(implying Yki phosphorylation) when co-expressedwithwtsKR (Fig. 5g).
This observation confirms that the SUMOylation-deficient mutant
WtsKR functions as an active form of Wts, exhibiting a higher kinase
activity towards Yki than wild-type Wts.

Treatment of a SUMOylation inhibitor, ML-792, significantly
reduced Wts SUMOylation to 0.58-fold (Fig. 5j, k), compared to
untreated cells. Meanwhile, the phosphorylation levels of Wts and Yki
increased 2.35- and 2.42-folds, respectively, as compared to control
cells (Fig. 5j, l, m). Our data suggests that Wts SUMOylation at K766
diminishes its kinase activity, thereby reducing p-Yki levels to allow
NSC reactivation.

SUMOylation-deficient mutant of Wts (WtsKR) represents a
hyperactive form of Wts in vivo
We generated transgenic flies expressing Venus-tagged WtsKR and
verified them by immunostaining (Supplementary Fig 7b, c). Impor-
tantly, wild-typeWts andWtsKR strains had similarWts protein levels in
NSCs (Supplementary Fig 7b, c). Similar to previous reports that
overexpression of wild-type wts resulted in NSC reactivation
defects20,22,26, we observed that 23.2% of Wts-overexpressing NSCs
failed to incorporate EdU, compared with 6.7% in control (Fig. 6a, b).
Remarkably, two independentwtsKR-overexpressing NSC lines showed
a more severe defect, with 39.7% and 34.4% of these NSCs remaining
without EdU incorporation (Fig. 6a, b). Additionally, there were more
NSCs exhibiting primary cellular protrusions, with percentage
increased from 3.3% in control to 6.7% in wild-typewts overexpression
line, to 11.9% and 10.2% in wtsKR overexpression lines (Fig. 6c). Con-
versely, the percentage of PH3-positive NSCs decreased to 12% and
14.9% in wtsKR overexpressing lines, compared to 24.4% in control,
17.5% in wild-type wts-overexpressing line, (Fig. 6d).

Consistent with our data in S2 cells, wtsKR overexpression in
larval brains had a similar effect on the phosphorylation levels of

Fig. 4 | Wts is SUMOylated by Smt3 at Lys766. a The illustration of Wts protein.
PPxY motif is required for Yki interaction. The SUMOylation site K766 is within the
kinase domain of Wts protein. HM is hydrophobic motif, T1077 is the Thr phos-
phorylated by Hpo, and this site is within the hydrophobic motif of Wts protein.
SUMOylation assays in S2 cells. IP was conductedwith anti-Flag antibody (b, f, h) or
anti-Wts antibody (d), and western blots were performed by using anti-SUMO and
anti-Flag to detect SUMOylated Wts and overall levels of Flag-Wts, respectively.
Tubulin serves as a loading control.bFlag-Wts andMyc-Smt3WTorMyc-Smt3AAwere
co-transfected into S2 cells. d S2 cells were treated with double stranded RNA
against gfp, smt3 or lwr for 72 h to induce knockdown. f Flag-Wts, Myc-Smt3 and
HA-Ubc9 were co-transfected into S2 cells. 6 h before harvested, S2 cells were
treated with DMSO or ML-792. h Flag-WtsWT or Flag-WtsKR was co-transfected with
Myc-Smt3 into S2 cells. c, e, g, i Quantification of Wts SUMOylation for (b, d, f, h)
respectively, n = 3. c Control (Flag-Wts), 1; Flag-Wts + Myc-Smt3WT, 2.59 ± 0.18,
P = 0.0001; Flag-Wts + Myc-Smt3AA, 1.28 ±0.35, P = 0.24, P = 0.005. e Control
(gfpRNAi), 1; smt3RNAi, 0.64 ± 0.12, P = 0.007; lwrRNAi, 0.68 ± 0.19, P = 0.004. g Control

(Flag-Wts, DMSO), 1; Flag-Wts + Myc-Smt3 + HA-Ubc9 (DMSO), 2.71 ± 0.62,
P = 0.009; Flag-Wts + Myc-Smt3 + HA-Ubc9 (ML-792), 0.93 ± 0.05, P = 0.07,
P = 0.008. i Control (Flag-WtsWT), 1; Flag-WtsWT + Myc-Smt3, 1.51 ± 0.05, P = 7.4E-05;
Flag-WtsKR, 1.05 ± 0.29, P = 0.79; Flag-WtsKR + Myc-Smt3, 0.98 ± 0.22, P =0.87,
P = 0.015. j At 24 h ALH, larval brain lobes from control (β-galRNAi) and UAS-smt3AA

lines driven by grh-Gal4 were analyzed for EdU incorporation. NSCs were marked
by Dpn andMira. White arrows point to EdU- qNSCs. kQuantification of EdU- NSCs
per BL for (j). Control, 8.9 ± 3, n = 10; UAS-smt3AA-1, 29.8 ± 5.8, P = 7.6E-09, n = 10;
UAS-smt3AA-2, 35 ± 3.6, P = 7.8E-13, n = 10. l Quantification of NSCs that retaining
cellular protrusion per BL for (j). Control, 3.2 ± 1.2, n = 10; UAS-smt3AA-1, 8.4 ± 1.8,
P = 4.2E-07, n = 10; UAS-smt3AA-2, 10.9 ± 1.7, P = 6.2E-10, n = 10.m Quantification of
PH3+ NSCs per BL for (j). Control, 24.4 ± 4.3, n = 10; UAS-smt3AA-1, 13.9 ± 3, P = 5.5E-
06, n = 10; UAS-smt3AA-2, 12.7 ± 2.3, P = 5.5E-07, n = 10. Data are presented as
mean ± SD. **** for P ≤0.0001, ** for P ≤0.01, ∗ indicates 0.05≤p ≤0.01, ns indicates
p > 0.05. Scale bars: 10μm.
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endogenous Wts and Yki (Fig. 6e–g). At 24 h ALH, larval brains
overexpressing wild-type wts under actin-gal4 (act-gal4), exhibited
a slight increase in Wts phosphorylation levels (1.25-fold) and
Yki (1.48-fold) phosphorylation levels compared to control
brains (1-fold, Fig. 6e–g). Remarkably, larval brains overexpressing

wtsKR displayed a significantly higher increase in Wts phosphoryla-
tion levels (2.33-fold) and Yki (3.04-fold) phosphorylation
levels (Fig. 6e–g). These in vivo findings confirmed that
SUMOylation-deficient mutant of Wts (wtsKR) is a hyperactive
form of Wts.
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SUMOylation of Wts promotes Yki nuclear localization in NSCs
At 24 h ALH, Yki predominantly localized within the nucleus of NSCs
in control larval brains. Interestingly, the percentage of nuclear Yki
(nYki) significantly reduced to 13.5% in smt3 and 31.8% in lwrmutant
NSCs (Fig. 7a, b) as compared to 90.8% in control NSCs. Further-
more, the intensity of nYki in NSCs dramatically decreased from
1-fold in control NSCs to 0.5-fold and 0.59-fold in smt3- and lwr-
mutant NSCs, respectively (Fig. 7a, c). These observations suggest
that the Hippo pathway is activated upon depletion of SUMOylation
pathway components. Moreover, overexpression of the SUMO-
deficient mutant smt3AA in NSCs at 24 h ALH also significantly
inhibited nuclear localization of Yki (69% and 64.9% in smt3AA lines
compared to 88.2% in control; Fig. 7d, e), with a significant reduc-
tion in nYki intensity in NSCs (Control, 1-fold; smt3AA lines, 0.61-fold
and 0.61-fold; Fig. 7d, f). At 24 h ALH, overexpression of wild-type
wts in NSCs led to a minor reduction in the percentage of NSCs with
nYki: 87.1% in control vs 60.5% in wts-overexpressing NSCs, and in
nYki intensity: 1-fold in control vs 0.79-fold in wts-overexpressing
NSCs (Fig. 7g–i). However, overexpression of wtsKR in NSCs resulted
in a more dramatic decrease in the percentage of nYki NSCs (20.5%)
and nYki intensity (0.49-fold) (Fig. 7g–i). These data suggest that
the SUMO pathway-dependent downregulation of the Hippo path-
way promotes the nuclear localization of Yki, and consequently,
NSC reactivation.

SUMOylation of Wts promotes the expression of Yki target
genes in NSCs
We re-analyzed gene expression data from the single-cell RNA
sequencing dataset62 and found the expression patterns for diap1 and
cycE, potential targets of Yki, to be similar to that of smt3 and lwr—
exhibiting significantly higher expression levels in the active NSCs
compared to quiescent NSCs (Supplementary Fig 8a). Moreover, loss
of smt3 or lwr function led to a substantial decrease in CycE protein
intensity in NSCs from 1-fold to 0.33-fold in smt3mutant and 0.36-fold
in lwrmutant NSCs (Fig. 7j, k). Furthermore, smt3 knockdown in NSCs
also resulted in a noticeable reduction in CycE protein levels (Sup-
plementary Fig 8b, c). The intensity of CycE protein and Ban-lacZ also
decreased in these NSCs, with a more pronounced reduction in wtsKR-
overexpressing NSCs (Fig. 7l, m and Fig. 7n, o). These data further
support that the SUMO pathway downregulates the Hippo pathway to
allow Yki to function for NSC reactivation.

The SUMO pathway downregulates Wts protein levels in vitro
We test whether SUMOylation of Wts is responsible for the down-
regulation ofWts protein levels. Indeed, thewestern blots showed that
SUMO and Ubc9 downregulated Wts protein levels in a dosage-
dependent manner in S2 cells (Fig. 8a–d). Moreover, in CHX chase
assays, Smt3- and Ubc9-overexpression accelerates, the rate of Wts
protein degradation, compared to control conditions without Smt3
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Fig. 6 | Wts SUMOylation deficient mutant functions as an active form of Wts
kinase to suppress NSC reactivation. a At 24h ALH, larval brain lobes from
control (β-galRNAi), UAS-wts andUAS-wtsKR driven by grh-Gal4were analyzed for EdU
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e Proteins were extracted from larval brains of control (β-galRNAi), UAS-wts andUAS-
wtsKR driven by actin-Gal4 for Western blot. f, gQuantification of four independent
repeats in (e). f Control 1; UAS-wts, 1.25 ± 0.05, P = 3.4E-05; UAS-wtsKR 2.33 ± 0.45,
P = 0.0009, P = 0.003. g Control, 1; UAS-wts, 1.48 ± 0.22, P = 0.005; UAS-wtsKR

3.04 ± 0.68, P =0.001, P =0.005. Data are presented as mean± SD. ∗ indicates
0.05≤ p ≤0.01, ∗∗ indicates p ≤0.01, ∗∗∗ indicates p ≤0.001, ∗∗∗∗ indicates p ≤0.0001.
Scale bars: 10μm.
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and Ubc9 overexpression (Fig. 8e, f). By contrast, Wts degradation is
abrogated by smt3AA overexpression (Fig. 8g, h), suggesting that Wts
degradation requires the SUMO conjugation activity of Smt3.

The SUMO pathway downregulates Wts protein levels in vivo
Next, we investigated whether the SUMOylation pathway regulates
Wts protein levels in larval brains. Notably, we observed that Wts
intensity increased significantly in smt304493 and lwr13 mutants in
both quiescent NSCs (Fig. 9a, b; 1.34-fold and 1.23-fold vs 1-fold in
control) and active NSCs (1.58-fold and 1.5-fold vs 1.22-fold in con-
trol). Conversely, Wts protein intensity decreased significantly from

1-fold in control to 0.84-fold and 0.75-fold in two smt3 over-
expression lines (Fig. 9c, d) and to 0.81-fold in lwr overexpression
line (Fig. 9g, h). Intriguingly, Wts intensity in NSCs is significantly
increased when conjugation-deficient SUMO (smt3AA) or dominant-
negative lwr (lwrDN) was overexpressed (1.52-fold and 1.6-fold in
smt3AA overexpression lines, Fig. 9e, f; and 1.25-fold in lwrDN over-
expression line, Fig. 9g, h) as compared to control. Quantitative
real-time PCR results showed that wts mRNA levels had no sig-
nificant difference in smt3 or lwr mutant larval brains, compare to
the control (Fig. 9i), suggesting a regulation independent of gene
expression.
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We analyzed wtsVenus, in which a Venus-tagged wts was expressed
under its endogenous promoter72. The localization pattern of wtsVenus

by anti-GFP (Venus) staining was similar to that of anti-Wts antibody
staining in the larval brain but with brighter signal (Supplementary
Fig 9a). Consistent with the results obtained by anti-Wts antibody
staining, loss of function of smt3 led to a significant increase inWtsVenus

intensity (Supplementary Fig 9b–d).Moreover, overexpression of wild
type lwr resulted in a decrease in WtsVenus intensity (0.89-fold), while
overexpression of dominant negative lwrDN resulted in an increase in
WtsVenus intensity (1.2-fold) (Supplementary Fig 9e, f). These findings
suggest that Smt3 and Ubc9 play a pivotal role in promoting Wts
SUMOylation, subsequently leading toWts proteindegradationduring
NSC reactivation.

At 96 h ALH, lwr13 optic lobes were much smaller compared to
control brains, with the total number of Dpn+ cells in lwr13 optic lobes
being significantly lower than that in control (41.9 vs 223.2 in control,
Supplementary Fig 9g, h). In addition, 46.8% of Dpn+ cells in lwr13 optic
lobes were EdU-negative, while all Dpn+ cells in the control optic lobes
were EdU-positive (Supplementary Fig 9g, i). In addition, Wts intensity

in Dpn+ cells in lwr13 optic lobes was significantly higher than that in
control optic lobes (1.41-fold, Supplementary Fig 9j, k). Thus,
SUMOylation may also regulate Wts in other cell types.

Wts predominantly localizes in the cytoplasm but is also present
in the nucleus in NSCs (Supplementary Fig 9a, b). Given that Smt3
localizes to the nucleus (Supplementary Figs 1l, 6e), it is likely that Wts
is SUMOylated in the nucleus. This is consistent with the findings that
most SUMO substrates are localized in the nucleus73 and that CRL4-
mediated inhibition of the hippo pathway kinases Lats1/2 occurs in the
nucleus74.

SUMO pathway promotes NSC reactivation by inhibiting the
Hippo pathway
Simultaneous loss of smt3 andwtsbyRNAi significantly suppressed the
EdU-negative phenotype seen in smt3-depleted brains alone
(Fig. 10a, b; smt3RNAi = 54.3%. smt3RNAi; wtsRNAi = 28.6%), while wtsRNAi

brains showed no reactivation defects (Fig. 10a, b; 9.2%). Similarly, at
24 h ALH, the number of EdU-negative NSCs in brains depleted of both
lwr andwtsdramatically reduced to 37.8% comparedwith 65.7% in lwr13

Fig. 7 | Wts SUMOylation promotes Yki nuclear localization and Yki target
genes expression inNSCs. a,d, g, j, l,nAt 24h ALH, larval brain lobeswere labeled
with indicated proteins. NSCs were marked by Dpn andMira or Msps. a, d, gWhite
arrows point to NSCs without nYki localization. The Yki+ Dpn- cells pointed by
yellow arrows are optic lobe cells. b, e, hQuantification of NSCs with nYki per BL in
(a, d, g) respectively. b Control (yw), 90.8 ± 2.3, n = 11; smt304493, 13.5 ± 4.6, P = 2.8E
−21, n = 12; lwr13, 31.8 ± 7.8, P = 5.0E-13, n = 10. e Control (β-galRNAi), 88.2 ± 3.1, n = 10;
UAS-smt3AA-1, 69 ± 9.5, P = 9.7E-06, n = 10; UAS-smt3AA-2, 65 ± 11.1, P = 5.0E-06,
n = 10. hControl (β-galRNAi), 87.1 ± 4.2, n = 10; UAS-wts, 60.5 ± 7.3, P = 1.6E-08, n = 10;
UAS-wtsKR, 20.5 ± 8.5, P = 2.0E-14, P = 1.5E-09, n = 10. c, f, i Quantification of nYki
intensity (normalized to Dpn) in NSCs in (a, d, g) respectively. (c) Control, 1 ± 0.18,
n = 11; smt304493, 0.5 ± 0.09, P = 4.0E-82, n = 12; lwr13, 0.59 ± 0.12, P = 1.9E-56, n = 10.
f Control (β-galRNAi), 1 ± 0.35, n = 10; UAS-smt3AA-1, 0.61 ± 0.14, P = 2.4E-27, n = 10;
UAS-smt3AA-2, 0.61 ± 0.15, P = 7.3E-23, n = 10. i Control (β-galRNAi), 1 ± 0.35, n = 10;

UAS-wts, 0.79 ± 0.18, P = 4.6E-09, n = 10;UAS-wtsKR, 0.49± 0.12, P = 4.3E-42, P = 1.8E-
42, n = 10. k,mQuantification of CycE intensity (normalized to Dpn) in NSCs in (j, l)
respectively. kControl (yw), 1 ± 0.47, n = 10; smt304493, 0.33 ±0.13, P = 4.1E-37, n = 15;
lwr13, 0.36 ± 0.11, P = 4.3E-29, n = 13. m control (β-galRNAi), 1 ± 0.14, n = 10; UAS-wts,
0.86 ± 0.22, P = 8.7E-05, n = 10;UAS-wtsKR, 0.69 ± 0.18, P = 3.2E-17, P = 2.1E-05, n = 10.
n Larval brain lobes from control (β-galRNAi), UAS-wts and UAS-wtsKR lines driven by
grh-Gal4; Ban-lacZ were labeled with Dpn, Msps, and β-gal (Ban-lacZ).
o Quantification of Ban-lacZ intensity (normalized to Dpn) in NSCs in (n). Control,
1 ± 0.28, n = 10; UAS-wts, 0.74 ±0.26, P = 1.6E-13, n = 13; UAS-wtsKR, 0.54 ±0.2,
P = 2.3E-13, P = 4.0E-41, n = 14. The yellow circles labeled the NSCs, the lower panels
are enlarged views of the cells in the white squares in the upper panels, the yellow
dotted circles labeled the nucleus of the NSCs. Data are presented asmean± SD. **
for P ≤0.01, **** for P ≤0.0001. Scale bars: 10μm.

IB: Flag

IB: Myc

IB: HA

IB: Tubulin

Flag-Wts
Myc-Smt3
HA-Ubc9
CHX (h)0 2 4 6 0 2 4 6

37

50

Mr(K)

150

25

e

Mr(K)

150

15

50

IB: Flag

IB: Tubulin

IB: HA

Flag-Wts
HA-Smt3 Mr(K)

150

20

50

IB: Flag

IB: Tubulin

IB: HA

Flag-Wts
HA-Ubc9

a c f

0h 2h 4h 6h
0.0

0.5

1.0

1.5

CHX treatment (h)

R
el

at
iv

e
le

ve
lo

fW
t s OE Wts

OE Wts +
Smt3 + Ubc9

b d

Contro
l

HA-Smt3

2 HA-Smt3
0.0

0.5

1.0

1.5

W
ts

re
la

tiv
e

pr
ot

ei
n

le
ve

l

0.68
0.54

1.00
*** ***

Contro
l

HA-U
bc9

2 HA-U
bc9

0.0

0.5

1.0

1.5

W
ts

re
la

tiv
e

pr
ot

ei
n

le
ve

l

0.72
0.55

1.00 **
***

0h 2h 4h 6h
0.0

0.5

1.0

1.5

CHX treatment (h)

R
el

at
iv

e
le

ve
lo

fW
ts OE Wts

OE Wts + Smt3AA

IB: Flag

IB: Myc

IB: Tubulin

Flag-Wts
Myc-Smt3AA

CHX (h)

37

50

Mr(K)

150

0 2 4 6 0 2 4 6

g h

Fig. 8 | The SUMO pathway downregulates Wts protein level in vitro.
a, c Western blotting in S2 cells expressing indicated proteins. e, g S2 Cells
expressing indicated proteins were treatedwith cycloheximide (CHX) for indicated
intervals and collected for Western blotting with indicated antibodies.
b, d, f, hQuantification ofWts protein levels for (a, c, e, g) respectively (normalized
to Tubulin). Data here is the mean of 3 independent experiments. b Flag-Wts, 1;
Flag-Wts+HA-Smt3, 0.68 ± 0.06, P = 0.0007; Flag-Wts+2 HA-Smt3, 0.54 ± 0.07,

P = 0.0003. d Flag-Wts, 1; Flag-Wts+HA-Ubc9, 0.72 ± 0.08, P = 0.004; Flag-Wts+2
HA-Ubc9, 0.55 ± 0.06, P =0.0002. Flag-Wts, 0 h, 1; 2 h, 0.77 ± 0.02; 4 h, 0.65 ±0.07;
6 h, 0.49± 0.12; Flag-Wts+Myc-Smt3, 0 h, 1; 2 h, 0.7 ±0.1; 4 h, 0.49± 0.1; 6 h,
0.29 ± 0.04; (f) Flag-Wts, 0 h, 1; 2 h, 0.72 ± 0.07; 4 h, 0.61 ± 0.09; 6 h, 0.52 ± 0.12;
Flag-Wts+Myc-Smt3AA, 0 h, 1; 2 h, 0.74 ± 0.1; 4 h, 0.55 ± 0.06; 6 h, 0.53 ± 0.18. Data
are presented as mean ± SD. *** for 0.001 ≤ P ≤0.0001, ** for 0.01 ≤ P ≤0.001.

Article https://doi.org/10.1038/s41467-024-52569-y

Nature Communications |         (2024) 15:8557 13

www.nature.com/naturecommunications


mutant brains (Fig. 10c, d). Wts is known to phosphorylate and render
Yki inactive, maintaining NSCs in a quiescent state20,22. In line with this,
the overexpression of a constitutively active form of Yki (YkiS168A) also
markedly alleviated NSC reactivation deficits caused by smt3 or lwr
depletion: the percentage of EdU-negative quiescent NSCs decreased
from 54.3% to 31% (Fig. 10a, b) and 65.7% to 38.1%, in smt3- and lwr-
depleted brains, (Fig. 10c, d), respectively. These data strongly suggest
that the SUMO pathway promotes NSC reactivation by inhibiting Wts
activity and function (Fig. 10e).

Discussion
Dysregulated SUMOylation is associated with multiple neurodegen-
erative diseases75. For instance, the aggregation of both amyloid-β (Aβ)
and the microtubule-associated protein Tau in Alzheimer’s disease is
closely associated with SUMOylation76–79. Similarly, α-synuclein, a key
component of Lewy bodies that accumulates in Parkinson’s disease, is
also known to undergo SUMOylation78,80. Our in vivo results in Droso-
phila larval brains showed that loss of function of SUMO or SUMO E2
resulted in decreased number of NSCs and dramatic reduction in brain
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n = 12; β-galRNAi; wtsRNAi, 8.8 ± 3, P = 0.89, n = 10; lwr13; wtsRNAi, 37.8 ± 7, P = 3.0E-11,
P = 3.9E-07, n = 10; β-galRNAi; ykiS168A, 14.4 ± 4.7, P = 0.003, n = 11; lwr13; ykiS168A,

38.1 ± 5.7, P = 1.5E-06, P = 2.2E-07, n = 10. Data are presented as mean ± SD. **** for
P ≤0.0001, ** for P ≤0.01 and ns for P > 0.05. Scale bars: 10μm. e A working model
illustrating the mechanism by which SUMO pathway promotes NSC reactivation.
Wts kinase can be phosphorylated and activated by Hpo kinase. Phosphorylated
Wts promotes Yki phosphorylation and cytoplasmic retention. Akt promotes the
increase of SUMO protein. SUMO E1 Aos1/Uba2 and E2 Ubc9 promote Wts
SUMOylation, resulting in Wts phosphorylation suppression and Wts protein
degradation. As a result, Yki phosphorylation is decreased and more non-
phosphorylated Yki enters the nucleus and binds to the transcription factor Sd,
activating the target genes, such as cycE and bantam expression and, in turn,
promoting quiescent NSC reactivation. P: Phosphate; S: SUMO.
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size, mimicking microcephaly phenotypes observed in humans. This
potential link between the SUMO pathway and microcephaly warrants
further investigation. Interestingly, a newly identified ubiquitin-like
protein named ubiquitin-fold modifier 1 (UFM1) and its E2 conjugating
enzyme UFC1 were reported in cases of microcephaly in humans81,82.
Similarly, the murine UFM1 and its specific E3 ligase, and Drosophila
Ufm1 are known to be essential for brain development and
function83–85.

The Drosophila insulin/PI3K/Akt pathway is essential for driving
NSC growth and exit from quiescence18,19. Here, we show that InR/Akt
upregulates SUMO protein level during NSC reactivation. Consistent
with our observation, in HEK293T cells, Akt directly phosphorylates
SUMO1, leading to its protein stabilization86. Interestingly, mammalian
Akt is a SUMO substrate, and SUMO modification of Akt is able to
promote its activation, suggesting a feedback regulation between Akt
and SUMO86–88.

The Drosophila Hippo pathway is central to maintaining the
quiescenceofNSCs in larvalbrains20,22. ThemammalianHippopathway
plays important roles in central nervous system development, neuro-
degeneration and neuronal apoptosis89,90. Dysregulation of the Hippo
pathway can contribute to the initiation and progression of various
tumors, including glioma, and neurodegenerative disorders, such as
Alzheimer’s disease89–92.

In this study, we have demonstrated a role for SUMOylation in
modulating theWts protein–a key component of the Hippo pathway—
during NSC reactivation and brain development. Given that the Hippo
pathway only partially suppresses the reactivation deficits, we spec-
ulate that the SUMO pathway might regulate additional pathways
during quiescent NSC reactivation. One possible candidate could be
Akt kinase, as it can be SUMOylated at several Lysine sites in mam-
malian cells; SUMO modification appears to be crucial for Akt kinase
activation and its role in regulating tumorigenesis86–88.

The SUMOylation of Lats1 at Lys751, which results in the
attenuation of its kinase activity, is also conserved in human hepatic
cells93. Interestingly, the SUMOylation of human Lats1 also leads to
destabilization of the phosphorylated Lats193. Intriguingly, we found
that the Drosophila SUMO pathway negatively regulates Wts protein
stability without affecting the stability of phosphorylated Wts. There-
fore, Wts SUMOylation and Wts protein stability are controlled in
parallel by the SUMOylation pathway. Given that Wts can be ubiquiti-
nated by CRL4 E3 ubiquitin ligase for proteasome degradation26, the
SUMO pathway might indirectly regulate Wts protein stability via
modulating the CRL4 E3 ubiquitin ligase function. It is possible that
besides SUMOylation, other regulations such as ubiquitination also
negatively regulates Wts level in NSCs26. This could mitigate the effect
of the Wts levels by perturbation of SUMOylation in NSCs.

In summary, our findings have identified SUMO pathway is indis-
pensable for NSC reactivation and brain development in Droso-
phila, underscoring the possibility that a conserved molecular
mechanismgoverningWts/Lats SUMOylationmight impactmammalian
NSC proliferation and brain development. Ultimately, our findings may
form the basis for the development of promising therapeutic strategies
against neurological diseases caused by SUMOylation dysfunction.

Methods
Fly stocks and genetics
Fly stocks and genetic crosses were raised at 25 °C unless otherwise
stated. Fly stocks were fed with standard fly food (0.8% Drosophila
agar, 5.8% Cornmeal, 5.1% Dextrose, and 2.4% Brewer’s yeast). The
following fly stocks were used in this study: smt3M2L-2483 (Shu Kondo),
smt3M2L-2484 (Shu Kondo), lwrM2L-2401(Shu Kondo), lwrM2L-2402(Shu Kondo),
grh-Gal4 (Andrea Brand), akt3 (H. Stocker), tub-Gal4, act-Gal4, UAS-
venus-smt3 lines (generated in this work), UAS-venus-smt3AA lines
(generated in this work), UAS-venus-wtsKR lines (generated in this
work). The following fly strains were obtained from BDSC:

smt304493(11378), smt3Df24652(24652), β-galRNAi (50680), UAS-CD8-GFP
(#32186), smt3RNAi-1 (28034), lwrRNAi-1 (31396), aos1c06048 (17744),
uba2RNAi-1 (28569), uba2RNAi-2 (35806), lwr05486 (11410), lwr13 (9323),
UAS-lwr (9324), UAS-lwrDN (9318), aos1RNAi (36074), UAS-wts (44250),
wtse26-1(82168), wtsRNAi (34064), UAS-ykiS168A (28818), Ban-lacZ (10154)
andwtsX1(44251). RNAi lines including smt3RNAi-2 (105980) and lwrRNAi-2
(33685) were obtained from the Vienna Drosophila Resource Center
(VDRC). Type II driver (w; UAS-dcr2; wor-Gal4, ase-gal80/CyO; UAS-
CD8:GFP/TM3,Ser) (Juergen). UAS-β-galRNAi is often used as a control
UAS element to balance the total number of UAS elements in each
genotype. Various RNAi knockdown or overexpression constructs
were induced using grh-Gal4 unless otherwise stated. All experiments
were carried out at 25 °C, except for RNAi knockdown or over-
expression experiments that were performed at 29 °C, unless other-
wise indicated.

Screening for NSC lineage development
A collection of CRISPR-Cas9-mediated mutant fly stocks repre-
senting 504 genes on chromosome arm 2L53 was screened by gen-
erating MARCM (Mosaic Analysis with a Repressible Cell Marker)
clones using the MARCM driver line elav-GAL4; FRT40A, tub-
GAL80, UAS-CD8-GFP (Tan Ye Sing and Hongyan Wang, unpub-
lished data). Neural stem cell lineages were labeled by Dpn, Asense,
and CD8/GFP. Four mutants, M2L-2483, M2L-2484, M2L-2401 and
M2L-2402, displayed a single-cell clone phenotype, suggesting
potential defects in NSCs proliferation. These mutants were sub-
jected to further analysis of NSC reactivation via an EdU assay, as
detailed in the results.

Generation of plasmids and transgenic flies
Gateway BP, LR Clonase II Enzyme mix (Invitrogen) was used for the
generation of entry clone plasmids. cDNA clone of smt3 (Expressed-
sequence tags (EST) LD07775) was obtained from BDGP DGC clones
(Berkeley Drosophila Genome Project, Drosophila Gene Collection).
Briefly, genes were amplified by polymerase chain reaction (PCR) first.
Then, the amplified fragment was inserted into Gateway vector
pDONR221 (Invitrogen) using Gateway BP Clonase II Enzyme mix to
generate the entry vectorpDONR211-smt3. Subsequently, the fragment
in the entry vector was inserted into Gateway destination vectors
(pTVW, pAMW, pAFW, from Addgene) by LR recombination using
Gateway LR Clonase II enzyme mix. Primers used for generating entry
clones were as follows:

Smt3 F: GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC
ATGTCTGACGAAAAGAAG

Smt3 R: GGGG AC CAC TTT GTA CAA GAA AGC TGG GTC
TTATGGAGCGCCACCAGTCT

Pointmutation plasmids were generated usingwild-type plasmids
as templates, and the PerfectStart® TaqDNAPolymerase kit (TransGen
Biotech) was used to perform PCR. The following primers were used
for generating point mutation plasmids:

Smt3AA F: TTACCAGCAGCAGACTGCTGCCGCTCCATAA
Smt3AA R: GCAGCAGTCTGCTGCTGGTAAACCTCGATGG
WtsK766R F: GAATCAGGTGGCACACGTGAGGGCCGAGAGGGA
WtsK766R R: CTCACGTGTGCCACCTGATTCCGCTTGAGAAC
Transgenic flies fromUAS-venus-smt3, UAS-venus-smt3AA andUAS-

venus-wtsKR lines were generated by P-element-mediated transforma-
tion (BestGene).

Quantitative real-time PCR
Total RNA was isolated from Drosophila larva brain with TRI reagent
(Sigma Aldrich) followed by DNase I treatment (Sigma-Aldrich) as
described by the manufacturer. The quantitative (q)PCR was per-
formed usingMaxima SYBR Grebb/ROX qPCRMasterMix (Fermentas)
according to the manufacturer’s protocol. Primers used here are
as below:
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Smt3-qF: AGAAGGGAGGTGAGACCGAG
Smt3-qR: GAGTGTCGTTCTCGTTGATG
Wts-qF: GGTCGCCCCAATGATAAATA
Wts-qR: GCGTGGTGATAGTCAGGAGT

EdU (5-ethynyl-20-deoxyuridine) incorporation assay
Larvae were fedwith food containing 2% (0.2mM) EdU fromClick-iT
EdU Imaging Kits (Invitrogen) for 4 h before dissection. The dis-
sected larval brains were fixed with 4% EM grade formaldehyde for
22min, followed by washing thrice with 0.3% PBST (PBS + 0.3%
Triton-100) and blocking with 3% BSA (bovine serum albumin) in
PBST for 45min. Following blocking, incorporated EdU was detec-
ted by Alexa Fluor azide, according to the Click-iT EdU protocol
(Invitrogen). The brains were then washed briefly twice,
blocked with 3% BSA again for 20min, and subjected to
immunohistochemistry.

Immunohistochemistry
Drosophila larvae were dissected in phosphate-buffered saline
(PBS), and the larval brains were fixed in 4% EM-grade formaldehyde
in PBST for 22min. After washing thrice with 0.3% PBT (10min
each), brain samples were blocked with 3% BSA in 0.3% PBST for
45min. Blocked brain samples were incubated with primary anti-
bodies diluted in 3% BSA overnight at 4 °C. Following this, they were
again washed thrice with 0.3% PBST (10min each) and incubated
with secondary antibodies diluted in 0.3% PBT for 1.5 h. DNA was
labeled with DAPI (1:1,500, Sigma, 28718-90-3), and after washing
twice with 0.3% PBT (10min each), larval brains were mounted onto
Vector shield (Vector Laboratory) for Confocal microscopy. Con-
focal images were taken by a Zeiss LSM710 confocalmicroscope and
processed with ImageJ for brightness and contrast adjustment.
Primary antibodies used were as follows: guinea pig anti-Dpn
(1:1,000, J Skeath), mouse anti-Mira (1:50, F. Matsuzaki), rabbit anti-
PH3 (1:500, Cell signaling, 9701 L), rabbit anti-SUMO (1:500, Albert J.
Courey), rabbit anti-Wts (1:100, generated in this work by Abmart),
rabbit anti-GFP (1:3,000, Fengwei Yu), mouse anti-GFP (1:2,000,
Fengwei Yu), rabbit anti-Msps (1:1,000, J. Raff), rabbit anti-Yki
(1:100, generated by GenScript), mouse anti-β-gal (1:100, Promega,
Z378A) and mouse anti-CycE (1:200, H. Richardson). The secondary
antibodies used were conjugated with Alexa Fluor 488, 115-545-003,
cy3, 111-165-144 or 647, 106-605-003 (Jackson laboratory).

Embryonic staining
The steps for embryo fixation are as follows: the embryos were col-
lected and dechorionated with 50% bleach in PBT for 3min, followed
by a rinse with PBT for 10min. Embryos were fixed with 4% paraf-
ormaldehyde for 15min. Subsequently, embryos were devitellinized
with a mixture of heptane/methanol by shaking vigorously for 60 s
followed by washes with methanol and rehydrated with PBT
before proceeding with immunostaining, similar to larval brain
immunostaining.

Cell lines, transfection and drug treatment
Drosophila S2 cells (CVCL_Z232), originally from William Chia’s
laboratory, were cultured in Express Five serum-free medium
(Gibco) supplemented with 2mM Glutamine (Thermo Fisher Sci-
entific). For transient expression of proteins, S2 cells were trans-
fected using Effectene Transfection Reagent (QIAGEN) according to
the manufacturer’s protocol. For RNAi experiments, Drosophila S2
cells were cultured and incubated with dsRNA for 72 h. For inhibi-
tion of SUMOylation, S2 cells were treated with DMSO as control
and the ML-792 (0.2 µM) inhibitor as experiment group for 6 h
before harvest. For cycloheximide (CHX) chase assays, S2 cells were
treated with CHX at 2 h intervals, with the longest drug treatment
being for 6 h.

Protein extraction, immunoprecipitation, immunoblotting and
immunofluorescence
S2 cells were transfected with the indicated plasmids and cultured for
48 h; alternatelyDrosophila larval brains were dissected at certain time
points, and were collected and lysed in NP-40 lysis buffer along with
protease inhibitors (Roche) for 30min on a rotor at 4 °C. Immuno-
precipitation was performed using mouse anti-Flag antibody (1:200,
Sigma, F1804-1MG), rabbit anti-Wts (1:50, generated in this work by
Abmart), or rat anti-HA (1:100, Roche, 11 867 431 001) and protein G
Sepharose beads according to manufacturer’s instruction. The sam-
ples were separated by SDS–PAGE and analyzed by Western blotting.
Blots were probed with the following antibodies: rabbit anti-SUMO
(1:500, Albert J. Courey), mouse anti-Flag antibody (1:2000, Sigma,
F1804-1MG), mouse anti-Myc antibody (1:2000, abcam, 1011022-8),
mouse anti-Tubulin (1:2000, Sigma-Aldrich, T5168), rabbit anti-Wts
(1:500, generated in this work by Abmart), rabbit anti-HA (1:2000,
Sigma-Aldrich, H6908), rabbit anti-p-Wts (1:500, Duojia Pan), rabbit
anti-p-Yki (1:2000, Duojia Pan), and rabbit anti-GAPDH1 (1:500, Gene-
Tex, GTX100118). The secondary antibodies used were conjugated
with HRP (Horseradish Peroxidase). For immunofluorescence (IF)
assay, cells were transfected with the indicated plasmids after being
seeded on coverslips. 48 h later, cells were washed with PBS and fixed
in 4% paraformaldehyde for 20min, and permeabilized with 0.5%
Triton X-100 for 30min at room temperature. Cells were then blocked
for 30min in 3% BSA and incubated with primary antibodies for 2 h,
and then with fluorophore-conjugated secondary antibodies for
another 1 h at room temperature. They were then treated with DAPI
(1:1,500, Sigma, 28718-90-3) for 6min to mark nuclear DNA before the
slides were mounted. Cell images were captured with Zeiss LSM710
Confocal microscope. Antibodies used for IF: rabbit anti-HA (1:1000,
Sigma-Aldrich, H6908). The secondary antibody used was conjugated
with Alexa Fluor 488 (Jackson laboratory, 115-545-003).

SUMOylation assay
For the SUMOylation assays, the lysis buffer contained NEM protease
inhibitor (N-Ethylmaleimide, 10mM final concentration, Sigma) to
inhibit the deconjugating activity of SUMO protease. Protein extracts
from S2 cells or larva brains were prepared as described above with
SUMO isopeptidase inhibitors NEM, which were then lysed as descri-
bed above, before carrying out immunoprecipitation and Western
blotting.

Generation of anti-Wts antibodies
The N-terminal coding sequence (encoding 1–300 amino acids) of Wts
was amplified by PCR and inserted into a GST-containing vector. The
purified GST-Wts1–300 was then injected into rabbits. Rabbit anti-Wts
antibodies were generated and purified by Abmart (Shanghai).

Single cell RNA-seq data analysis
Raw data was downloaded from GSE134722 Brunet et al62. and pro-
cessedbySeurat 4.0. The rawdatawasfirstly analyzed according to the
methods in Brunet et al.62. Sub-clustering was then performed on the
neural stem cells cluster. Quiescent and active neural stem cells were
annotated by the expression of proliferatingmarkers:Wor, CycA, CycE
and PCNA.

Clonal analysis
MARCM clones were generated as previously described94. Briefly, lar-
vae were heat shocked at 37 °C for 90min twice at 24 h ALH and at
10–16 h after thefirst heat shock. Larvaewere further aged for 3 days at
25 °C, and larval brains were dissected and processed for immuno-
histochemistry. To generate type II neuroblast clones, UAS lines were
crossed to the type II driver at 25 °C and shifted to 18 °C for 44 h, then
transfer to 29 °C. Wandering third instar larvae were dissected after
incubation for 3 or 4 days at 29 °C.
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Quantification and statistical analysis
Statistical analysis was performed using GraphPad Prism 6. P values
were calculated by performing two-tailed, unpaired Students’T-test. In
all graphs, ∗indicates 0.05 < p <0.01, ∗∗indicates p <0.01, ∗∗∗indicates
p < 0.001, ∗∗∗∗indicates p <0.0001, ns indicates p >0.05. Cell popula-
tion numbers were quantified and represented as mean± SD and/or
percentage of phenotype. Each experiment has at least three inde-
pendent replications.We distinguish active NSCs fromquiescent NSCs
based on the cell size, as active NSCs are larger than 7 µm.

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

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and the source data for figures are
provided with the paper. Source data are provided with this paper.
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