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CELL BIOLOGY

USP8 and Hsp70 regulate endoreplication by
synergistically promoting Fzr deubiquitination

and stabilization

Wenliang Qian1'2*'|', Xing Zhang1’21', Dongqin Yuan1’21', Yuting Wu1'2, Hao Li"z, Ling Wei3,
Zheng Li'?, Zongcai Dai'?, Pei Song"?, Qiaoling Sun'?, Zizhang Zhou®,

Qingyou Xia"?, Daojun Cheng"**

Endoreplication is characterized by multiple rounds of DNA replication without cell division and determines the
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growth and final size of endoreplicating cells and tissues in eukaryotes. The cyclic ubiquitination and degradation
of several cell cycle regulators are required for endoreplication progression. However, the deubiquitinase that
deubiquitinates and stabilizes key factors to modulate endoreplication remains unknown. Here, we found in the
endoreplicating Drosophila salivary gland and Bombyx silk gland that the depletion of ubiquitin-specific pepti-
dase 8 (USP8) led to endoreplication arrest and a decrease in gland size. Mechanistically, we showed that USP8
interacted with the Fizzy-related (Fzr) protein, a conserved master regulator of endoreplication, thereby deubig-
uitinating and stabilizing Fzr to modulate endoreplication. Moreover, the molecular chaperone heat shock pro-
tein 70 (Hsp70) mediated proper folding of Fzr and increased the interaction between Fzr and USP8, thereby
promoting the deubiquitination and stabilization of Fzr. Together, our study demonstrates that USP8 and Hsp70
regulate endoreplication by synergistically maintaining Fzr stability though deubiquitination.

INTRODUCTION

Endoreplication (also called endocycle) is a common cell cycle vari-
ant that frequently occurs in the cells of various tissues at specific
developmental stages in animals and plants, which only comprises
of DNA synthesis (S) and Gap (G) phases (1-5). Unlike mitotic cells,
endoreplicating cells undergo multiple rounds of DNA replication
but lack mitotic events, such as chromosome segregation and cyto-
kinesis, resulting in polyploidy (2). Therefore, endoreplication is an
effective strategy for promoting cell growth and is closely correlated
with final size and physiological functions of endoreplicating tissues
(2). In insects, endoreplication has been extensively studied in sev-
eral tissues, including the salivary gland, prothoracic gland, trachea
of Drosophila larvae, the silk gland of Bombyx larvae, the adult
Drosophila ovary, and the fat body of adult female Locusta (1, 2, 5, 6).
The disruption of endoreplication progression substantially im-
pedes tissue growth and impairs the production of major functional
molecules, such as silk production-related silk proteins in Bombyx
silk glands (7), pupa attachment-related glue proteins in Drosophila
salivary glands (8), development-related ecdysteroid in Drosophila
prothoracic glands (9, 10), and oogenesis-related vitellogenin in
Locusta fat bodies (11).

Fizzy-related protein (Fzr, also known as Cdhl in mammals), a
scaffold protein containing several WD40 domains that mediate
protein-protein interaction (12, 13), functions as a master regulator of
endoreplication entry and maintenance in animals and plants
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(14-20). Fzr expression is up-regulated at the time of the mitosis-to-
endoreplication transition during the embryonic period (14, 15); the
loss of Fzr function in endoreplicating cells blocks endoreplication
(7, 10, 14-17), whereas increased Fzr expression in mitotic cells trig-
gers endoreplication and results in enlarged cells (14, 21, 22). Mecha-
nistically, accumulating evidence from the endoreplicating Drosophila
salivary gland has shown that Fzr acts to activate the anaphase-
promoting complex/cyclosome (APC/C) with the E3 ubiquitin ligase
activity, and the APC/C™ activity exhibits a periodic oscillation that
is driven by the S phase cyclin E and cyclin-dependent kinase 2
(CycE-Cdk2) complex (I, 2, 23-25). In late G phase, an accumulation
of transcription factor E2F1 promotes CycE transcription; a subse-
quent raise in the CycE-Cdk2 activity inhibits the activity of APC/
C™ and drives S }C)hase initiation. During S phase, activated E3 ubiq-
uitin ligase CRL4“Y? degrades E2F1; a consequent drop in the CycE-
Cdk2 activity reestablishes a G phase and also allows high activity of
APC/C™, which then degrades geminin as an inhibitor of the prerep-
lication complex (PreRC) and facilitates PreRC assembly for the next
cycle. Thus, the ubiquitination-dependent cyclic degradation of cell
cycle regulators is indispensable for the oscillation of endoreplication.
In addition, previous studies in mitotic cells in Drosophila reveal that
APC/C™ is also required for the degradation and removal of mitotic
cyclins during G, phase (15, 26, 27). Notably, in cultured mouse fibro-
blast cells, Cdhl as a mammalian homolog of Fzr has been shown to
mediate its own degradation by activating APC/C during G; phase
(28). However, how the stability of Fzr/Cdh1 and other cell cycle reg-
ulators is maintained during endoreplication remains unknown.
Deubiquitination counteracts the ubiquitination process to mod-
ulate various cellular processes in cells by removing ubiquitin chains
at ubiquitin-conjugated proteins and increasing protein stability
(29-34). Protein deubiquitination is generally catalyzed by ubiquitin-
specific proteases (USPs) of the deubiquitinase family (29-33). In
Drosophila, 16 USPs have been discovered (35), and several USPs
have been shown to target different substrate proteins involved in
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oogenesis, wing development, aging, antiviral activity, apoptosis, and
the circadian rhythm. For example, USP8 deubiquitinates and stabi-
lizes endosomal sorting complexes required for transport-III
(ESCRT-III) in ovarian germline cells and CLOCK in pacemaker
neurons to orchestrate incomplete cell division and locomotor activ-
ity rhythms, respectively (36, 37). USP7 targets Yorkie in the Hippo
pathway or Ci in the Hedgehog pathway to modulate wing develop-
ment (38, 39). However, to date, whether USP-mediated deubiquiti-
nation is involved in endoreplication has never been illustrated.

In the present study, we identified USP8 as a deubiquitinase for
Fzr during endoreplication in the Drosophila salivary gland and
Bombyx silk gland. USP8 depletion in these two types of glands
hampers endoreplication and decreases gland size. Mechanistically,
USP8 interacts with Fzr to deubiquitinate and stabilize Fzr. The mo-
lecular chaperone Hsp70 promotes the interaction of Fzr with USP8
by mediating Fzr folding, thereby participating in endoreplication
progression. Our work reveals a conserved mechanism by which
USP8 and Hsp70 regulate endoreplication progression by synergis-
tically maintaining Fzr stability through deubiquitination.

RESULTS

USP8 regulates endoreplication in the salivary gland and
silk gland

To identify the deubiquitinases that are involved in regulating en-
doreplication progression and organ size in insects, we first used the
Sg-Gal4 driver, which is specifically expressed in the endorepli-
cating salivary gland in Drosophila (40, 41), to perform a salivary
gland-specific RNA interference (RNAi) screening of 16 deubiqui-
tinases, which were previously predicted from the Drosophila ge-
nome (35). We found that salivary gland-specific knockdown of
only USP8, but not other deubiquitinases, substantially decreased
the size of the salivary gland (Fig. 1A and figs. S1, A and B, and S3A)
but had no effect on body size or developmental progression of
Drosophila larvae (fig. S2). In addition, we further analyzed the effect
of salivary gland-specific overexpression of a dominant-negative
form of USP8 (USP8*%*), which is catalytically inactive but retains
substrate binding capacity (36, 37). Similarly, USP8“*"** overex-
pression in the salivary gland also decreased gland size (Fig. 1B)
but did not affect larval growth or developmental progression (fig.
S$3,B to D).

We next examined the effect of USP8 knockdown on endorepli-
cation progression in the salivary gland. We observed that salivary
gland-specific knockdown of USP8, not other deubiquitinases, de-
creased the C value and DNA content in salivary gland cells (Fig. 1,
C and D, and fig. S1, C to E). An 5-ethynyl-2’-deoxyuridine (EdU)
incorporation assay further revealed that DNA replication in sali-
vary gland cells was abrogated by USP8 knockdown (Fig. 1E). Con-
sistently, salivary gland-specific overexpression of dominant-negative
USP8“>7?A also resulted in a decrease in both the C value and DNA
content and blocked DNA replication in salivary gland cells (Fig. 1F
and fig. S3, E and F).

We further investigated the role of USP8 in endoreplication pro-
gression in the Bombyx silk gland. Using the binary transgenic
CRISPR-Cas9 system (7, 39), we established Bombyx somatic mu-
tants with heterozygous USP8 mutations in the posterior silk gland
(PSG) by crossing a line expressing Cas9 under the control of the
PSG-specific FibH promoter with another line ubiquitously express-
ing a specific guide RNA (gRNA) targeting USP8. Subsequent
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sequencing analyses revealed that USP8 mutations were caused by
genomic deletions or insertions at the target site (fig. S4A), leading
to reduced USP8 expression in the PSG at the transcriptional and
translational levels, compared to the wild type (fig. S4, B and C).
Notably, USP8 mutation in the PSG decreased PSG size and the ex-
pression of three genes encoding PSG-specific silk proteins, namely,
FibH, FibL, and P25 (Fig. 1G and fig. S4D), resulting in thin cocoons
with low silk production (Fig. 1G). However, USP8 mutation in the
PSG did not change body size, body weight, or developmental pro-
gression of Bombyx larvae (fig. S4, E to G). Moreover, like USP8
knockdown in the Drosophila salivary gland, USP8 mutation in the
Bombyx PSG also reduced the C value and DNA content of PSG cells
(Fig. 1, H and I) and abrogated DNA replication (Fig. 1]). Together,
our data demonstrate that the deubiquitinase USP8 is required for
endoreplication progression and growth of the Drosophila salivary
gland and Bombyx silk gland.

USP8 deubiquitinates and stabilizes Fzr

Given that Fzr initiates the mitotic-to-endoreplication transition
and cooperates with other cell cycle regulators to mediate the oscil-
lation of DNA re-replication during endoreplication (1, 2, 7, 14-17),
we wondered whether the deubiquitinase USP8 could target Fzr
and/or other cell cycle regulators to maintain their protein stability
during endoreplication in Bombyx and Drosophila. To assess this
possibility, we examined the effect of overexpressed USP8 on the
protein levels of both Fzr and other cell cycle regulators, including
CycE, Myc, and MCMS, three factors involved in endoreplication
(16, 25, 42, 43), in both Bombyx BmE cells and Drosophila S2 cells.
Hemagglutinin (HA)-tagged USP8 was co-overexpressed with
Flag-tagged Fzr or other regulators in these two cell lines. Subse-
quent Western blotting revealed that USP8 overexpression increased
the protein level of exogenously overexpressed Fzr in cultured cells
(Fig. 2, A and B) but did not affect the protein levels of exogenously
overexpressed CycE, Myc, or MCMB6 (fig. S5, A to C), indicating that
Fzr might be a specific target of USP8. Therefore, we further investi-
gated the regulation of USP8 on Fzr protein levels in the Bombyx
PSG and Drosophila salivary gland. First, reverse transcription
quantitative polymerase chain reaction (RT-qPCR) and immunos-
taining analyses showed that Fzr expression had no obvious change
at the mRNA level but accumulated at the protein level in the Bombyx
PSG during the mitosis-to-endoreplication transition from stage
24 to stage 26 of embryonic development (fig. S5, D and E), suggest-
ing that the Fzr protein may be regulated at the posttranslational
level. USP8 was up-regulated in the Bombyx PSG during the mitosis-
to-endoreplication transition at both mRNA and protein levels (fig.
S5, F and G), showing a dynamic similar to Fzr protein levels. Sec-
ond, we found that compared to the control, both USP8 mutation in
the Bombyx PSG and USP8 knockdown in the Drosophila salivary
gland substantially reduced the Fzr protein level (Fig. 2, C and D)
but did not alter Fzr mRNA expression (fig. S5, H and I). Third,
previous studies in Drosophila reported that APC/C™ directly me-
diates the degradation of several cell cycle regulators such as CycA
and CycB, two cyclins that their abnormal accumulation correlates
with endoreplication arrest (15, 26, 27), and indirectly promotes the
transcription of Myc, which thereby inhibits CycB transcription but
positively regulates the transcription of MCM6 involved in DNA
replication (16, 42, 43). Our investigation in the PSGs and salivary
glands showed that USP8 depletion not only caused an accumula-
tion of both CycA and CycB (fig. S5]) but also induced a decrease in
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Fig. 1. Depletion of the deubiquitinase USP8 in the Drosophila salivary glands and Bombyx PSGs blocks endoreplication progression. (A) RNAi screening of deu-
biquitinases in the Drosophila salivary gland revealed that the knockdown of only USP8 decreased gland size. Salivary glands were dissected at 120 hours AEL. Scale bar,
200 pm. (B) Overexpression of dominant-negative USP8“" in the salivary gland decreased gland size at 120 hours AEL. Scale bar, 200 pm. (C and D) Salivary gland-specific
USP8 knockdown reduced the C value and DNA content in the salivary gland at 120 hours AEL. (E and F) EdU staining analyses of the effects of either USP8 knockdown
(E) or USP8“?A overexpression (F) on DNA replication in the salivary gland at 96 hours AEL. Scale bar, 50 pm. (G) CRISPR-Cas9-mediated USP8 mutation in the Bombyx
PSGs resulted in a decrease in PSG size at just wandering and thin cocoon with low silk production. Scale bars, 1 cm. (H and 1) PSG-specific USP8 mutation decreased the
Cvalue and DNA content in PSG cells at just wandering. (J) EdU staining revealed that PSG-specific USP8 mutation blocked DNA replication in PSG cells at the second day
of the fourth larval instar. Scale bar, 50 pm. i, RNAi; AEL, after egg laying; WT, wild type. The data are presented as the mean + SE (error bars) of three independent bio-
logical replicates. For the significance test: **P < 0.01 and **#P < 0.001 versus the control.

the transcription of Myc and MCMG6 but an increase in CycB tran-
scription (fig. S5, K and L). Collectively, these results suggest that
USP8 positively regulates Fzr protein levels.

We then investigated whether USP8 regulates the Fzr protein
level by modulating Fzr protein stability through deubiquitination.
First, we measured the changes in Fzr protein levels following
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treatment with cycloheximide (CHX), an inhibitor of protein syn-
thesis. Pulse-chase experiments revealed that CHX treatment de-
creased the protein levels of endogenous Fzr in ex vivo—cultured
PSGs and salivary glands and exogenously overexpressed Fzr in
BmE cells and S2 cells in a time-dependent manner (Fig. 2E and fig.
S6A), indicating a degradation of the Fzr protein in the presence of
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Fig. 2. USP8 stabilizes Fzr through deubiquitination. (A and B) USP8 overexpression in Bombyx BmE cells and Drosophila S2 cells increased Fzr protein levels. (C and
D) USP8 depletion in the Bombyx PSGs and Drosophila salivary glands decreased Fzr protein levels. (E) Fzr protein levels in the PSGs and salivary glands were reduced by
CHX treatment, and this reduction was reversed by simultaneous MG132 treatment. (F and G) USP8 depletion in the PSGs and salivary glands increased Fzr ubiquitination.
(H to J) Fzr overexpression in the salivary gland reversed the effects of USP8 knockdown on the gland size, the C value, and DNA replication during endoreplication.
Salivary glands were dissected at 120 hours AEL for size and C value measurement and were dissected at 96 hours AEL for EdU staining and RT-qPCR. Scale bars, 200 pm
(H) and 50 um (J). OE, overexpression; Bm, Bombyx; Dm, Drosophila; WCL, whole cell lysate; h, hours. The data are presented as the mean =+ SE (error bars) of three inde-
pendent biological replicates. For the significance test: *P < 0.05 and **P < 0.01 versus the control.

CHX. In general, protein degradation is mediated by the ubiquitin-
proteasome pathway and the autophagy-lysosome pathway (44, 45).
We found that the degradation of the Fzr protein was suppressed by
the proteasome inhibitor MG132 but not by the lysosome inhibitor
NH,CI (Fig. 2E and fig. S6A), indicating that Fzr protein instability
is driven by the ubiquitin-proteasome pathway. Moreover, we
observed that in BmE cells and S2 cells, USP8 overexpression inhibited
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the degradation of exogenously overexpressed Fzr protein in the
presence of CHX (fig. S6B). Notably, in vivo ubiquitination assays
showed that USP8 depletion in the Bombyx PSGs and Drosophila
salivary glands increased Fzr ubiquitination levels (Fig. 2, F and G,
and fig. S6, C and D); USP8 overexpression in BmE cells or S2 cells
reduced the ubiquitination of exogenously overexpressed Fzr
(fig. S6E); and the treatment with the USP8-specific inhibitor IN-2
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increased the ubiquitination of overexpressed Fzr protein (fig. S6F).
These results suggest that USP8 maintains Fzr stability by inhibiting
Fzr ubiquitination and degradation, which is mediated by the
ubiquitin-proteasome pathway.

Epistatic analysis in Drosophila revealed that compared to the ef-
fects of salivary gland-specific USP8 knockdown, Fzr overexpression
in the salivary gland with USP8 knockdown not only reversed the
decrease in gland size and DNA content caused by USP8 knockdown
(Fig. 2, H and I) but also reinitiated DNA replication (Fig. 2J) and
reversed the abnormality in the expression of three genes down-
stream of Fzr during endoreplication, including Myc, MCM6, and
CycB (fig. S7A). In addition, we observed that salivary gland-specific
Fzr overexpression had no effect on the gland size and the C value of
gland cells compared to the control, and USP8 knockdown in the
salivary gland with Fzr overexpression also did not change the gland
size and the Cvalue (fig. S7, B and C). These findings further indicate
that USP8 maintains Fzr stability during endoreplication. Together,
our data reveal that USP8 regulates endoreplication by functioning as
a Fzr deubiquitinase to stabilize Fzr through deubiquitination.

USP8 physically interacts with Fzr

Deubiquitinases generally interact with substrate proteins and subse-
quently mediate their deubiquitination (29, 30, 33). Given that Fzr pro-
teins from Bombyx and Drosophila contain different numbers of WD40
domains that mediate protein-protein interaction, we thus investigated
whether USP8 interacts with Fzr. First, on the basis of in silico predica-
tion using the AlphaFold 3 program (46), we observed that some ami-
no acid residues within several WD40 domains of Bombyx and
Drosophila Fzr proteins exhibited potential binding with specific ami-
no acid residues of USP8 proteins via hydrogen bonds (fig. S8), indicat-
ing a potential interaction between USP8 and Fzr. Second, to determine
whether USP8 interacts with Fzr in vivo, we co-overexpressed HA-
tagged USP8 and Flag-tagged Fzr in Bombyx BmE cells and Drosophila
S2 cells and then conducted coimmunoprecipitation (co-IP) experi-
ments with specific antibodies. The results showed that exogenously
overexpressed USP8 and Fzr reciprocally coimmunoprecipitated (Fig.
3, A and B, and fig. S9, A and B). Similarly, further co-IP experiments
confirmed the interaction between endogenous USP8 and Fzr in cul-
tured BmE cells and S2 cells (Fig. 3C and fig. S9C) as well as in the
Bombyx PSGs and Drosophila salivary glands (Fig. 3D and fig. S9D).
Third, glutathione S-transferase (GST) pull-down assays revealed that
bacterially purified recombinant Trx-His-tagged USP8 interacted with
recombinant GST-tagged Fzr in vitro (fig. S9, E and F). Collectively,
these data demonstrate that USP8 physically interacts with Fzr.

Given that USP8 contains a ubiquitin C-terminal hydrolase
(UCH) domain at the C terminus and a dimerization domain at the
N terminus (47), we investigated which of these domains might be
involved in the USP8-Fzr interaction. We generated two constructs
for overexpressing two USP8 truncation mutants, one containing
the UCH domain but lacking the dimerization domain (USP8-C)
and the other containing the dimerization domain but lacking the
UCH domain (USP8-N), in both BmE cells and S2 cells. Subsequent
reciprocal co-IP assays showed that unlike USP8-N, USP8-C could
not coimmunoprecipitate with Fzr (Fig. 3, E and E, and fig. S9, G and
H), suggesting that the dimerization domain of USP8 is necessary
for its interaction with Fzr. Furthermore, to determine which of
WD40 domains in Fzr proteins might be involved in the USP8-Fzr
interaction, we generated a series of constructs for overexpressing
truncated Fzr with the deletion of single WD40 domain and then
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performed co-IP assays in cultured cells. The results revealed that
the second and third WD40 domains of Bombyx Fzr were required
for its interaction with USP8 (Fig. 3G), while the second and fifth
WD40 domains of Drosophila Fzr were required for its interaction
with USP8 (Fig. 3H). These results were consistent with the Alpha-
Fold 3-based prediction, further confirming that different WD40
domains of Fzr proteins mediate the interaction of Fzr with USP8 in
Bombyx and Drosophila.

Hsp70 promotes the interaction between USP8 and Fzr

Since the interaction between USP8 and Fzr indicated by in vitro
GST pull-down assays (fig. S9, E and F) was relatively slight com-
pared to that shown by in vivo co-IP assays (Fig. 3), we speculated
that other cofactors may modulate the USP8-Fzr interaction. To this
end, we reanalyzed the Fzr interactome characterized by mass spec-
trometry analysis in our previous study (16) and selected the molecu-
lar chaperone Hsp70 among potential Fzr-interacting partners as a
candidate of interest, because the Hsp70 chaperone network plays
indispensable roles in the folding, assembly, stabilization, or degrada-
tion of cellular proteins (48-51). First, AlphaFold 3-based analysis
predicted that some amino acid residues within several WD40 do-
mains of Fzr proteins from Bombyx and Drosophila had potential
binding with specific amino acid residues of Hsp70 proteins via hy-
drogen bonds (fig. S10, A and B), indicating a potential interaction
between Hsp70 and Fzr. Second, we validated the interaction be-
tween Hsp70 and Fzr in vivo and in vitro in detail. Reciprocal co-IP
experiments revealed that exogenously overexpressed V5-tagged
Hsp70 could interact with Flag-tagged Fzr in Bombyx BmE cells and
Drosophila S2 cells (Fig. 4, A and B, and fig. S11, A and B). Similarly,
we observed an interaction between endogenous Hsp70 and Fzr in
BmE cells, S2 cells, the Bombyx PSGs, and the Drosophila salivary
glands (Fig. 4, Cand D, and fig. S11, C and D). In addition, GST pull-
down assays also confirmed a direct interaction between Hsp70 and
Fzr in vitro (fig. S11, E and F). Third, we assessed the effect of treat-
ment with 2-phenylethynesulfonamide (PES), an inhibitor that hin-
ders the interactions between Hsp70 and its partners (52), on the
Hsp70-Fzr interaction. As expected, co-IP experiments revealed that
PES treatment for 2 hours not only impaired the interaction between
exogenously overexpressed V5-tagged Hsp70 and Flag-tagged Fzr in
BmE cells and S2 cells (fig. S11G) but also inhibited the interaction
between endogenous Hsp70 and Fzr in BmE cells, S2 cells, PSGs, and
salivary glands (Fig. 4E and fig. S11H). Collectively, these data clearly
confirmed a physical interaction between Hsp70 and Fuzr.

Given that the Hsp70 protein contains two conserved domains, a
nucleotide-binding domain (NBD) for binding and hydrolyzing ad-
enosine triphosphate and a substrate-binding domain (SBD) for in-
teracting with target proteins (48, 53), we investigated which of these
two domains might be involved in the Hsp70-Fzr interaction. Sev-
eral plasmids for overexpressing Hsp70 truncations with the deletion
of the SBD (Hsp7OASBD) or the NBD (Hsp7OANBD) were constructed
and then separately cotransfected with the Fzr overexpression con-
struct into BmE cells and S2 cells. Subsequent reciprocal co-IP ex-
periments showed that, unlike NBD deletion, SBD deletion blocked
the interaction of Hsp70 with Fzr (Fig. 4F and fig. S111I), indicating
that Hsp70 interacts with Fzr through its SBD. In addition, we
accessed which WD40 domain of Fzr protein will be essential for the
interaction of Fzr with Hsp70. Combining truncation approach and
co-IP assays in cultured cells, we found that the second and third
WD40 domains of Bombyx Fzr while the fourth, sixth, and seventh
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Fig. 3. USP8 interacts with Fzr. (A and B) Co-IP assays with an anti-Flag antibody revealed that exogenously overexpressed HA-tagged USP8 interacted with Flag-tagged
Fzr in both Bombyx BmE cells and Drosophila S2 cells. (C and D) Co-IP assays with an anti-Fzr antibody revealed that endogenous USP8 in cultured cells and glands inter-
acted with endogenous Fzr. (E and F) Co-IP assays with an anti-Flag antibody confirmed that the deletion of the dimerization domain of USP8 (USP8-C), not the UCH do-
main (USP8-N), blocked the interaction of USP8 with Fzr in cultured cells. (G and H) Truncation experiment followed by co-IP assay with an anti-HA antibody revealed that
several WD40 domains of Fzr were essential for the interaction of Fzr with USP8. The number indicated the deletion of corresponding WD40 domain of Fzr. IgG, immuno-

globulin G.
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Fig. 4. Hsp70 interacts with Fzr. (A and B) Co-IP assays with an anti-Flag antibody revealed that exogenously overexpressed V5-tagged Hsp70 interacted with Flag-tagged
Fzr in both Bombyx BmE cells and Drosophila S2 cells. (C and D) Co-IP assays with an anti-Fzr antibody revealed that endogenous Hsp70 interacted with endogenous Fzr in
cultured cells, the Bombyx PSGs, and Drosophila salivary glands. (E) Co-IP assays with an anti-Fzr antibody confirmed that the treatment with the Hsp70 inhibitor PES at-
tenuated endogenous Hsp70-Fzr interaction in the PSGs and salivary glands. (F) Co-IP assays with an anti-Flag antibody confirmed the deletion of the SBD domain of Hsp70,
not NBD domain, blocked the interaction of Hsp70 with Fzr in cultured cells. Hsp70 and Fzr from both Bombyx and Drosophila were separately analyzed in corresponding
cells. SBD, substrate-binding domain. NBD, nucleotide-binding domain. (G and H) Truncation experiment followed by co-IP assay with an anti-V5 antibody revealed that
several WD40 domains of Fzr were essential for the interaction of Fzr with Hsp70. The number indicated the deletion of corresponding WD40 domain of Fzr.
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WD40 domains of Drosophila Fzr were essential for the interaction
of Fzr with Hsp70 (Fig. 4, G and H). This is consistent with the ob-
servation from AlphaFold 3-based prediction of the interaction be-
tween Hsp70 and Fazr.

We next investigated whether Hsp70 is associated with the USP8-
Fzr interaction. Co-IP experiments showed that Hsp70 overexpression
promoted the interaction between exogenously overexpressed USP8
and Fzr in BmE cells and S2 cells (Fig. 5, A and B). Similarly, GST pull-
down assays confirmed that Hsp70 supplementation enhanced the
USP8-Fzr interaction (Fig. 5, C and D). Furthermore, we examined the
change of the USP8-Fzr interaction following treatment for 2 hours
with PES as a Hsp70 activity inhibitor. The results showed that PES
treatment attenuated the interaction between endogenous USP8 and
Fzr in ex vivo-cultured PSGs and salivary glands (Fig. 5, E and F) as
well as in BmE cells and S2 cells (Fig. 5, G and H). Moreover, we inves-
tigate possible mechanism by which Hsp70 facilitates the USP8-Fzr
interaction. Hsp70 mainly plays chaperone activity to promote proper
folding of its substrate proteins (48-51), and properly folded proteins
are capable of interacting selectively with their partners (54, 55). Given
that the luciferase enzyme activity of a protein fused with luciferase
has been widely used to define the status of proper folding of this pro-
tein in vivo (56-58), we therefore analyzed Hsp70 regulation of Fzr
folding by assessing the effect of impairing the Hsp70 chaperone activ-
ity or overexpressing Hsp70 on the luciferase enzyme activity of re-
combinant Fzr-Luc protein in BmE and S2 cells. The results
showed that compared to the control, the treatments with PES or
VER155008, two specific inhibitors that target the Hsp70 chaperone
activity by separately inhibiting the interacting activity or enzymatic
activity of Hsp70 (52, 59), decreased the Fzr-Luc luciferase activity
(Fig. 5, T and J, and fig. S12, A and B). In addition, we observed that
overexpression of intact Hsp70 increased the Fzr-Luc luciferase activ-
ity compared to the control (Fig. 5, K and L, and fig. S12, C and D), but
truncated Hsp70 with the deletion of either SBD domain or NBD do-
main lost this promotion (Fig. 5, K and L, and fig. S12, C and D). To-
gether, our data suggest that Hsp70 mediates proper folding of Fazr,
thereby promoting the interaction of Fzr with USP8.

Hsp70 regulates endoreplication by promoting Fzr
deubiquitination and stabilization

To explore the physiological functions of Hsp70 during endoreplica-
tion, we conducted tissue-specific depletion of Hsp70 in the Bombyx
PSG and Drosophila salivary gland. First, we used the CRISPR-Cas9
system to mutate the Hsp70 gene in the Bombyx PSG (fig. S13, A to C).
The results revealed that Hsp70 mutation decreased the size of silk
gland and disrupted the formation of cocoons as well as the expres-
sion of silk protein genes (Fig. 6A and fig. S13D) but did not affect
body size, body weight, or developmental progression of Bormbyx lar-
vae (fig. S13, E to G). Similarly, we observed that RNAi-mediated
Hsp70 knockdown in the Drosophila salivary gland substantially re-
duced gland size (Fig. 6B and fig. S13H) but had no effect on body size
and developmental progression (fig. S13, I to K). We noted that Hsp70
depletion in both the PSGs and salivary glands reduced the C value in
gland cells (fig. S14, A and B) and abrogated DNA replication (Fig. 6,
Cand D). These data demonstrate that Hsp70 is functionally required
for endoreplication progression in the PSG and salivary gland.

We next investigated the regulation of Hsp70 on Fzr stability dur-
ing endoreplication. First, RT-qPCR and immunostaining analyses
revealed that the mRNA and protein expressions of Hsp70 were up-
regulated in the Bombyx PSGs during the mitotic-to-endoreplication
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transition from stage 24 to stage 26 of embryonic development (fig.
S15, A and B), being consistent with the dynamics of Fzr protein
levels (fig. SS5E). Second, we found that similar to the effects of USP8
depletion, Hsp70 depletion in both the PSGs and salivary glands
decreased Fzr protein levels but did not change the Fzr mRNA levels
in these two types of glands (Fig. 6E and fig. S16, A and B). In addi-
tion, Hsp70 depletion also disturbed Fzr downstream signaling by
leading to an accumulation of two Fzr substrate proteins CycA and
CycB (fig. S16C) and a dysregulation of mRNA expressions for three
genes that are transcriptionally modulated by Fzr, including Myc,
MCMS6, and CycB in the glands (fig. S16, D and E). Notably, our
analyses in both BmE cells and S2 cells showed that Hsp70 overex-
pression elevated the protein levels of exogenously overexpressed
Fzr but not other endoreplication-related factors, including CycE,
Myc, and MCMB6 (Fig. 6F and fig. S16, F to H); in the presence of the
protein synthesis inhibitor CHX, Hsp70 overexpression inhibited
the CHX-induced decrease in Fzr protein levels (fig. S16I). These
results indicate that Hsp70 is required for the stabilization of Fzr.
Third, we examined whether Hsp70 maintains Fzr stability by de-
creasing ubiquitination levels of Fzr. To this end, we performed
ubiquitination assays and observed that Hsp70 depletion elevated
ubiquitination levels in the PSGs and salivary glands (Fig. 6G and
fig. S16J). In contrast, Hsp70 overexpression in cultured cells de-
creased ubiquitination levels of the exogenously overexpressed Flag-
Fzr protein (fig. S16K); in cultured cells and ex vivo cultured glands,
treatment with the Hsp70 activity inhibitor PES for 6 hours led to a
decrease in Fzr protein levels and an increase in Fzr ubiquitination
levels (fig. S17, A and B) but did not change Fzr mRNA expression
(fig. S17, C to F). These results suggest that Hsp70 stabilizes Fzr
through deubiquitination.

We then conducted epistatic analysis in Drosophila and observed
that, compared to salivary gland-specific Hsp70 knockdown, Fzr
overexpression in the salivary gland with Hsp70 knockdown re-
versed the defects caused by Hsp70 knockdown, including a de-
crease in gland size (Fig. 6H), abrogation of DNA replication (Fig.
61), reduction in DNA content (fig. S18A), and dysregulation of the
expression for three genes downstream of Fzr during endoreplica-
tion, including Myc, MCM6, and CycB (fig. S18B). Furthermore, we
noted that salivary gland-specific Fzr overexpression had no effect
on the gland size and the C value of gland cells compared to the
control, and Hsp70 knockdown in the salivary gland with Fzr
overexpression also did not change the gland size and the C value
(fig. S18, C and D). These data further indicate that Hsp70 is in-
volved in the maintenance of Fzr stability during endoreplication.
Collectively, our findings reveal that Hsp70 regulates endoreplica-
tion by promoting the USP8-Fzr interaction and subsequently mod-
ulating Fzr deubiquitination and stabilization.

The USP8-Hsp70-Fzr axis is not essential for

mitotic progression

Previous studies have demonstrated that Fzr is concentrated at
centrosomes throughout the cell cycle and mediates cyclin removal
during G, phase in mitotic cells in Drosophila (15, 16, 26, 60-62).
However, in Drosophila prothoracic gland cells and ovarian follicle
cells that also occur the mitosis-to-endoreplication transition, Fzr
was shown to be unnecessary for mitotic cell cycle progression
and cell proliferation before endoreplication entry (10, 14, 63).
Thus, we further selected the Drosophila wing disc, a tissue that only
undergoes mitotic cycle and has no endoreplication cycle, to test
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Fig. 5. Hsp70 promotes the interaction between Fzr and USP8 by mediating Fzr folding. (A and B) Exogenously overexpressed Hsp70 promoted the interaction be-
tween exogenously overexpressed USP8 and Fzr in BmE cells and S2 cells. (C and D) GST pull-down assay showed that supplementation with recombinant Hsp70 in-
creased the USP8-Fzr interaction in vitro. (E to H) The interaction between endogenous USP8 and Fzr in the cultured glands and cells was attenuated following a treatment
with the Hsp70 interacting activity inhibitor PES for 2 hours. (1 and J) The treatment with the Hsp70 inhibitors PES or VER155008 decreased the luciferase enzyme activity
of luciferase-fused Fzr (Fzr-Luc) in cultured cells, suggesting that Hsp70 promoted proper folding of Fzr. (K and L) Overexpression of intact Hsp70 increased the luciferase
enzyme activity of Fzr-Luc in cultured cells, but truncated Hsp70 with the deletion of SBD domain or NBD domain lost this promotion. The data are presented as the mean +
SE (error bars) of three independent biological replicates. For the significance test: *P < 0.05 and **P < 0.01 versus the control.
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Fig. 6. Hsp70 regulates endoreplication by maintaining Fzr stability. (A) CRISPR-Cas9-mediated Hsp70 mutation in the Bombyx PSG decreased PSG size at just wan-
dering and affected cocoon formation. Scale bar, 1 cm. (B) Hsp70 knockdown in the Drosophila salivary gland reduced gland size at 120 hours AEL. Scale bar, 200 pm.
(C and D) Hsp70 depletion blocked DNA replication in the PSGs at the second day of the fourth larval instar and salivary glands at 96 hours AEL. Scale bars, 50 pm.
(E) Hsp70 depletion in the PSGs and salivary glands decreased the Fzr protein level in two glands. (F) Exogenously overexpressed Hsp70 in cultured cells increased the
protein level of exogenously overexpressed Fzr. Hsp70 and Fzr from both Bombyx and Drosophila were separately analyzed in corresponding cells. (G) Hsp70 depletion
elevated Fzr ubiquitination in the PSGs and salivary glands. (H and I) Fzr overexpression in the salivary gland reversed the effects of Hsp70 knockdown on gland size at 120

hours AEL and DNA replication at 96 hours AEL. Scale bars, 200 pm (H) and 50 pm (1).

whether the USP8-Hsp70-Fzr axis is involved in the control of mi-
totic progression. We carried out RNAi-mediated knockdown of
genes from the USP8-Hsp70-Fzr axis in the Drosophila wing disc
using the Nubbin-Gal4 driver. The results showed that compared to
the control, wing disc-specific Fzr knockdown had no obvious ef-
fect on the size of the wing disc (fig. SI9A). In addition, EdU incor-
poration assay and phospho-histone 3 (pH3) staining revealed no
change in DNA replication and cell proliferation in wing disc cells
followed by Fzr knockdown, respectively (fig. S19, B and C), indicat-
ing that Fzr is also not involved in mitotic progression in the wing
disc. Similarly, we found that the knockdown of either USP8 or
Hsp70 did not alter wing disc size as well as DNA replication and cell
proliferation in wing disc cells (fig. S19, A to C). Collectively, our
data, together with previous findings regarding of Fzr roles in Dro-
sophila, suggest that the USP8-Hsp70-Fzr axis is essential for en-
doreplication cycle but not for mitotic progression.

Qianetal., Sci. Adv. 11, eadq9111 (2025) 19 March 2025

DISCUSSION

Endoreplication is a cell cycle variant that arises from mitotic exit
and involves multiple rounds of DNA replication without mitosis,
thereby contributing to the growth and final size of cells and tissues
in animals and plants (1, 2). Fzr in insects and its homologs in mam-
mals and plants have been shown to function as a master regulator
in the control of the mitosis-to-endoreplication transition and
endoreplication maintenance (I, 2, 4, 18, 21). However, how Fzr
protein stability is regulated remains unclear. Here, through genetic
screening, we found in the Drosophila salivary gland and Bombyx
silk gland, two well-understood endoreplicating tissues in insects,
that the deubiquitinase USP8 and the molecular chaperone Hsp70
regulate the endoreplication cycle by synergistically promoting the
deubiquitination and stabilization of Fzr; disrupting this signaling
cascade reduces the growth and the final size of endoreplicating
glands (fig. S20), thereby affecting physiological functions of glands,
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such as silk production in the silk gland. Our data uncover a previ-
ously unanticipated role for USP8 and Hsp70 in maintaining Fzr
protein stability and establish deubiquitination-dependent regula-
tion of the endoreplication cycle.

Ubiquitination and deubiquitination, two reversible posttransla-
tional modifications that are separately governed by ubiquitin E3
ligases and deubiquitinases, have opposite effects on the stability of
substrate proteins (29-33). Previous reports in the Drosophila sali-
vary gland have focused on the role of the ubiquitination cascade in
sustaining the endoreplication cycle. Fzr activates the E3 ubiquitin
ligase APC/C to mediate ubiquitination and subsequent degrada-
tion of cyclins and other cell cycle factors during endoreplication
(1, 2), and APC/C"-mediated endoreplication progression de-
pends on a molecular oscillator composing of transcription factor
E2F1, CycE-Cdk2, APC/C™, and E3 ubiquitin ligases CRL4“?
(1, 2, 25). In this oscillator, elevated CycE-Cdk2 activity by accumu-
lated E2F1 in late G phase suppresses APC/C™ activity and drives S
phase entry; during S phase, activated CRL4%? degrades E2F1 to
induce a drop in the CycE-Cdk2 activity, thereby reestablishing a G
phase and allows high APC/C™ activity; APC/C™ degrades gemi-
nin to facilitate PreRC assembly for the next cycle. The present study
identified USP8 as a bona fide deubiquitinase that directly deubiqui-
tinates and stabilizes Fzr through a physical interaction in the
Drosophila salivary gland and Bombyx silk gland, which delineates
essential role for the deubiquitination cascade in the maintenance of
endoreplication progression and unravels another regulatory layer
of protein homeostasis during endoreplication. In addition, USP8
regulation of endoreplication progression at the posttranslational
level also differs with the roles of several unknown regulators or sig-
naling pathways, such as E2F1 (25, 64), Myc (16, 42, 43), Cut (65),
the Notch pathway (14, 17, 65, 66), the mechanistic target of ra-
pamycin (mTOR) pathway (9, 67), and the hormone pathway
(11, 68), which mainly function at the transcriptional level. Given
that the APC/C™ activity must oscillate and need a drop in late G
phase to sustain endoreplication cycles (1, 2), hence it will be in-
triguing to explore whether Fzr can be targeted and degraded by a
specific ubiquitin ligase during endoreplication.

The Hsp70 chaperone network generally acts to maintain protein
homeostasis by mediating proper folding of nascent proteins, pro-
tein translocation, the assembly and disassembly of protein com-
plexes, the prevention of protein aggregation, and the degradation
of aberrant proteins and protein aggregates, through protein-protein
interactions (48-51). In our previous study, Hsp70 was shown to be
a potential Fzr interacting partner (16). Here, we demonstrated that
Hsp70 regulates endoreplication progression in the salivary gland
and silk gland by interacting with Fzr to modulate its deubiquitina-
tion and stabilization. Mechanistically, Hsp70 appears to monitor
proper folding of Fzr protein and promote its interaction with USP8.
Since proper folding of proteins generally devotes to their interac-
tions with other partners (54), like the WD40 protein Bub3 (55), we
thus suggest that the interaction of Hsp70 with Fzr facilitates proper
folding of Fzr, thereby enhancing the interaction of Fzr with USP8
to promote Fzr deubiquitination and stabilization during endorepli-
cation. In addition, because Hsp70 belongs to the heat shock protein
family that generally responds to heat stress (69), it also raised an-
other question about a potential impact of heat stress on the regula-
tion of Fzr by Hsp70. Our preliminary analyses showed that
compared to normal growth temperature of 27°C for cultured
cells or 25°C for insect individuals, intermittent higher temperature
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treatment under 37°C obviously elevated protein levels of both Fzr
and Hsp70 in cultured cells as well as in both the Bombyx PSGs and
Drosophila salivary glands (fig. S21, A to D), lastly leading to a death
of Bombyx and Drosophila larvae (fig. S21E). However, higher tem-
perature did not change gland size and DNA replication in gland
cells (fig. S21, F to I). This observation is similar to the fact that Fzr
overexpression does not promote endoreplication in the Drosophila
salivary gland (figs. S7 and S18), speculating that heat stress has no
effect on endoreplication progression. Together, our data conclude
that Hsp70 plays its chaperone function, not heat response, in the
regulation of endoreplication progression.

Endoreplication is an evolutionarily conserved mechanism for
polyploidy formation as well as the growth of cell and tissue in ani-
mals and plants. Numerous studies have also shown that Fzr and its
homologs play a conserved and indispensable role in the mitosis-to-
endoreplication transition and endoreplication maintenance in
multiple species, including Drosophila (16, 23, 24), Bombyx (7),
Nilaparvata (70), Mus (71), and Arabidopsis (20). This study used
the Drosophila salivary gland and Bombyx silk gland to unveil the
regulation of USP8 and Hsp70 on Fzr protein stability and endorep-
lication progression, revealing that endoreplication control by the
USP8-Hsp70-Fzr axis is evolutionarily conserved in insects to a cer-
tain extent. Whether this regulatory axis is also involved in endorep-
lication in other insects and vertebrates needs to be further explored.

MATERIALS AND METHODS

Drosophila stocks, Bombyx strain, and developmental timing
All Drosophila stocks were reared at 25°C on standard cornmeal
medium under a 12-hour:12-hour light:dark cycle. The UAS-
White RNAi (THUO0558), UAS-USP8 RNAi (THU3923), UAS-Hsp70
RNAi (THU1250), UAS-Fzr RNAi (TH201500745.S), UAS-USP5
RNAi (THU2262), UAS-USP7 RNAi (THU3682), UAS-
Cyld RNAi (THU5236), and UAS-Scny RNAi (THU5262) lines
were obtained from the Tsinghua University Fly Center; the UAS-
USP39 RNAI (#7288R-1) and UAS-CSN5 RNAI (#14884R-1) lines
were obtain from National Institute of Genetics at Japan; the UAS-
White RNAI line was used as the control. The UAS-USP12 RNAi
(V27799), UAS-USP14 RNAi (V27405), UAS-USP15RNAi (V33726),
UAS-USP16 RNAi (V110286), UAS-USP20 RNAi (V42609), UAS-
DUBAI RNAi (V28960), UAS-Josd RNAi (V7113), UAS-Trbd
RNAi (V330368), UAS-CG4968 RNAi (V330332), V60000, and
V60100 lines were obtained from the Vienna Drosophila Resource
Center; because of the difference of the plasmids for line construc-
tion, V60000 or V60100 was used as the control for the former seven
lines, and the UAS- White RNAI line was used as the control for the
last two lines. The UAS-Fzr (F000893) line was obtained from Fly-
ORE. The line carrying a dominant-negative form of USP8 (UAS-
USP8C572A) was used to impair USP8 activity (36, 37). The UAS-GFP
(THJ0179) and the wild-type yw lines were obtained from the Tsinghua
University Fly Center and Bloomington Drosophila Stock Center,
respectively. The UAS-GFP and yw were used as the controls for the
overexpression of UAS-Fzr and UAS-USP8“7?A, respectively. Sg-Gal4
was used to specifically drive gene expression in the Drosophila sali-
vary gland (40). Nubbin-Gal4 was used to drive gene expression
specifically in the Drosophila wing discs (72). The nondiapaused
Bombyx strain DIL was used in the present study. Both the wild-
type and transgenic Bombyx strains were fed with fresh mulberry
leaves at 25°C with a 12-hour light:12-hour dark cycle.
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Developmental timing was conducted as described previously
(73). For Drosophila, the crossed flies laid eggs on standard diet for
4 hours at 25°C, and approximately 30 larvae were collected at 36 hours
after egg laying (AEL) and were reared in a vial with standard diet at
25°C for developmental timing. For Bombyx, approximately 20 lar-
vae were collected after just hatching and were fed with fresh mul-
berry leaves at 25°C for developmental timing.

Generation of transgenic flies

To generate transgenic fly line for UAS-Hsp70 RNAi, forward and
reverse primers with a palindrome structure targeting the exon of
the Hsp70 gene were synthesized by TSINGKE Biological Tech-
nology. After annealing the pair of primers, the short double-
stranded DNA was subcloned and inserted into the VALIUM20
plasmid. On the basis of the transposable elements in the VALI-
UM20 plasmid, the DNA fragment was inserted at the attP site in
the 25C6 locus on chromosome 2. All related primers used are
listed in table S1.

PSG-specific knockout of USP8 and Hsp70 in Bombyx

On the basis of the binary Bombyx PSG-specific CRISPR-Cas9 sys-
tem we previously established (7), gRNA sequences targeting the
first exon of the Bombyx USP8 gene and Hsp70 gene were designed
with the online tool “CRISPR direct” (http://crispr.dbcls.jp/) (74).
The transgenic Bombyx gRNA strains were obtained as we previ-
ously reported (7). After the PSG-specific FibH-Cas9 strains were
crossed with USP8 gRNA and Hsp70 gRNA transgenic strains sepa-
rately, the PSGs were dissected for subsequent detection of Bombyx
USP8 and Hsp70 mutations. After the tissues were ground into very
fine powder with liquid nitrogen, the genomic DNA was extracted
using phenol/chloroform. The genomic PCR products were extract-
ed using the genomic DNA as a template and specific primers cover-
ing the mutation sites in the USP8 gene and Hsp70 gene and were
then cloned into a T-simple vector for subsequent sequencing. All
related primers used are listed in table S1.

Cell culture and ex vivo tissue culture

Drosophila S2 cells and isolated salivary glands were grown in Schneider’s
Drosophila medium (Gibco) supplemented with 10% fetal bovine
serum (FBS; Gibco) at 27°C. Bombyx BmE cells and isolated PSGs
were cultured in Grace’s insect cell culture medium supplemented with
10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco) at 27°C.

DNA quantification

The C value of the Drosophila salivary gland cells was calculated
on the basis of the 4’,6-diamidino-2-phenylindole (DAPI) fluores-
cence intensity as previously described (25). Briefly, the salivary
glands of wandering Drosophila larvae were dissected and stained
with DAPI (1:1000; Thermo Fisher Scientific). Z-stack images
of individual cell nuclei were then obtained at x40 magnification
(Zeiss LSM 880) under the same laser intensity. The integrated
DAPI fluorescence intensity was used for C value measure-
ments. The C value of a salivary gland cell as the control is set as
1350 C (75).

To calculate the C value of the Bombyx PSG cell, five PSGs from
wandering Bombyx larvae and 1 x 107 cultured BmE cells were sep-
arately collected for genomic DNA extraction. The DNA content
was spectrophotometrically quantified using an Agilent 2100 Bio-
analyzer System (Agilent) at an optical density of 260 nm. With the
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2C genome of diploid BmE cells as a reference, the C value of PSG
cells was calculated.

Drug treatment

Several inhibitors, including PES (Selleck) that inhibits the interac-
tion between Hsp70 and its partners, VER155008 (Selleck) that in-
hibits the enzymatic activity of Hsp70, and IN-2 (Selleck) that blocks
the enzymatic activity of USP8, were used in the present study.
Briefly, for the detection of expression levels or ubiquitination levels,
cultured cells and glands were treated with 10 uM PES for 6 hours or
treated with 2 pM IN-2 for 12 hours at room temperature. Then, the
cells and glands were harvested for Western blotting and RT-qPCR
analyses. To detect the effect of Hsp70 on the USP8-Fzr interaction,
cells and glands were collected at 2 hours after the treatment with 10 pM
PES or 3 puM VERI155008, a time point when Fzr protein levels
should have no change following the treatment.

EdU incorporation assay

EdU incorporation assay was performed with the commercial Cell
Light EAU Apollo 567 Kit (RiboBio) as previously described (16).
In summary, salivary glands and wing discs were isolated from
Drosophila larvae 96 hours AEL, and PSGs were isolated on the sec-
ond day of the fourth larval instar (L4D2), after which the tissues
were cultured with EAU (100 pg/ml) in vitro for 2 hours at room
temperature according to the manufacturer’s protocol. All the tis-
sues were subsequently fixed in 4% formaldehyde for 30 min and
then incubated with Apollo dye for 30 min and DAPI for 30 min.
After mounting in Vectashield buffer, the fluorescence signals were
captured via confocal microscopy (Zeiss LSM 880).

Western blotting

Total protein was isolated from cultured cells and tissues. The protein
concentration in each lysate was quantified via the Bradford Method
Protein Assay Kit (Sigma-Aldrich) using a microplate reader (BioTek)
at an absorbance of 562 nm. Equal amounts of total protein were sub-
jected to Western blotting. The antibodies and dilutions used in the
study were as follows: rabbit anti-Bombyx Fzr (1:1000; Zoonbio Bio-
technology), rabbit anti-Drosophila Fzr (1:1000; Zoonbio Biotechnol-
ogy), rabbit anti-Hsp70 (1:1000; Zoonbio Biotechnology), rabbit
anti-USP8 (1:1000; Zoonbio Biotechnology), rabbit anti-Bombyx
CycB (1:1000; Zoonbio Biotechnology), mouse anti-Drosophila CycB
(1:1000; Developmental Studies Hybridoma Bank), rabbit anti-CycA
(1:1000; Developmental Studies Hybridoma Bank), mouse anti-Flag
(1:5000; Sigma-Aldrich), mouse anti-V5 (1:5000; Abcam), mouse
anti-HA (1:5000; Abcam), rabbit anti-Ub (1:1000; Proteintech), mouse
anti-His (1:5000; Beyotime), mouse anti-GST (1:1000; Beyotime), rab-
bit anti-luciferase (1:2000; Sigma-Aldrich), and mouse anti-tubulin
(1:10,000; Beyotime). The following secondary antibodies were used:
horseradish peroxidase-conjugated goat anti-rabbit (1:10,000; Beyo-
time) and goat anti-mouse (1:10,000; Beyotime).

Immunostaining

An immunostaining assay was performed as previously described
(16). Briefly, the tissues were fixed with 4% polyformaldehyde for
30 min. The fixed glands were washed three times with PBST buf-
fer [1x phosphate-buffered saline (PBS) containing 0.3% Triton
X-100] and then stained at 4°C overnight with the following pri-
mary antibodies at the indicated dilutions: rabbit anti-Bombyx Fzr
(1:50; Zoonbio Biotechnology), rabbit anti-USP8 (1:50; Zoonbio
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Biotechnology), rabbit anti-Hsp70 (1:50; Zoonbio Biotechnology),
and rabbit anti-pH3 (1:100; Invitrogen). After being washed three
times with PBST buffer, the samples were incubated with an Alexa
Fluor-conjugated goat anti-rabbit (1:200; Life Technologies) sec-
ondary antibody. DAPI (1:1000; Thermo Fisher Scientific) was
used for nuclear labeling. Last, after being washed with PBS three
times, the tissues were mounted in Vectashield mounting buffer,
and the fluorescence signals were captured using a confocal micro-
scope (Zeiss LSM 880).

AlphaFold 3-based modeling of protein interaction

We predicted USP8-Fzr and Hsp70-Fzr interactions using computa-
tional tools. Briefly, the projection of protein models was performed
using the online AlphaFold 3 (https://alphafoldserver.com/) pro-
gram and the coupled amino acid sequences of USP8-Fzr and
Hsp70-Fzr. Predictions for the docking of USP8-Fzr and Hsp70-Fzr
were performed using the HDOCK program with a hybrid docking
strategy (76, 77). The results were filtered on the basis of the calcula-
tion of the docking scores using ITScorePP to obtain the most reli-
able docking models (78). PyMOL software (version 3.0.3) was used
for result analysis and drawing operations.

Co-IP assay

Collected cells or tissues were lysed in NP-40 lysis buffer (Beyotime)
containing 1 mM protease inhibitor cocktail (Sigma-Aldrich) on ice
for 10 min. After centrifugation at low temperature, the superna-
tants were collected for subsequent co-IP experiments according to
our previously described procedure (79). Briefly, the supernatants were
incubated with 2 pg of indicated antibodies that were cross-linked
with protein G magnetic Dynabeads (Invitrogen) in buffer containing
1 mM protease inhibitor cocktail (Sigma-Aldrich) under gentle rotation
at 4°C for 6 hours. Co-IP assay with an anti-immunoglobulin
G antibody was set as the control. Then, the antibody-protein complexes
were eluted with SDT buffer containing 4% (w/v) SDS and 100 mM
tris/HCI (pH 7.4). Last, the eluted samples were subjected to Western
blotting analysis.

GST pull-down assay

The open reading frame (ORF) of Fzr, Hsp70, and USP8 genes of both
Bombyx and Drosophila were separately subcloned into the pGEX,
pCold-SUMO, and pET32M3C vectors. The recombinant vectors were
subsequently transformed into the Escherichia coli strain BL21, and
protein expression was subsequently induced for 20 hours with 0.2 mM
isopropyl-p-p-thiogalactopyranoside (Invitrogen) at 16°C to produce
the activated GST-Fzr, SUMO-His-Hsp70, and Trx-His-USP8 recom-
binant proteins. The pGEX, pCold-SUMO, and pET32M3C vectors
were used to produce the GST, SUMO-His, and Trx-His proteins,
respectively. The GST and GST fusion proteins were purified using
glutathione-conjugated agarose beads (Thermo Fisher Scientific). His
fusion proteins were purified using nickel-nitrilotriacetic acid (Ni-
NTA) agarose beads (Thermo Fisher Scientific).

Glutathione agarose beads (50 pl) coated with either GST or the
GST-Fzr recombinant protein (5 mg per sample) were mixed with
the His-tagged recombinant proteins (10 mg per sample) separately
in 500 pl of PBS (pH 8.0). Each mixture was incubated with shaking
for 6 hours at 4°C. The beads were eluted with 200 pl of 50 mM tris-
HCI (pH 8.0) containing 10 mM GSH to isolate the supernatant fol-
lowing three washes. Last, the eluted samples were subjected to
Western blot analysis.
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Reverse transcription quantitative polymerase

chain reaction

Total RNA was extracted from glands and cells using TRIzol re-
agent (Invitrogen), as described previously (73). Two micrograms
of total RNA was used for template cDNA synthesis with the
M-MLV Reverse Transcriptase Kit (Promega). RT-qPCR analyses
were performed in triplicate with a NovoStart SYBR qPCR
SuperMix (Novoprotein) in a qTower 2.2 Real-time PCR Detec-
tion System (Jena). The Drosophila a-Tubulin at 84B gene (o-
Tub84B) and the Bombyx ribosomal protein L3 gene (RpL3) were
used as internal controls. Relative mRNA expression levels were
calculated using the 2-AACT method. All related primers used
are listed in table S1.

In vivo protein folding assay

As described previously (56-58), we performed an in vivo folding
assay by assessing the effectiveness of Fzr-luciferase enzyme activity
in the context of Hsp70 overexpression. The ORF sequence of the
luciferase-fused Fzr (Fzr-Luc) was subcloned into the Bombyx
pSL1180 or Drosophila pMT-V5-HisA vectors for gene overexpres-
sion. At 48 hours after transient cotransfecting of Hsp70 and recom-
binant Fzr-Luc plasmids into BmE cells or S2 cells, a luciferase assay
was performed as described previously (16). The total recombinant
Fzr-Luc protein levels in the related cells was detected via Western
blotting and then was normalized to the tubulin protein levels. The
normalized Fzr-Luc protein levels were used as the internal control
for luciferase activity analysis.

Protein stability and ubiquitination assays

Protein stability assays were conducted as previously reported (38).
The cultured cells and glands were treated with CHX (20 pg/ml;
Sigma-Aldrich) for the indicated times to inhibit protein synthesis.
The proteasome inhibitor MG132 (50 pM; MedChemExpress) and
the lysosome inhibitor NH4Cl (10 mM; Merck) were added to the
medium before harvesting. The protein level of Fzr was measured
via Western blotting with specific antibodies. For the ubiquitination
assays, cells and glands were collected for subsequent immunopre-
cipitation to obtain ubiquitinated Fzr via the use of a specific anti-
Fzr or anti-Flag antibody. The level of ubiquitinated Fzr proteins was
subsequently measured via Western blotting with a specific anti-
Ub antibody.

ImageJ-based quantitative analysis

Quantitative analysis of the ubiquitin bands in the Western blotting
was performed by using the Image] software (79). First, converted
the bands in the IP experiments into Grayscale format and sub-
tracted the background with a value of 50. Second, converted the
bands into bright bands and calculated the integrated density of
a band by hand drawing an area corresponding to its borders.
Third, divided the integrated density value of Ub by the integrated
density value of Fzr in the IP experiments and performed normal-
ization analysis.

Statistical analysis

All the data shown in the figures are representative of three indepen-
dent replicates and are presented as the mean + SE (error bars).
Statistical significance (the P value) was evaluated by an unpaired,
two-tailed Student’s ¢ test and is denoted as follows: *P < 0.05,
**P < 0.01, and ***P < 0.001 versus the control.
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