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A feedback loop between Paxillin and Yorkie
sustains Drosophila intestinal homeostasis
and regeneration
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" Check for updates Balanced self-renewal and differentiation of stem cells are crucial for main-

taining tissue homeostasis, but the underlying mechanisms of this process
remain poorly understood. Here, from an RNA interference (RNAi) screen in
adult Drosophila intestinal stem cells (ISCs), we identify a factor, Pax, which is
orthologous to mammalian PXN, coordinates the proliferation and differ-
entiation of ISCs during both normal homeostasis and injury-induced midgut
regeneration in Drosophila. Loss of Pax promotes ISC proliferation while
suppressing its differentiation into absorptive enterocytes (ECs). Mechan-
istically, our findings demonstrate that Pax is a conserved target gene of the
Hippo signaling pathway in both Drosophila and mammals. Subsequent
investigations have revealed Pax interacts with Yki and enhances its cyto-
plasmic localization, thereby establishing a feedback regulatory mechanism
that attenuates Yki activity and ultimately inhibits ISCs proliferation. Addi-
tionally, Pax induces the differentiation of ISCs into ECs by activating Notch
expression, thus facilitating the differentiation process. Overall, our study
highlights Pax as a pivotal component of the Hippo and Notch pathways in
regulating midgut homeostasis, shedding light on this growth-related pathway
in tissue maintenance and intestinal function.

Adult epithelial tissues experience constant damage from environ-
mental stress, leading to cell dysfunction and death'?. In the intestine,
resident intestinal stem cells (ISCs) repair damage by proliferating and
differentiating into specialized cells, maintaining tissue integrity>>. In
the Drosophila midgut, ISCs mainly undergo asymmetric division to
give rise to a renewed ISC and a nondividing progenitor cell known as
enteroblast (EB) or pre-enteroendocrine cell (pre-EE)* %, Subsequently,
these progenitor cells differentiate into either absorptive enterocytes
(ECs) with large size as well as polyploid nuclei via endoreplication, or

hormone-producing enteroendocrine cells (EEs) with small nuclei,
respectively (Fig. 1a)°"%. Upon injury, such as dextran sodium sulfate
(DSS) or bacterial infection, ISC proliferation is accelerated, with
occasional symmetric division observed to timely replace damaged
cells and maintain homeostasis” .

ISC divisions yield four daughter cell types: ISC-EB (asymmetric,
70%), ISC-pre-EE (asymmetric, 10%), ISC-ISC (symmetric, 10%), and EB-
EB (symmetric, 10%)". During mitosis, spindle orientation determines
whether ISCs divide symmetrically or asymmetrically®”’. Symmetric
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division occurs when spindles align parallel to the basement mem-
brane, whereas asymmetric division is characterized by spindles
aligning perpendicular to it"*". Apico-basal and planar cell polarities
actively influence spindle orientation across various organisms?. The
Par complex localization to the apical daughter cell is crucial for ISC
asymmetric division®”, Integrins facilitate asymmetric division by
anchoring the basal daughter cell to the basement membrane, guiding
Par complex localization to the apical pole. Reduction of integrins
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leads to spindle reorientation parallel to the basement membrane,
thereby inducing ISC-ISC duplication®*°, During anaphase of both
symmetric and asymmetric ISC division, daughter cell fate is dictated
by Notch pathway activity, which is itself regulated by Dpp and BMP
pathway''*”, Heightened Notch activation in ISC promotes its differ-
entiation into EB or EB-EB duplication (asymmetric or symmetric
division), while reduced activation favors ISC-ISC duplication or pre-EE
differentiation™'®"**>*, The pre-EEs undergo further asymmetric
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Fig. 1| Loss of Pax triggers ISC proliferation in both homeostatic and stress
conditions. a Schematic diagram of the ISC lineage and intestinal epithelium in
Drosophila adult midguts. ISC intestinal stem cell, EB enteroblast, EC absorptive
enterocyte, Pre-EE Precursor enteroendocrine, EE enteroendocrine. Esg” DI' cells
are ISCs. Esg” Su(H)" cells are EBs. Esg” DI" Pros’ cells are pre-EEs. Pdm1® or Pros*
labels mature ECs or EEs, respectively. b-d” Adult midguts from flies fed with either
Glucose (b-b’) or DSS (c-c’) for 3 days, followed by 3 days of recovery (d-d’), were
stained with Pax (red) and DAPI (nuclei, blue). Flies expressing EsgGal4, tubGal80®
(Esg®>) were used. 5% Glucose solution with or without 3% DSS was fed to the flies.
ISCs and EBs/pre-EEs were marked by EsgGal4-driven GFP expression. e-f” Adult
midguts of Esg®>Ctrl (e-e”) and Esg®>Pax RNAi (V107789) (f-f”) flies were immu-
nostained with p-H3 (gray), DI (red) and DAPI (nuclei, blue). Phospho-Histone 3
(p-H3) marks mitotic cells derived from ISCs. ISCs and EBs/pre-EEs were marked by
EsgGal4-driven GFP expression. White arrows indicate proliferative ISCs marked by
p-H3. g Quantification of p-H3" cells of adult midguts of the indicated genotypes of
(e-f”) (n=12,12). The counting of p-H3" cells was conducted across the entire
midgut. h Quantification of DI* cells of adult midguts of the indicated genotypes of
(e-f”) (n=12,12). i-j” Adult midguts of Ctrl (i-i”) and homozygous allele of Pax*
(§-j”) were dissected and immunostained with Arm+Pros (green), p-H3 (red) and
DAPI (nuclei, blue). Midguts were dissected 5 days after eclosion. k Quantification
of p-H3" cells of adult midguts of (i-j” (n=12,12). The counting of p-H3" cells was
conducted across the entire midgut. I-o” Adult midguts of Esg®>Ctrl (I-I', n-n’) and
Esg® > HA-Pax (m-mv’, 0-0’) were treated with Glucose or DSS for 3 days before gut

dissection. Midguts were immunostained with p-H3 (red) and DAPI (nuclei, blue). A
5% Glucose solution with or without 3% DSS was fed to the flies. ISCs and EBs/pre-
EEs were marked by EsgGal4-driven GFP expression. White arrows indicate pro-
liferative ISCs marked by p-H3. p Quantification of p-H3" cells of adult midguts of
the indicated genotypes of (1-0’), n=10,15,10,10. The counting of p-H3" cells was
conducted across the entire midgut. q-r” Adult midguts of MyolA-Gal4, tubGal80O®
(MyolA®)>Ctrl (q—q”) and MyolA® >Pax RNAi (r-r”) were dissected and immunos-
tained with DI (red), p-H3 (gray) and DAPI (nuclei, blue). ECs are marked with
MyolA-GFP (green). White arrows indicate proliferative ISCs marked by p-H3.

s Quantification of p-H3" cells of adult midguts of the indicated genotypes of (q-r”)
(n=14, 14). The counting of p-H3" was conducted across the entire midgut.

t Quantification of the percentage of DI cells in adult midguts of the indicated
genotypes of (q-r”) (n=11, 11). u-v" Adult midguts containing MyolA*>Ctrl (u-u”)
and MyolA® >Pax RNAi (v-v”) were immunostained with Phalloidin (red) and DAPI
(nuclei, blue). ECs are marked with MyolA-GFP (green). Three independent
experiments were performed, and the error bars are mean + SEM. In each box plot,
the center line indicates the median, the edges of the box represent the first and
third quartiles, and the whiskers extend to the minimum and maximum values.

P values of significance (indicated with asterisks, NS no significance P> 0.05,
*P<0.05, *P<0.01, **P<0.001, ***p < 0.0001) were calculated by two-tailed
Student’s t-test (g, h, k, s, t) and one-way ANOVA with Tukey’s test (p). Scale bars:
30 um. Confocal images were taken from the boundary region between R4c and R5a
of the posterior midgut.

division, forming one class I EE cell and one class Il EE cell, the latter
specified by Notch signaling”*".

Numerous studies have shown that intestinal homeostasis is
tightly regulated under physiological and stressed conditions through
the cooperative activity of conserved growth control and cytokines
signaling pathways, including Notch, BMP, Wingless, JAK-STAT, and
EGFR pathways>'®**"%, Particularly, the Hippo pathway has been shown
to play a critical role in regulating midgut homeostasis and
regeneration” % This evolutionarily highly conserved tumor sup-
pressor pathway, originally discovered in Drosophila, is vital in con-
trolling organ growth by modulating cell proliferation, differentiation,
and survival’>*°, Dysfunction of the Hippo pathway has been impli-
cated in various homeostatic disorders such as human cancers***,
The Hippo pathway comprises a core kinase cascade known as Hippo
(Hpo)-Warts (Wts)****¢. The Hpo kinase phosphorylates and activates
the Wts kinase with the assistance of scaffold proteins Salvador
(Sav)***¢, Activated Wts subsequently interacts with Mob as a tumor
suppressor (Mats) to provoke the phosphorylation of the transcrip-
tional coactivator Yorkie (Yki). This phosphorylation event prevents
Yki from translocating into the nucleus and forming a complex with
the transcription factor Scalloped (Sd), thereby inhibiting downstream
signaling transduction*’~*°, Yki regulates the expression of target genes
involved in cell proliferation, cell cycle progression, and apoptosis,
such as Drosophila inhibitor of apoptosis proteinl (Diapl), cell cycle
regulator CyclinE (CycE), and microRNA Bantam®®2.

The inactivation of the Hippo signaling in either midgut precursor
cells or differentiated EC cells has been found to trigger the pro-
liferation of ISCs by provoking the activity of Yki. Loss of the Hippo
signaling or overexpression of Yki in ISC/EB cells induces the expres-
sion of targets in the Hippo pathway as well as the JAK-STAT ligands
Unpaireds (Upds), which leads to a cell-autonomous proliferation of
ISCs**?', However, the inactivation of the Hippo signaling in EC cells
results in an increased expression of multiple EGFR and JAK-STAT
pathway ligands that activate the EGFR and JAK-STAT pathways in ISCs
to trigger their proliferation, indicating a unique non-cell-autonomous
role of the Hippo pathway in blocking the proliferation of
ISCs*03%1535% In addition, Yki is considered one of the important
sensors for injury-induced midgut regeneration under stress condi-
tions, such as bacterial infection and exposure to tissue-damaging
reagents”***2, This perspective complements the role of JNK, which is
systematically required, particularly in cases involving extensive
damag631,32,55*57.

Despite the pivotal role of Yki in regulating intestinal homeostasis
and regeneration, deletion of Yki in ISC under homeostatic condition
does not result in a strong loss of ISC. This prompts us to consider how
the activity of Yki is switched during the processes of intestinal
homeostasis and injury repair in Drosophila.

Paxillin (Pax), a multidomain adapter protein, is the main com-
ponent of focal adhesions (FAs), plays an important role in the trans-
duction of extracellular signals into intracellular responses upon
Integrin-ECM engagement®® % Pax recruits diverse signal proteins
which participate in intracellular signaling cascades. Activation of
these pathways ultimately leads to actin cytoskeleton reorganization
and assembly/disassembly of FAs, which are essential for cell adhesion,
morphological change, migration, and signaling transduction® .
Dysregulation and mutations in Pax have been linked to the occur-
rence, invasion, and metastasis of various tumors®®”., Pax consists of
multiple conserved protein interaction domains found in both mam-
malian and Drosophila, including five leucine-rich motifs (LD1-5) loca-
ted at the amino-terminal of Pax that are necessary for binding with
focal adhesion kinase (Fak), integrin-linked kinase (ILK), and
Vinculin®*7*, Additionally, the carboxyl-terminal of Pax contains four
zinc finger-like LIM (LIMI-4) domains that mediate interaction with
tubulin®. Integrins play a critical role in regulating proliferation and
self-renewal in the ISC lineage by maintaining the asymmetric locali-
zation of the Par complex, thus ensuring the asymmetric division of
ISCs™®. However, the role of Pax in maintaining intestinal homeostasis
and midgut regeneration remains underexplored.

In this study, using a genetic screen, we identify Pax, as a target
gene and component of the Hippo pathway, acts in downstream of Wts
and plays a crucial role in constraining ISC proliferation while pro-
moting their differentiation. Specifically, loss of Pax leads to hyper-
proliferation of ISC in a manner dependent on Yki/Sd complex. Our
investigations further reveal that Pax, as a common target of mam-
malian and Drosophila the Hippo pathway, interacts with Yki and
promotes the cytoplasmic localization of Yki, thus forming a feedback
loop to inactivate Yki in ISCs/EBs under both homeostasis and regen-
eration conditions. In addition, Pax promotes the activity of the Notch
signaling pathway by upregulating the expression of Notch, thereby
promoting the differentiation of ISCs into ECs. In summary, our find-
ings highlight Pax as a signaling effector that fine-tunes the balance
between ISC self-renewal and differentiation through its positive reg-
ulation of the Hippo and Notch pathways, implying the central role of
Pax in maintaining tissue homeostasis and facilitating regeneration.
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Results

Pax restrains ISC proliferation in both homeostatic and stress
conditions

We performed an RNA interference (RNAi) screen in Drosophila aiming
to identify regulators of Yki whose disruption could suppress hyper-
proliferative phenotypes caused by ectopically expressed Yki during
wing and eye development”. There are studies have demonstrated
that Yki/YAP (the homolog of Yki in mammals) induces the expression
of its negative regulators, including LATS1/2 (the homolog of Wts in
mammals), NF2 (the homolog of Merlin in mammals), ex, and Kibra, to
establish a feedback mechanism during developmental growth
control’®”, Therefore, we conducted Sd ChIP-seq® and TEAD4 ChIP-
seq (ChIP Atlas) to identify genes regulated by both factors. We then
compared these genes with published Yki/YAP/TEADs (the homolog of
Sd in mammals) ChIP and RNA-seq data®*%, Subsequently, we identi-
fied 25 candidates as potential targets of the Hippo pathway (Supple-
mentary Table 1). Next, we collected RNAI lines for these candidates
from our RNAi library and examined their phenotypes in adult wings
and eyes using MS1096, GMR, and GMR-Yki drivers. Among the candi-
dates, we identified RNAi lines (V107789; NIG31794r-c-1) targeting Pax,
which showed a significantly enhanced overgrowth phenotype, while
Pax overexpression reduced it (Supplementary Fig. 1a-d and Supple-
mentary Table 1). Importantly, co-expression of Yki and Pax RNAi
resulted in further upregulation of the Hippo signaling targets diapl
and ex compared to Yki overexpression alone (Supplementary Fig. 1e).
Loss of Pax in conjunction with Yki overexpression induced wing
shrinkage (Supplementary Fig. 1c, black arrows), further confirming
the excessive proliferation. We generated a polyclonal antibody
against Pax (targeting amino acids 1-320) and confirmed RNAi effi-
ciency through immunostaining with this antibody, complemented by
real-time PCR and western blot analyses (Supplementary Fig. 1f-n).
These findings suggest that Pax might function as a regulator of Yki.

Considering the essential role of Yki in maintaining homeostasis
and promoting regeneration in the adult Drosophila midgut, we sought
to investigate the potential involvement of Pax in regulating midgut
homeostasis. Firstly, we examined the expression pattern of endogen-
ous Pax in both larval and adult midgut. During larval development,
adult midgut precursors (AMPs) undergo multiple divisions, culminat-
ing in the formation of imaginal midgut islets resembling imaginal
disks®?°, as identified by Armadillo (Arm) immunostaining. In the adult
midgut, we employed the EsgGal4, UAS-GFP; tubGal80® (Esg®) driver to
label ISCs and EBs/pre-EEs with GFP. Additionally, we distinguished EEs
through Pros staining and ECs via polyploid nuclei’**. Our observations
reveal that Pax expression is enriched in ISCs/EBs/pre-EEs (GFP* cells)
and EEs of the adult midgut, as well as in AMPs of the larval midgut, but
minimal expression in ECs (Supplementary Fig. 2a-d”).

Interestingly, the expression of Pax was upregulated in precursor
cells after a continuous DSS treatment for 3 days (Fig. 1b-¢’ and Sup-
plementary Fig. 2e). However, after 3 days of recovery time, Pax
expression returned to baseline (Fig. 1d-d’ and Supplementary Fig. 2e).
To further explore the important role of Pax in midgut regeneration,
we used whole midgut cells and isolated Esg-GFP* cells using flow
cytometry (FACS) to assess Pax expression with or without DSS treat-
ment. As shown in Supplementary Fig. 2f, g, DSS treatment significantly
increased Pax expression, which reverted to baseline after the recovery
period. In summary, these findings indicate that Pax is enriched in ISCs/
EBs/pre-EEs/EEs and imply its potential role in regulating ISCs pro-
liferation and differentiation under homeostatic and stress conditions.

To investigate whether Pax functions as a regulator in tissue
homeostasis, we expressed Pax transgenic RNAi lines (V107789 and
NIG31794r-c-1) under the control of Esg”. Notably, the knockdown of
Pax in precursor cells resulted in significant increases in both the
number of Esg-GFP* and DI cells compared to the control (Fig. le-f”, h
and Supplementary Fig. 2h-i”). Concurrently, the number of phospho-
histone positive (p-H3") cells, a specific marker for mitotic cells, also

increased (Fig. 1g), suggesting that Pax reduction promotes ISCs pro-
liferation. However, there were no discernible differences in the
number of p-H3" cells between the wild-type and Pax-overexpressing
groups in aged fruit flies (Supplementary Fig. 2j-p). These findings
suggest the regulation of proliferation in ISCs differs between aged
and young fruit flies.

We further generated a Pax null allele mutation strain Pax® by
using the CRISPR-Cas9 system (Supplementary Fig. 3a and Supple-
mentary Table 5). Immunostaining and western blot confirmed the
absence of any Pax signal in the Pax** homozygous midgut
(Supplementary Fig. 3b, o-p”), while the p-H3" cell numbers were
apparently increased in homozygous Pax?° mutant midguts (Fig. 1i-j”,
k). To further elucidate Pax’s role in the adult midgut, we generated
GFP-marked homozygous stem cell clones for the Pax® using the
MARCM system. As expected, the clone size of Pax mutant was bigger
than wild-type clones under both normal and DSS treatment condi-
tions, suggesting that Pax is crucial for maintaining ISC homeostasis
(Supplementary Fig. 3c-j). Additionally, the deletion of Pax significantly
facilitated more DI" cell compared to wild-type clones (Supplementary
Fig. 3k-n"), indicating that Pax deletion enhances ISCs proliferation.
However, no obvious undergrowth phenotype was observed when UAS-
Pax transgene was expressed in precursor cells (Fig. 11-m’, p). In con-
trast, overexpression of Pax in precursors remarkably decreased both
Esg-GFP and p-H3" cell number after continuous 3 days DSS treatment
(Fig. In-0’, p), suggesting that the overexpression of Pax in precursor
cells inhibits ISC proliferation under injury condition. We also examined
the effect of Pax on the development of Notch mutant ISC-like tumors,
which are induced by inhibition of ISC differentiation’***. Consistently,
Pax overexpression markedly suppressed the formation of intestinal
tumors induced by Notch depletion (Supplementary Fig. 3q-1”), sug-
gesting that Pax restricts ISC-like tumor formation. These observations
demonstrate that Pax plays a crucial role in maintaining ISC prolifera-
tion under both normal and stress conditions.

In addition to the cell-autonomous regulation of ISC proliferation
by Pax, we also assessed the potential role of Pax in regulating non-cell-
autonomous proliferation of ISCs. Firstly, we employed FACS to isolate
Esg-GFP* or MyolA-GFP* cells from whole midgut cells induced by Esg®
or MyolA® driver, which specifically drives expression in terminally
differentiated ECs™. As shown in Supplementary Fig. 3s-u, w-x”, dro-
plet digital PCR (ddPCR), immunostaining, and western blot assays
revealed that Pax was expressed in ECs, albeit at lower levels compared
with Esg-GFP" cells, consistent with our staining results (Supplemen-
tary Fig. 2a-d”). Moreover, the expression of Pax in single-cell
sequencing data from previously published studies corroborates
these observations (Supplementary Fig. 3v)*. Subsequently, we used
the MyolA® driver to specifically express Pax RNAi in EC cells, resulting
in significant promotion of ISC proliferation, as indicated by the
increased number of DI" and p-H3" cells (Fig. 1qg-t). Moreover, reducing
Pax expression in ECs resulted in gut hypertrophy characterized by
multi-layered intestinal epithelium (Fig. 1u-v”), possibly a con-
sequence of hyperproliferation or abnormal differentiation of pre-
cursors. Given that ECs interact with ISCs and modulate their
proliferation®, this suggests a non-cell-autonomous role of Pax in
regulating ISC proliferation during midgut homeostasis. In the mam-
malian gastrointestinal (GI) tract, anoikis—a form of cell death induced
by loss of basement membrane (BM) interaction—contributes to epi-
thelial renewal maintenance. Focal adhesion component Integrin
engagement is critical for inhibiting this programmed cell death? %%,
We investigated whether Pax loss in ECs induces cell death, but found
that knockdown of Pax did not trigger EC cell death (Supplementary
Fig. 3y-7’), suggesting that changes in adhesion or mechanical prop-
erties induced by Pax loss in ECs do not stimulate such effects in
Drosophila midgut. Taken together, these results indicate that Pax is
essential in controlling both cell-autonomous and non-cell-
autonomous proliferation of ISCs.
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Pax plays a critical role in EB cell differentiation

To investigate the impact of Pax on the terminal differentiation of ISCs,
we conducted lineage tracing experiments using EsgGal4 tubGalS8O®
UAS-GFP; UASflp Act>CD2>Gal4 (Esg® F/0). This system enables
labeling and tracing precursors and their terminally differentiated cells
via expressing GFP*., As shown in Fig. 2a-c”, a 3-day induction of Pax
loss resulted in a suppression of EC-like GFP* cells compared with the

o

<

\e\%

control group. Conversely, overexpression of Pax increased the
population of renewed ECs. The number of Pros* EEs and Pros® Esg-
GFP* pre-EEs remained unaffected by either Pax knockdown or over-
expression (Fig. 2g and Supplementary Fig. 4a-c”, g). Following a 5-day
induction, we observed that the renewal of ECs (GFP* and Pdm1’) in
wild-type midguts (Fig. 2d-d”, h) was significantly lower compared to
the overexpression of Pax (Fig. 2f-f”, h), with the latter showing
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Fig. 2 | Pax provokes ISC differentiation toward the EC cell. a-f” Adult midguts
of EsgGal4 tubGal80® UAS-GFP; UAS-flp Act > CD2>Gal4 (Esg“F/0)>Ctrl (a-a”, d-d”),
Esg®F/O>Pax RNAi (b-b”, e-e”) and Esg“F/O > HA-Pax (c-c”, f-f’) were induced for
3 days (a-¢”) or 5 days (d-f”). Midguts were immunostained with Arm + Pros (red)
(a-f”) and DAPI (nuclei, blue). ECs are marked by Pdm1 (red) (d-f”). ISCs/EBs and
EEs/ECs are marked by GFP. White arrows at (a-c”) mark Pros* pre-EE/EE cells.
White arrows at (d-f”) mark Pdm1* and GFP'EC cells. g Quantification of Pros" pre-
EE/EE cells in the whole midgut from the indicated genotypes in (a-¢”) (n=11, 12,
11). The counting of Pros* EE cells was conducted across the entire midgut.

h Quantification of GFP* and Pdm1" EC cells in the same region of midgut from the
indicated genotypes in (d-f’) (n=11, 11, 11). i-k” Adult midguts of Esg“>Ctrl (i-i”),
Esg®>Pax RNAi (j-j”) and Esg” > HA-Pax (k-k”) were immunostained with NICD (red)
and DAPI (nuclei, blue). ISCs and EBs/pre-EEs were marked by EsgGal4-driven GFP
expression. I-n” Adult midguts of NRE-lacZ:Esg®>Ctrl (1-1'), NRE-lacZ; Esg™>Pax RNAi
(m-m’) and NRE-lacZ;Esg® > HA-Pax (n-n’) were immunostained with -gal (red),
HA (blue) and DAPI (nuclei, gray). EsgGal4-driven GFP marks ISCs and EBs/pre-EEs.
o Quantification of lacZ* EB cells in the same region of midgut from the indicated
genotypes in (I-n’) (n =10,10,10). p-q”” Adult midguts of £sg“>Flag-Pax (p-p””’) and
Esg®>Flag-Pax; Notch RNAi (q-q”’) were immunostained with Pdml (red), Flag
(blue), and DAPI (nuclei, gray). EsgGal4-driven GFP marks ISCs and EBs/pre-EEs.

r Quantification of the percentage of Pdm1* EC cells in the same region of midgut
from the indicated genotypes in (p—q”’) and (Supplementary Fig. 6a-b”)
(n=15,12,11,11). s Total RNA for real-time PCR was collected from whole midguts of
the indicated genotypes: Esg>Ctrl and Esg” > HA-Pax. Midguts were analyzed

5 days post-induction (n = 3,3). The relative mRNA level was normalized with that of
Esg-GFP. t Total RNAs for real-time PCR were collected from whole midguts of the
indicated genotypes: Esg®>Ctrl and Esg® > HA-Pax. Midguts were analyzed 5 days
post-induction (n =3,3). The relative mRNA level was normalized with that of Esg-
GFP. u Total RNA for real-time PCR was collected from whole midguts of the
indicated genotypes: Esg“>Ctrl and Esg“>Pax RNAi. Midguts were analyzed 5 days
post-induction (n =3,3). The relative mRNA level was normalized with that of Esg-
GFP. Three independent experiments were performed, and the error bars are
mean + SEM. In each box plot, the center line indicates the median, the edges of the
box represent the first and third quartiles, and the whiskers extend to the minimum
and maximum values. P values of significance (indicated with asterisks, NS no
significance P> 0.05, *P< 0.05, *P < 0.01, **P < 0.001, ***p < 0.0001) were calcu-
lated by two-tailed Student’s ¢-test (s-u) and one-way ANOVA with Tukey’s test
(g, h, 0, r). Scale bars: 30 um. Confocal images were taken from the basal layer of the
posterior midgut.

midguts filled with renewed ECs. In contrast, Pax RNAi significantly
decreased the number of renewed ECs (Fig. 2e—e”, h). In addition, using
the Esg® system to overexpress Pax in precursors also resulted in an
increase in ECs population, while knockdown of Pax decreased them
(Supplementary Fig. 4d-f”, h), suggesting that Pax stimulates the dif-
ferentiation of ECs.

To further explore whether Pax impacts the renewal of ECs and
EEs, we employed EsgGal4 tubGalS8O® UAS-GFP; UAS-H2B:RFP
(Esg™P"™5) lineage tracing method, which enables the dynamics of
precursor cells at single-cell to tissue levels with spatial and temporal
resolution, distinguishing Esg” mother cells (GFP'RFP*) from progeny
(RFP")?. As shown in Supplementary Fig. 4i-n, o, overexpression of
Pax accelerated the replenishment of ECs (new ECs, RFP* EC cells)
following a temperature shift of 1-2 weeks, while reducing Pax delayed
the turnover of EC. However, neither Pax overexpression nor knock-
down affected EE differentiation (new EEs, RFP* EEs) (Supplementary
Fig. 4i-n, p), indicating that Pax facilitates ECs differentiation, not EEs.

Next, we used the Su(H)GBEGal4 tubGal80~; UAS-GFP (NRE®) sys-
tem and DIGal4 tubGal80%; UAS-GFP (DI*) system to assess Pax’s
influence on ISC differentiation. These systems allow for specific Gal4
expression in EBs or ISCs/pre-EEs, respectively'®. We observed that
overexpression of Pax in EBs promoted differentiation into ECs (Sup-
plementary Fig. 5a, b, g). Conversely, reducing Pax in EBs inhibited this
process (Supplementary Fig. 5¢, g). Furthermore, Pax overexpression
in EBs increased the proportion of EB cells expressing the EC marker
Pdml (GFP* PdmI’), suggesting enhanced premature differentiation
into ECs (35%) compared to normal conditions (15%) (Supplementary
Fig. 5a, b, g). Consistently, using DI” driver to modulate Pax levels in
ISC/pre-EEs cells caused a consistent change in the differentiation of
ECs (Supplementary Fig. 5i-k, o). However, regardless of whether Pax
was overexpressed or reduced in precursors, EE populations remained
unaffected (Supplementary Fig. 5d-f, h, I-n, p), indicating that Pax
favors EC differentiation by both the process of accelerating the dif-
ferentiation of EBs into ECs and by promoting ISC differentiation into
EBs. Importantly, we performed immunostaining for Pdml and quan-
tified Pdm1" ECs, medium-size nucleus of ISCs/EBs, and mini-size
nucleus of pre-EEs/EEs in Pax’* MARCM clones. As shown in Supple-
mentary Fig. Sw-ab, Pax mutants exhibited larger clone sizes compared
to wild-type clones, along with an increase in the number of ISCs/EBs, a
reduction in ECs, and no change in pre-EEs/EEs compared with wild-
type, consistent with our aforementioned findings. In summary, our
data demonstrate that Pax suppresses ISC proliferation while pro-
moting its differentiation into ECs.

Next, we investigated the potential mechanisms through which
Pax promotes ISC differentiation into EBs. On the one hand, some
studies emphasize the critical role of the Par complex and Integrins in
the asymmetric division of ISCs** . In this context, we investigated
whether Pax knockdown or overexpression affects the distribution of
the Par complex component Protein kinase C (Pkc) in dividing ISCs
labeled by p-H3. However, rabbit-derived antibodies p-H3 and Pkc did
not yield satisfactory results. Notably, Pax overexpression reduced DI
ISCs while maintaining Esg-GFP* cell numbers (Supplementary
Fig. 5q-t). Additionally, Pax overexpression in ISCs/EBs increased the
EB cell population (Supplementary Figs. 4, 5a-p), suggesting a shift
towards symmetric EB-EB duplication. Immunofluorescence analysis
revealed predominant co-localization of Pax with Integrin at the
basement membrane in ISCs and EBs (Supplementary Fig. 5u-v”),
suggesting Pax’s critical role in anchoring the basal daughter cell and
guiding ISC asymmetric division.

On the other hand, the symmetric divisions of ISC give rise to two
distinct daughter cell types: ISC-ISC and EB-EB. During the symmetric
division, low Notch signaling leads to ISC-ISC production. Conversely,
a high Notch leads to EB-EB production”. Therefore, we investigated
the relationship between Pax and Notch signaling. As shown in
Fig. 2i-k”, knockdown of Pax in precursors caused decreased NICD"
cells, indicative of decreased Notch intracellular domain (NICD)
activity, whereas overexpression of Pax increased their abundance.
Next, we co-expressed Pax or Pax RNAi with Notch signaling reporter
Gbe-Su(H)ns'lacZ (NRE-lacZ), which integrates enhancer sequences
from E(sp)m8 containing Grainyhead (Grh) and Su(H) binding
sites'?192, Expectedly, overexpression of Pax significantly upregulated
NRE-lacZ levels (Fig. 21-n’, 0), implying that Pax activates Notch sig-
naling activity in precursors of adult midgut. Importantly, the increase
in Pdm1" ECs due to Pax overexpression was dramatically abolished
upon Notch pathway inactivation through Notch knockdown
(V100002) (Fig. 2p—q”, r and Supplementary Fig. 6a-b”), indicating a
genetic epistasis of Pax over the Notch pathway. However, over-
expression of Pax in wild-type or Notch-deleted ISCs-like clones did not
influence the proportion of pre-EEs (Esg'/Pros’) (Supplementary
Fig. 6c-g). These results demonstrate that overexpression of Pax
triggers symmetric division of ISCs into EB-EB through facilitating
Notch pathway activity.

To gain further insights into the relationship between Pax
expression and Notch signaling activity in the midgut, we performed
Notch signaling components transcriptional comparisons between
wild-type midguts and those overexpressing Pax or Pax RNAI. Of note,
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we observed elevated transcription of Notch after overexpression of
Pax (Fig. 2s), whereas Pax RNAi conversely decreases it (Fig. 2u). Given
that the NICD binds with the transcription factor suppressor of hairless
(Su(H)) to activate target genes that direct ISC differentiation in the
midgut'®, we next investigated whether Pax regulates the known
Notch target genes, including Hey, vestigial (vg), and various E(sp)-C
genes in precursors'®. As expected, overexpression of Pax in pre-
cursors significantly increased the transcription of these target genes
(Fig. 2t). Conversely, Pax knockdown decreased their expression
(Fig. 2u). Based on these results, we conclude that Pax stimulates the
expression of Notch to activate the Notch pathway, thereby promoting
symmetric division of ISC into EB-EB and triggering its premature
differentiation into ECs.

Pax is regulated by the Hippo signaling pathway

Through combining publicly available RNA-seq and ChIP-seq datasets
for Yki and Sd®"%, we have identified the potential of the Hippo sig-
naling pathway target genes, among which Pax was included. RT-qPCR
experiments further validated that Yki regulated the transcription of
Pax in the wing disc (Supplementary Fig. 7a). To further confirm this
observation, we employed four approaches to modulate the Hippo
pathway in precursors and ECs: (1) overexpression of Yki, (2) intro-
duction of constitutively active Sd (Sd-GA), an activated form of Scal-
loped in which the Gal4 activation domain was fused to Sd
C-terminus®’, (3) knockdown of hpo using RNAI line (BS33614), and
(4) knockdown of Yki using RNAi line. As shown in Fig. 3a-f, the
inactivation of the Hippo signaling in precursor cells and ECs effec-
tively promoted Pax expression, while the knockdown of Yki decreased
it (Supplementary Fig. 7d-e”).

Subsequent experiments using FACS to sort Esg-GFP* cells in the
Yki or Sd overexpressed midgut were employed to further verify the
regulation of Pax by the Hippo signaling pathway. As shown in Sup-
plementary Fig. 7b, overexpression of Yki or Sd increased the pro-
portion of Esg-GFP* cells (12.7 and 9.75%, respectively) compared with
wild-type (5.49%), followed by elevated Pax transcription (Supple-
mentary Fig. 7c), indicating that the Hippo pathway modulates Pax
expression in the adult midgut.

To demonstrate the universality of this regulation, we addi-
tionally inactivated the Hippo pathway in wing discs or eye discs
using the AG4 flip-out clone system to induce overexpression of Yki,
Sd-GA, or wts RNAi. As shown in Supplementary Fig. 8a-c”, g-j”,
inactivation of the Hippo signaling in wing or eye discs consistently
elevated Pax expression in GFP* clones with larger clone sizes.
Additionally, we employed Sd or Yki RNAi transgenes driven by
hedgehog-Gal4 (hhGal4) to specifically activate UAS transgenes in the
posterior (P) compartment. Consistently, the knockdown of Yki or Sd
resulted in reduced Pax expression in P-compartment cells and a
decrease in compartment size (Supplementary Fig. 8d-f"). These
findings strongly support that the expression of Pax is controlled by
the Hippo pathway.

Next, in order to visualize the transcriptional activity of Pax in
vivo, we employed a gene trap technique using BS43941 (referred to as
Pax-GFP), which exhibited a progenitor-specific expression pattern,
mirroring the endogenous Pax expression in the adult midgut
(Fig. 3g-g’). We observed that Pax-GFP responded to the Hippo sig-
naling activity: inactivation of the Hippo pathway by overexpressing
Yki and Sd-GA promoted Pax-GFP expression (Fig. 3h-i’), suggesting
that Yki and Sd regulate the transcription of Pax in vivo. The RT-qPCR
analysis consistently demonstrated upregulation of Pax mRNA levels
upon Yki overexpression or Hpo RNAi in precursors and ECs (Fig. 3j, k),
whereas reducing Yki decreased Pax expression (Supplementary
Fig. 8k), confirming Pax as a downstream target gene of Yki. A mor-
e detailed analysis of the binding regions of Yki on the Pax gene
showed four predicted regions (Bl, B2, B3, B4) within the 5
UTR and 3'UTR of Pax® (Fig. 3I). Three (B1, B2, B3) contained the

potential Hippo response elements (CATTCC, HREs) sites. Chromatin
immunoprecipitation qPCR (ChIP-qPCR) assays showed dramatic
enrichment of Sd in B1, B2, and B3 regions of Pax, indicating direct
interaction between Sd and Pax in these regions (Fig. 3m). To further
confirm that Yki/Sd promotes the transcription of Pax, Yki/Sd-binding
regions (B1, B2 and B3) of Pax were cloned into upstream of the luci-
ferase gene. As shown in Fig. 3n, the activities of these reporters were
markedly increased with Yki/Sd complex overexpression. However,
deletion of potential Hippo HRE sites (AB1, AB2, AB3) resulted in no
change in luciferase activity upon Yki and Sd overexpression (Sup-
plementary Fig. 81). These findings collectively demonstrate that Yki/
Sd complex directly regulates Pax expression via binding to the
enhancer regions B1, B2, and B3.

Loss of Pax activates EGFR and JAK-STAT signaling in Drosophila
midguts

Given that the EGFR and JAK-STAT pathways are the crucial mitotic
pathways that drive ISC proliferation in the midgut®*'*'%, we per-
formed epistatic assays to determine whether Pax mediates these
pathways to regulate ISC proliferation. To monitor the EGFR pathway
activity, we examined the protein levels of dpErk, the dipho-
sphorylated active form of MAPK'*°. In control guts, dpErk signals were
slightly detected in precursor cells, whereas loss of Pax in ECs or
precursor cells resulted in significantly increased dpErK signals in
precursor cells (Fig. 4a-d’). In addition, the knockdown of Pax in ECs
effectively upregulated the mRNA levels of EGFR ligands vein (vn),
Keren (Krn), and spitz (spi)'” (Fig. 4e), further confirming EGFR
activation.

Moreover, knockdown of Pax in either precursors cells or ECs
activated JAK-STAT signaling, as indicated by the elevated expressions
of JAK-STAT ligand Upd (Upd-lacZ), Stat-lacZ, and 10XStat-GFP, which
is a multimerized Stat92E reporter driving GFP expression'®
(Fig. 4f-m). Consistently, mRNA levels of Unpaired (Upd), Upd2, Upd3,
and the JAK-STAT target Socs36E were remarkably elevated upon
reducing Pax (Fig. 4n). However, knockdown of Pax in precursors only
slightly increased the expression of Upds and EGFR ligands (Supple-
mentary Fig. 9a, b), which aligns with previous research findings®. To
further analyze the genetic interaction between Pax and JAK-STAT or
EGFR pathway in the adult midgut, we co-expressed Pax RNAi with Stat
RNAi or Vn RNAI to inactivate JAK-STAT or EGFR pathway in pre-
cursors. The results revealed that reducing Stat or Vn effectively sup-
pressed the hyperproliferation induced by the loss of Pax, indicating
that Pax acts upstream of the JAK/STAT and EGFR pathways (Supple-
mentary Fig. 9c-g). Taken together, these findings underscore Pax’s
role in regulating ISC proliferation by exerting control over EGFR and
JAK-STAT signaling pathways.

Pax operates downstream of Wts to establish a feedback reg-
ulation of the Hippo pathway

Several signaling pathways, including Hh, Wnt, BMP, JNK, and the
Hippo pathways regulate ISC proliferation by modulating the pro-
duction of EGFR and JAK-STAT pathway ligands during midgut
homeostasis and in response to injury. These pathways exhibit fine-
tuned activity through various feedback loops'®?2%3032109112 e
investigated whether Pax acts as both a target gene and regulator of
Yki to control ISC proliferation via feedback mechanisms. As
expected, the knockdown of yki in ECs dramatically suppressed the
elevated expression of JAK-STAT and EGFR pathway ligands fol-
lowing Pax knockdown (Fig. 5a), indicating that Pax-mediated reg-
ulation of EGFR and JAK-STAT signaling relies on the Hippo
pathway.

To further elucidate the genetic interaction between Pax and the
Hippo pathway, GFP* clones of wts mutant allele wts* were generated
by using the MARCM system. Clones were induced in parallel in adult
flies raised at 25 °C for 2, 4, or 6 days after induction. We observed that
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Fig. 3 | Yki-Sd complex activates Pax transcription. a-f Adult midguts of
Esg®>Ctrl (a-a’), Esg”>Yki(b-b’), Esg® > HA-Sd-GA(c—¢’), Esg® >Hpo RNAi (d-d’),
MyolA®>Ctrl (e-¢€’), and MyolA“>Hpo RNAi (f-f) were immunostained with Pax
(red), Arm + Pros (blue) and DAPI (nuclei, gray). GFP marks ISCs/EBs/pre-EEs or
ECs. g-i" Adult midguts of Pax-GFP;Esg®>Ctrl (g-g’), Pax-GFP;Esg”>Yki (h-h’), Pax-
GFP; Esg® > HA-Sd-GA (i-i") were immunostained with Flag/HA (red) and DAPI
(nuclei, blue). GFP marks Pax” cells. j, k Total RNAs for real-time PCR were collected
from whole midguts of the indicated genotypes: Esg®>Ctrl, Esg”>Yki and Esg®>Hpo
RNAi, MyolA®>Ctrl, MyolA®>Yki and MyolA®>Hpo RNAi. Midguts were analyzed

5 days post-induction (n =3 for each group). The relative mRNA level was nor-
malized with that of Esg-GFP in (j). I Plot of ChIP peaks of Pax regulated by Yki.
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Transcription units of Pax are in purple. Regions called as Yki-Sd peaks are iden-
tified by black boxes. m Relative enrichment of Pax on binding regions compared
to IgG in control (blue bars) and overexpression of HA-Sd group (red bars) were
analyzed by ChIP and real-time PCR. n Relative activity of the luciferase reporter
plasmids carrying Sd-binding-region on Pax (B1, B2, B3) were transfected into S2
cells with the indicated constructs. Three independent experiments were per-
formed, and the error bars are mean + SEM. P values of significance (indicated with
asterisks, NS no significance P> 0.05, *P < 0.05, *P<0.01, **P<0.001,

**p < 0.0001) were calculated by two-tailed Student’s t-test (j, k, m, n). Scale bars:
30 um. Confocal images were taken from the boundary region between R4c and
R5a of the posterior midgut.
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overexpression of Pax in wts¥ clones that exhibited the overgrowth
phenotype dramatically reduced the clone size (Fig. 5b-¢’, f), Con-
versely, knockdown of Pax in wts” clones exhibiting overgrowth sub-
stantially increased the clone size (Supplementary Fig. 10a-e),
indicating functional downstream effects of Pax. Moreover, we
examined the expression of the Hippo pathway activity reporters,
Diapl-lacZ and bantam-lacZ**". Diapl has been reported to play a vital
role in regulating EBs’ apoptosis'™, while the microRNA bantam has
been shown to stimulate ISCs proliferation”. Consistently, reducing
Pax either in precursors or ECs inhibited the Hippo signaling as indi-
cated by elevated expression of Diapl-lacZ and bantam-lacZ
(Fig. 5g-n’). Consistently, loss of Pax in precursors or ECs caused a
significant increase in the mRNA levels of Diapl and ex, whereas yki
expression remained unaffected (Fig. 50, p and Supplementary
Fig. 10f, g), indicating that loss of Pax enhances the signaling output of
the Hippo pathway. In addition, the GFP* clone size analysis of Pax*
null allele mutant, generated by the MARCM system, showed larger
sizes compared with wild-type clones, accompanied by significantly
increased expression of Diapl (Supplementary Fig. 10h-i"), indicating
that the loss of Pax in the precursor cells inhibits the activity of the
Hippo pathway. In summary, these findings highlight a feedback loop
between Pax and the Hippo pathway is crucial for maintaining intest-
inal homeostasis in Drosophila.

Pax regulates midgut homeostasis dependently on Yki-Sd
To probe the relationship between the Hippo pathway and Pax in the
regulation of ISC proliferation, we ectopically activated the Hippo

signaling by knocking down yki (V40497, 301 + 302) or sd (254 + 255) in
ISCs/EBs, concurrently with Pax knockdown using the Esg® system.
Genetic interaction analysis indicated that co-expression of Pax RNAi
with either yki or sd RNAi in precursors effectively suppressed the
increased p-H3' cell numbers induced by Pax RNAi alone (Fig. 6a—e and
Supplementary Fig. 11a-f’), suggesting that loss of sd or yki suppresses
the Pax RNAi-induced ISC proliferation.

To further support our findings, a separate MARCM clone
approach independent of yki or sd RNAi was employed by using yki or
sd mutant allele yki®> or sd*”’. Clone sizes were compared by mea-
suring the number of GFP* cells per clone. As expected, Pax RNAi
clones were bigger than the controls, whereas the sd*®’ mutant clones
with Pax RNAi dramatically inhibited overgrowth phenotype in clone
size compared with Pax deletion alone (Fig. 6f-j). Similarly, the
deletion of yki in MARCM mutant clones also decreased the larger
clone size induced by Pax RNAi (Fig. 6k-0). Consistently, Pax
knockdown leads to excessive proliferation of clones in wing discs,
which is suppressed upon further Yki knockdown (Fig. 6p-t), sug-
gesting that Pax acts upstream of Yki/Sd. In addition, co-expressing
Pax RNAi and Yki RNAi in ECs suppressed the excessive ISC pro-
liferation induced by Pax loss (Supplementary Fig. 11g-k), under-
scoring the reliance of Pax-regulated non-autonomous ISC
proliferation on Yki.

Interestingly, the simultaneous expression of Yki and Pax sup-
pressed the hyperproliferation of ISCs induced by the over-
expression of Yki, resulting in downregulation of Yki targets Diapl
and ex (Supplementary Fig. 12a-f). This suggests that Pax inhibits
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of Yki (Supplementary Fig. 12g-j’, n). Conversely, knocking down
Pax further enhanced ISC proliferation induced by Yki over-
expression (Supplementary Fig. 12k-n). Altogether, these findings
underscore that Pax mediates ISC proliferation by restricting Yki
activity.
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Fig. 5 | Pax acts downstream of Wts to regulate the proliferation of ISC. a Total
RNA for real-time PCR was collected from whole midguts of the indicated geno-
types: MyolA“>Ctrl, MyolA®>Pax RNAi, MyolA“>Yki RNAi and MyolA®>Pax RNAi;Yki
RNAi (n=3 for each group). b-e’ Adult midguts containing GFP-positive MARCM
clones of control (b-b), wts? (c—¢’), HA-Pax (d-d’) and wts™ in the presence of Pax
(e-¢€’). Midguts were dissected 6 days after clone induction and immunostained
with DAPI (nuclei, blue). Clones are marked by GFP. f Quantification of the cell
number per clone in adult midguts from the indicated genotypes in (b-€’) at 2, 4,
and 6 days after clone induction (n=41, 72, 63, 67, 48, 92, 42, 80, 45, 74, 65, 29).
g-n’ Adult midguts of bantam-lacZEsg®>Ctrl (g-g'), bantam-lacZEsg®>Pax RNAi
(h-W), DiapI-lacZ:Esg*>Ctrl (i-1'), DiapI-lacZ;Esg”>Pax RNAi (j-j'), bantam-
lacZ:MyolA*>Ctrl (k-K’), bantam-lacZ;MyolA“>Pax RNAi (I-T), Diap1-
lacZ;MyolA®>Ctrl (m-mv’) and Diapl-lacZ:MyolA®>Pax RNAi (n-n’) were

immunostained with 3-gal (red) and DAPI (nuclei, blue). Note, Bantam is specifically
expressed in precursor cells and EEs, and Diapl1 is upregulated in both precursors
(GFP lacZ*, white arrows) and ECs (GFP* lacZ*, orange arrows) when Pax is knocked
down in ECs. o-p Relative mRNA levels of Hippo signaling targets DiapI and ex were
analyzed by real-time PCR. Total RNA was collected from whole midguts of the
indicated genotypes: Esg*>Ctrl, Esg®>Pax RNAi, MyolA“>Ctrl, and MyolA*>Pax RNAi
(n =3 for each group). The relative mRNA level was normalized with that of Esg-GFP
in (0). Three independent experiments were performed, and the error bars are
mean = SEM. P values of significance (indicated with asterisks, NS no significance
>0.05, *P<0.05, *P<0.01, **P< 0.001, ***p < 0.0001) were calculated by two-
tailed Student’s ¢-test (o, p) and one-way ANOVA with Tukey’s test (a, f). Scale bars:
30 um. Confocal images were taken from the boundary region between R4c and R5a
of the posterior midgut.

Pax forms a complex with Yki and promotes its cytoplasm
localization

Given that the nuclear translocation of Yki is a crucial step in the Hippo
signaling*’**"* 1 we detected whether Pax modulates the cytoplasmic-
nuclear shuttling of Yki in S2 cells. The overexpressed wild-type Yki
were partially localized in the cytoplasm, while co-expression with Pax
induced more cytoplasmic translocation of Yki (Fig. 7a-b’, g). Surpris-
ingly, a truncation of Yki (Yki-N) that lacks C-terminal 195-418 amino
acids (Yki-C) exhibited a dispersive distribution in S2 cells, whereas co-
expression with Pax further promoted its cytoplasmic localization
(Fig. 7c-d’, g). However, Yki-C is mainly distributed in the cytoplasm,
and co-expression with Pax did not alter its localization significantly
(Fig. 7e-f, g). These results suggest that Pax may promote cytoplasmic
localization of Yki through binding to its N-terminal domain, thereby
inactivating it. Additionally, we assessed the activity of the 3xSd luci-
ferase reporter, which reflects Sd-Yki transcriptional activity*’. Co-
expression of full-length Yki and Sd synergistically boosted the luci-
ferase activity. However, Pax inhibited this enhancement, indicating
that Pax suppresses Sd-Yki transcriptional activity (Fig. 7h). Consistent
with this, remarkably cytoplasmic localization of endogenous Yki was
also detected upon expression of Pax in precursors (Fig. 7i-j” and
Supplementary Fig. 13c) or in flip-out clones expressing Pax using
the AG4 driver (Supplementary Fig. 13a—c). Conversely, the knockdown
of Pax in precursor cells resulted in increased Yki translocation
into the nuclei (Fig. 7k-k” and Supplementary Fig. 13d-f). In addition,
exogenous Yki is predominantly distributed in the nuclei, whereas
co-expression with Pax significantly resulted in the cytoplasmic locali-
zation of Yki (Fig. 7I-m” and Supplementary Fig. 13c). Taken together,
these results indicate that Pax restricts ISC proliferation by promoting
cytoplasmic localization of Yki.

Next, we investigated whether exist the interaction between Yki
and Pax. Co-immunoprecipitation (Co-IP) assays were performed in S2
cells expressing Myc-Yki and Flag-Pax, we observed that Yki formed a
complex with Pax (Fig. 7n, o). Furthermore, using Pax antibody to pull
down endogenous Yki further supported their interaction (Fig. 7p). To
map the binding regions of Yki and Pax, we constructed the truncated
variants of both proteins (Supplementary Fig. 13g). Co-IP results indi-
cated that Flag-Pax-N, but not Flag-Pax-C, interacted with Myc-Yki
(Fig. 7n). Similarly, Myc-Yki-N, but not Myc-Yki-C, interacted with Flag-
Pax (Fig. 70), suggesting that the binding of Yki and Pax is mediated by
their N-termini. However, the removal of any LD motif of Pax disrupted
the interaction between Yki and Pax (Fig. 7q), and decreased Yki-Sd
transcriptional activity (Supplementary Fig. 13h). Furthermore, the
overexpression of Pax™?' did not change Yki localization (Supple-
mentary Fig. 13i-1), highlighting the critical role of all five LD motifs of
Pax in interacting with and modulating Yki activity.

According to Goulas and colleagues' research, they found that
cell-matrix adhesion receptors Integrin are localized basolaterally
within ECs and cortically around the ISCs/EBs with an enrichment
basally contacting the basement membrane, regulating ISC

proliferation and self-renewal'®. We investigated whether Pax induced
more Yki co-localization with Integrin. As shown in Supplementary
Fig. 14a-d”, overexpression of Pax notably facilitated Yki's co-
localization with Integrin, followed by more cytoplasm localization
of Yki, suggesting that Pax promotes the cytoplasm localization of Yki
via sequestering Yki at membrane localization of cell-matrix adhesion.
Altogether, these findings indicate that Pax forms a feedback loop with
Yki, facilitating cytoplasmic localization of Yki and thereby constrain-
ing its activity.

The conservation of Pax’s role as a regulator of Yki activity was
investigated in mammalian cells. Previous studies have demon-
strated that high cell density in mammalian cells activates LATS1/2,
resulting in the phosphorylation and inactivation of YAP, while low
cell density promotes the nuclear localization of YAP'". We either
overexpressed or reduced the expression of PXN (the homolog of Pax
in mammals) in Hela cells, and subsequently examined the sub-
cellular localization of endogenous YAP under both high and low
density conditions. As shown in Supplementary Fig. 14e-1", YAP
localization remained unchanged regardless of PXN overexpression
or knockdown. Moreover, biochemical assays revealed no physical
interaction between PXN and YAP (Supplementary Fig. 14m). How-
ever, overexpression of PXN significantly increased p-YAP (S127)
levels and decreased the expression of the Hippo pathway target
gene CYR61 (Supplementary Fig. 14n). In addition, deletion of LATS1/2
observably upregulated the expression of PXN (Supplementary
Fig. 140). These findings suggest that while PXN/Pax suppresses YAP/
Yki activity in both mammals and Drosophila, the underlying
mechanisms are not conserved.

Pax restricts YKki activity by promoting its cytoplasmic locali-
zation to regulate ISCs proliferation and regeneration

We finally examined whether the cytoplasmic localization of Yki,
stimulated by Pax, is capable of modulating ISCs proliferation and
regeneration. To test this, we induced the expression of Pax in GFP*
clones of wts mutant allele wts” using the MARCM system to monitor
whether the attenuated ISC proliferation induced by Pax is caused by
cytoplasmic localization of Yki. As shown in Fig. 8a-e, wts” clones
exhibited the overgrowth phenotype and nuclear localization of Yki.
In contrast, overexpression of Pax in GFP* wts* mutant clones dra-
matically reduced the clone size and induced cytoplasmic localiza-
tion of Yki, indicating that the inhibitory effect of Pax on midgut
hyperproliferation is achieved through elevating the cytoplasmic
localization of Yki. To further validate our observations, we examined
whether the suppressed midgut regeneration through over-
expressed Pax is triggered by cytoplasmic localization of Yki. As
shown in Fig. 8f-j, overexpression of Pax significantly promoted the
retention of Yki in the cytoplasm of precursors compared with the
control group under both normal and DSS-induced injury conditions.
Altogether, these data demonstrate that Pax inhibits ISC proliferation
and injury-induced regeneration through guiding cytoplasmic
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localization of Yki, thereby ensuring normal adult midgut home-
ostasis and damage repair.

Discussion

The regulation of adult stem cell proliferation and differentiation in
the Drosophila midgut is essential for maintaining tissue home-
ostasis, facilitating injury-induced regeneration, and preventing
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tumorigenesis. The Hippo signaling pathway has been extensively
studied for its critical role in regulating midgut homeostasis and
regeneration. However, the precise mechanisms governing the reg-
ulation of key signaling components, such as Yki, and their coordi-
nation of ISC proliferation and differentiation remain unknown. In
this study, we focused on investigating the role of Pax function as a
potential regulator of Yki and as a target of the Hippo pathway in a
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Fig. 6 | Pax regulates midgut homeostasis dependently on Yki-Sd. a-d’ Adult
midguts of Esg®>Ctrl (a-a’), Esg®>Pax RNAi-1 (b-b’), Esg®>Pax RNAi-1;Yki RNAi-1
(c-¢’) and Esg”>Pax RNAi-1;Sd RNAi (d-d’) were immunostained with p-H3"(red) and
DAPI (nuclei, blue). ISCs and EBs/pre-EEs are marked with Esg-GFP (green). White
arrows indicate the p-H3 signal. e Quantification of p-H3" cells of adult midguts
of the indicated genotypes of (a-d’) and (Supplementary Fig. 11a-f)
(n=10,13,15,10,11,10,10,10,10). The counting of p-H3" cells was conducted across
the entire midgut. f-i” Adult midguts containing GFP-positive MARCM clones of Ctrl
(f-F), sd*®! (g-g’), Pax RNAi (h-I), sd*®! in the presence of Pax RNAi (i-') were
dissected 3 days after clone induction and immunostained with Arm+Pros (red) and
DAPI (nuclei, blue). Dotted lines mark the edges of the clone region. j Quantification
of the cell number per clone in adult midguts from the indicated genotypes in (f-i")
at 3 days after clone induction (n =30, 70, 33, 35). k-n" Adult midguts containing
GFP-positive MARCM clones of Ctrl (k-K’), yki® (1-F), Pax RNAi (m-n’), yki®® in the
presence of Pax RNAi (n-n’) were dissected 3 days after clone induction and

immunostained with Arm + Pros (red) and DAPI (nuclei, blue). Dotted lines mark the
edges of the clone region. o Quantification of the cell numbers per clone in adult
midguts from the indicated genotypes in (k-n’) at 3 days after clone induction
(n=35,40, 46, 80). p-s’ Relative wing discs containing GFP-positive Flip-out clones
of Ctrl (p-p’) and Pax RNAi (q—¢’), Yki RNAi (r-r’), and Pax RNAi;Yki RNAi (s-s)
were dissected 3 days after clone induction and immunostained with DAPI (nuclei,
blue). t Quantification of cell number of clones in panels (p-s’) (n=14 for each
genotype). Three independent experiments were performed, and the error bars are
mean + SEM. In each box plot, the center line indicates the median, the edges of the
box represent the first and third quartiles, and the whiskers extend to the minimum
and maximum values. P values of significance (indicated with asterisks, NS no
significance P> 0.05, *P < 0.05, *P < 0.01, **P < 0.001, ***p < 0.0001) were calcu-
lated by one-way ANOVA with Tukey’s test (e, j, 0, t). Scale bars: 30 um (a-d’, f-i’,
k-n’), 60 um (p-s’). Confocal images were taken from the boundary region
between R4c and R5a of the posterior midgut.

feedback loop to regulate homeostasis and regeneration of midgut.
Through genetic approaches, we have identified Pax as a target of the
Hippo pathway in the adult Drosophila midgut. Notably, loss of Pax
promotes ISC proliferation through two mechanisms: autonomously
inhibiting the Hippo pathway in ISCs (where Pax forms a complex
with Yki to promote its cytoplasmic localization), and suppressing
the Hippo signaling in EC cells, leading to increased expression of
multiple ligands of the EGFR and JAK-STAT pathways. These ligands
activate EGFR and JAK-STAT signaling in ISCs, thereby initiating their
proliferation. Additionally, Pax overexpression in precursors facil-
itates Notch expression to activate the Notch pathway, thereby pro-
moting the symmetric division of ISCs into EB-EB and enhancing its
premature differentiation into ECs. Consequently, the resultant
increase in ISCs and ECs ultimately induces dysplasia, a precursor to
carcinoma characterized by abnormal cell proliferation, differentia-
tion, as well as disorganized architecture*"” (Fig. 8k). Our findings
emphasize the Pax as a key mediator in ISC proliferation and differ-
entiation under homeostatic and stress conditions. Overall, our study
enriches the understanding of the complex regulatory network
involving the Notch/Hippo pathway and Pax, offering potential
therapeutic targets to enhance tissue regeneration and suppress
cancers.

Tissue homeostasis should be strictly and precisely regulated, and
the following facts demonstrate the critical role of the Pax-Yki loop and
Pax-Notch regulation pattern mediated ISCs proliferation and differ-
entiation in maintaining intestinal homeostasis. First, knocking down
Pax expression in both ISCs and ECs leads to a remarkable increase
in ISC proliferation (Fig. le-f”, g-r”), whereas overexpression of Pax
significantly inhibits ISC proliferation in MARCM clone of wts” or
DSS-induced midgut regeneration (Figs. In-o’, 5e-e’). Second, our
investigation revealed a crucial feedback regulation between the
Hippo signaling pathway and Pax in both ISC and EC. We have
demonstrated that Pax, as a target gene of the Hippo signaling path-
way (Fig. 3a-f, m), interacts with Yki to sequester it in the cytoplasm
(Fig. 7i-m”, 0), thereby exerting control over the proliferation of ISCs
during homeostasis and injury-induced regeneration through sup-
pressing Yki activity (Fig. 8a-j). Third, Pax promotes the differentiation
of ISC toward the EC lineage through regulating Notch expression and
activation, thereby triggering symmetric division of ISC into EB-EB
(Fig. 2 and Supplementary Fig. 5). Last, the overgrowth phenotype
induced by overexpression of Yki is dramatically reduced when Pax is
overexpressed in adult Drosophila wings or eyes (Supplementary
Fig. 1a-d), indicating that Pax exerts a universal regulation on Yki
activity in Drosophila. These findings pinpoint that Pax as a component
of the Hippo signaling pathway, contributes to the maintenance of
intestinal homeostasis by precisely balancing the proliferation and
differentiation of intestinal stem cells.

The Hippo pathway is extracellularly regulated by mechanical
stimuli and diffusible chemical substances. These signals are largely

sensed by receptors, such as G-protein coupled receptors (GPCRs) and
adherence complexes embedded in the plasma membrane!*'?°, Focal
adhesions (FAs) serve as crucial mechanosensory elements in cells,
regulating Yes-associated protein homolog (YAP) (orthologous of
Drosophila Yki) activity in response to mechanical signals'® %, FAs are
dynamic multiprotein complexes comprised of Integrins, Vinculin,
Paxillin, Zyxin, focal adhesion kinase (Fak), and tyrosine kinase Src'.
Numerous studies have highlighted the role of integrins in activating
YAP through the SRC and FAK"*, but the function of Paxillin in this
process remains unclear. Additionally, several studies have demon-
strated that FAs exert feedback on the Hippo pathway'?. Notably, YAP
overexpression results in increased transcription of genes encoding FA
components such as Vinculin and Zyxin, which reciprocally promote
YAP activity through the elevated interaction between FAs and
cytoskeleton'?. Similarly, our findings uncover that Yki regulates the
expression of FAs component Pax (Fig. 3m), which in turn suppresses
Yki activity through a negative feedback regulatory mechanism in
adult Drosophila midguts (Fig. 7h). Integrins have been demonstrated
to play a crucial role in maintaining the asymmetric division of ISCs'®"°.
Consistently, we observed that Pax predominantly co-localizes with
Integrin at the basement membrane in ISCs/EBs (Supplementary
Fig. Su-v”), and overexpression of Pax facilitates the symmetric divi-
sion of ISCs into EB-EB (Supplementary Fig. 5a-t), suggesting that Pax
is also essential for the assignment of asymmetric cell fate during ISC
mitosis.

Our results, obtained from both in vivo and in vitro analyses, have
elucidated that Pax promotes the differentiation of ISC toward the EC
lineage through regulating Notch expression and activation (Fig. 2).
Further investigation of the regulatory role of Pax on Notch tran-
scription would offer more comprehensive insights into its mechan-
isms. Previous investigations have emphasized the dynamic shuttling
ability of Pax in the cytoplasm and nucleus, enabling it to function as a
transcription factor that regulates the expression of imprinted gene
Histocompatibility 9 (H9)'¥"*°. We indeed observed that Pax could also
be stained within the nuclei of ISCs/EBs (Supplementary Fig. 2a-b”),
which may directly interact with the promoter region of Notch, thereby
modulating its transcription.

Paxillin is highly conserved between species (57% identity
between Drosophila and humans)™.. Based on our findings (Supple-
mentary Fig. 14n, o), which demonstrate that PXN is a Hippo pathway
target and PXN considerably suppresses YAP activity in mammals, we
propose that the modulation of Pax-regulated midgut homeostasis
could represent a shared function for maintaining tissue homeostasis
and regeneration in mammals. However, the potential mechanism
may unique between Drosophila and mammals, as PXN does not
interact with YAP and does not affect YAP localization (Supplemen-
tary Fig. 14e-1”). The dysfunction of Pax in Drosophila midgut would
lead to intestinal Dysplasia (Fig. 1f-f”, Fig. 2c-c”), a precursor to
carcinoma in the mammalian and Drosophila gastrointestinal tract.
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This phenotype resembles the tumorigenic effects caused by
abnormal activity of Pax in mammals’®”. Additionally, it is worth
noting that the activity of YAP is closely associated with the occur-
rence and development of colorectal cancer?. However, currently,
there are no clinically approved YAP inhibitors that are both effective
and specific”®*"*. This underscores the need for further research and
development to identify and design new compounds that could

selectively target YAP activity while maintaining therapeutic efficacy.
Given the crucial role of the Hippo pathway and Pax in Dysplasia and
cancer development™*, along with the precise regulation facilitated
by the Pax-Yki negative feedback loop, Paxillin has the potential to be
a safer therapeutic target for restricting YAP activity. Our findings
also provide clues to understanding the role of Pax in other types of
cancers.
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Fig. 7 | Pax forms a complex with Yki and promotes its cytoplasmic localiza-
tion. a-f S2 cell expressing Myc-Yki with or without HA-Pax (a-b’), Myc-Yki-N with
or without HA-Pax (c-d’) and Myc-Yki-C with or without HA-Pax (e-f) were
immunostained with Myc (red), HA (green) and DAPI (Nuclei, blue).

g Quantification of the percentage of nucleocytoplasmic distributions in (a-f)
(n=3 for each group, counting 100, 125, 112 S2 cells). h Analysis 3xSd luciferase
activity of S2 cells after overexpression of Pax. 3xSd luciferase is a dual reporter
reflecting Sd-Yki transcriptional activity with 3xSd-binding sites. The indicated
constructs were transfected into S2 cells. i-k” Adult midguts of Esg” >Ctrl (i-i”),
Esg®> HA-Pax (j-j”), Esg®>Pax RNAi (k-k”) were immunostained with Yki (red),
Arm + Pros (blue) and DAPI (nuclei, gray). ISCs and EBs/pre-EEs are marked with
GFP. White arrows indicate the Yki signal. I-m” Adult midguts containing GFP-
positive flip-out clones of act > CD2>Gal4; UAS-Dicer2, UAS-GFP (AG4; Dcr2GFP)
>Flag-Yki (1-1”) and AG4,Dcr2GFP > HA-Pax; Flag-Yki (m-m”) were dissected 2 days

after clone induction and immunostained with Flag (red), Arm + Pros (blue) and
DAPI (nuclei, gray). Note that exogenous Yki is localized in the nucleus of pre-
cursors/EEs/ECs. White arrows indicate the Flag-Yki signal. n S2 cells were trans-
fected with plasmids expressing Myc-Yki with or without Flag-Pax, Flag-Pax-N, and
Flag-Pax-C. o S2 cells were transfected with plasmids expressing Flag-Pax with or
without Myc-Yki, Myc-Yki-N, and Myc-Yki-C. p Co-IP analysis confirms that endo-
genous Pax interacts with endogenous Yki using Pax antibody. q S2 cells were
transfected with plasmids expressing Flag-Pax or Flag-Pax-dLDs with Myc-Yki.
Three independent experiments were performed, and the error bars are mean £
SEM. P values of significance (indicated with asterisks, NS no significance P> 0.05,
*P<0.05, *P<0.01, **P<0.001, ***p < 0.0001) were calculated by one-way
ANOVA with Tukey’s test (g, h). Scale bars: 5um in (a-f), and 20 um in (i-m”).
Confocal images were taken from the boundary region between R4c and R5a of the
posterior midgut in (i-m”).

Methods

Plasmids, transgenic flies, Pax** mutant

The full-length pax DNA fragment (pax-RA: 1746 bp, PXN-isol:
1776 bp) was amplified from Drosophila or Human cDNA by PCR.
The DNA fragments mentioned above were cloned in the pUAST-
Flag, pUAST-HA, and pcDNA3.1 vectors according to the standard
protocols. Pax N and C are truncated pax variants with 1-341 bp and
342-581bp, respectively. PaxdLD1, dLD2, dLD3, dLD4, and dLDS5 are
truncated Pax deleting 25-38aa/127-140aa/165-178aa/251-264aa/321-
334aa, respectively. For overexpressed pax transgenic fly genera-
tion, a pUAST vector with attB sequence inserted upstream of the
UAS-binding sites was used to construct pUAST-attB-Flag-Pax or
pUAST-attB-HA-Pax plasmids. The shRNA of PXN was cloned in the
PpLKO.1-shPXN-EGFP vector. All plasmids were verified by DNA
sequencing. Transgenic flies carrying these constructs were
generated.

Pax?*° mutant flies were generated using the CRISPR-Cas9 system
described previously'. We conducted a sequence alignment of Pax
and used the second and third exons as templates to design three
sgRNAs (see supplementary information). Following microinjection
and sequencing-based screening, Pax® was identified as a genetic
null allele of Pax, resulting from a 344-base deletion causing a fra-
meshift mutation. The homozygous mutant flies are viable and
fertile.

Drosophila stocks and genetics
The fly stocks used in this study are listed in Supplementary Table 6.

MARCM clone analysis

GFP-positive mutant clones were generated using the MARCM
system®™. Flies were crossed and raised at 25°C. F1 adult flies with
related genotypes undergoing heat shock at 37°C for 1h to induce
clones at 2-day-old flies. Then, flies were raised at 25°C for 2, 4, or
6 days before dissection. Clones of more than 10 midguts were used
for analyze in each group.

Temperature-controlled expression

The flies using Esg®, MyolA®, Esg™™""s, NRE®, and DI* were crossed and
cultured at 21 °C to suppress Gal4 activity. After one day, F1 adult flies
with appropriate genotypes were then shifted to 29 °Cfor a5, 7, or 14-
day incubation to induce inactivation of Gal80" and expression of the
UAS transgenes or RNAi. 10 female adult flies at least were dissected
for each genotype, and used for immunostaining, microscopy, and
statistical analysis. For the intestinal stem cell lineage tracing experi-
ment, we used the inducible lineage tracing Esg® /O system. Flies were
crossed and cultured at 21°C. F1 adult flies with correct genotypes
were subjected to heat shock at 37 °C for 40 min to induce clones at
the age of 2 days. Then, flies were shifted to 29 °C for 3 or 5 days to
induce the expression of transgenes.

DSS feeding experiments

Female adult flies, which has cultured at 29 °C for 2 days, were used to
perform DSS-treated feeding experiments. Flies were cultured in an
empty vial containing a piece of 9 cm? chromatography paper wet with
or without 3% dextran sulfate sodium in 5% glucose solution for
3 days at 29 °C.

Immunostaining

Female flies were used for gut immunostaining in all experiments. The
entire intestine or wing discs were dissected and fixed in 4% for-
maldehyde for 1 h (disc: 30 min). Samples were washed three times in
PBS plus 0.1% Triton X-100 (PBS-T). S2 cells were fixed in 1% for-
maldehyde and washed three times in PBS plus 0.1% Triton X-100
(PBS-T). The guts and S2 cells were incubated in the primary and sec-
ondary antibodies diluted in a solution containing PBS-T. Fluorescently
labeled samples were counterstained with DAPI for visualization of
DNA. Images were captured with a Leica TCS SP8 confocal microscope
and assembled in Adobe Illustrator.

Cell culture, transfection, immunoprecipitation, and lentiviral
infection

S2 Drosophila cells from American Type Culture Collection (ATCC) Ref:
CRL-1963 were used for related experiments. S2 cells were cultured in
Drosophila Schneider’s Medium with 10% fetal bovine serum and 100
U/ml of penicillin and Streptomycin. Plasmid transfection was carried
out using Calcium Phosphate Transfection (2M CaCl,, 2xHBS (HBS
consisted of 50 mM Hepes and 1.5 mM Na,HPO,, 280 mM NaCl and
20 mM KClI, adjusted to pH 7.05), ddH,0) and X-tremeGENE HP DNA
Transfection Reagent according to manufacturer’s instructions. A
ubiquitin-Gal4 plasmid was co-transfected with pUAST expression
vectors for all transfection experiments. Immunoprecipitation and
Western blot analyses were performed according to standard proto-
cols as previously described*’.

Hela and HEK-293T cells were obtained from ATCC. Huh-7 cells
were obtained from the Japanese Collection of Research Bioresources
(JCRB). These cells were maintained in Dulbecco modified essential
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin and streptomycin antibiotics at 37 °C in 5% CO, (v/v). All cell
lines have been tested for mycoplasma contamination. Lentiviral
infection was done as follows: HEK-293T cells were co-transfected with
PLKO.1-shPXN-EGFP vector and packaging plasmids. The progeny
viruses released from HEK-293T cells were collected and used to infect
Hela cells. The pLKO.1 and pcDNA3.1 plasmids were transfected with
the Lipofectamine 3000 reagent.

Real-time PCR

Total RNAs were extracted from ten midguts of 5-day-old female
flies or 50 wing discs from third instar larvae with indicated geno-
types using RNA isolator Total RNA Extraction Reagent, and the
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cDNAs were synthesized using HiScript IIl RT SuperMix for qPCR
kit. Real-time PCR was performed using the AceQ Universal SYBR
gPCR Master Mix reagent with the Lightcycler R System. Results
were repeated for three independent biological replicates. Unless
otherwise, RpL32 was used as a normalized control. Relative
quantification of mRNA levels was calculated using the 2724¢T
method.

Droplet digital PCR

Total RNA was isolated from MyolA-GFP* cells using RNA isolator Total
RNA Extraction Reagent, and the cDNAs were synthesized using
HiScript lll RT SuperMix for qPCR kit according to the manufacturer’s
instructions. The assay was performed using the Bio-Rad QX200
Droplet Digital System (Bio-Rad Laboratories). About 1 uL cDNA sam-
ples, 1L primer mixture, 10 uL 2x ddPCR EvaGreen supermix, and
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Fig. 8 | Pax regulates midgut proliferation and regeneration by promoting Yki
cytoplasmic localization, thereby restricting its activity. a-d’ Adult midguts
containing GFP-positive MARCM clones of FRTS2 (Ctrl) (a-a’), wts* clones (b-b’),
overexpressing Pax clones (c-¢’) and Pax overexpression plus wts” clones (d-d’)
were immunostained with Yki (red), HA (blue), and DAPI (nuclei, gray). Midguts
were dissected 4 days after clone induction at 25 °C. Dotted lines mark the edges of
the clone region. Yellow arrows mark the GFP* clone region, and white arrows mark
the GFP region. e Quantification of the percentage of nucleocytoplasmic dis-
tributions in panels (a-d’) (n = 3 for each group, counting 123, 125, 112 Yki* cells). f-i’
Adult midguts of Esg®>Ctrl (f-f, h-h’) and Esg” > HA-Pax (g-g’, i-1’) flies treated
with Glucose (Glu) or DSS for 3 days before dissection. Midguts were immunos-
tained with Yki (red), DAPI (nuclei, gray), and HA (blue). ISC and EB/pre-EE were

marked by EsgGal4-driven GFP expression. Arrows indicate HA* and Yki* cells. 5%
Glucose solution with or without 3% DSS was fed to the flies. j Quantification of the
percentage of nucleocytoplasmic distributions in panels (f-i’) (n = 3 for each group,
counting 100, 125, 112 Yki* cells). k Proposed model illustrating how Pax regulates
Hippo and Notch signaling to suppress ISC proliferation and promote its differ-
entiation in adult Drosophila midgut. Three independent experiments were per-
formed, and the error bars are mean + SEM. P values of significance (indicated with
asterisks, NS no significance P> 0.05, *P< 0.05, *P<0.01, **P<0.001,

****p < 0.0001) was calculated by one-way ANOVA with Tukey’s test (e, j). Scale bars:
20 um. Confocal images were taken from the boundary region between R4c and R5a
of the posterior midgut.

8 pL RNase-free water were mixed with 70 pL of QX200 Droplet Gen-
eration Oil for EvaGreen into the oil wells. Droplets were then gener-
ated by a QX200 droplet generator device (Bio-Rad). The cycling
conditions were as follows: 10 min at 95 °C, 40 cycles of denaturation
at 95 °C for 30 s, annealing and extension at 60 °C for 1 min, and final
step at 90 °C for 5 min. Droplets were read in the droplet reader and
analyzed using QuantaSoft (Bio-Rad Laboratories).

Chromatin immunoprecipitation-PCR (ChIP-PCR)

ChIP assays were performed using S2 cells. Cells were crosslinked with
1% formaldehyde diluted in PBS buffer for 15 min at 37 °C and stopped
by adding Glycine to a final concentration of 0.125 M. Next, fixed cells
were washed for 10 min by using ice-cold PBS three times. Cells were
sheared to 200-600 bp fragments in 1 ml sonication buffer (50 mM
Hepes-KOH, pH 7.5,140 mM NaCl,1 mM EDTA, pH 8.0, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, and proteinase cocktail) with a
Bioruptor sonicator. After centrifugation, lysates were incubated with
4 mg antibody of HA or normal mouse IgG (sc-2025, Santa Cruz)
overnight; then protein A/G PLUS agarose beads were then added and
incubated in antibody/antigen complexes for 2 h on a rotator at 4 °C.
Beads were washed with the ChIP wash buffer (0.1% SDS, 1% Triton X-
100, 2mM EDTA, pH 8.0, 150 mM NaCl, and 20 mM Tris-Cl, pH 8.0),
and then washed with ChIP final wash buffer (0.1% SDS, 1% Triton X-
100, 2 mM EDTA, pH 8.0, 500 mM NacCl, and 20 mM Tris-Cl, pH 8.0).
Next, genomic DNA was eluted with elution buffer (1% SDS and
100 mM NaHCO3) at 65 °C for 30 min. The Eluted NDA fragments were
incubated with 200 mM NacCl at 65 °C for 4 h. Then, 0.5M EDTA and
0.25 mg/ml proteinase K were added to incubation with eluted DNA.
The final mixture was incubated at 55 °C for 2 h to digest the protein.
Genomic DNA was purified with a QIAQIUCK PCR Purification Kit.
Purified DNA was performed with ChIP-PCR.

Luciferase reporter assay

Luciferase assays were performed in S2 cells with the pGL3-3 x sd
promoter luciferase reporter and pGL3-Pax promoter luciferase
reporter. To generate the Pax-luc-BI, Pax-luc-B2, or Pax-luc-B3 reporter
genes, 3 DNA segments covering Sd/Yki-binding region of Pax were
subcloned between Bglll and Kpnl sites of the pGL3-Promoter vector
(Pax-luc-B1: -7103 to —6392, Pax-luc-B2: -3415 to —2729, Pax-luc-B3:
+11512 to +12101), respectively. S2 cells were transfected with indicated
reporters (1ug) and copia-renilla luciferase reporter (0.005ug) to
normalize for transfection efficiency. For luciferase assays in over-
expression plasmid-transfected cells, cells were transfected with the
indicated plasmids and reporter plasmid together for 48 hr. The
reporter assay was performed using the Dual-Luciferase reporter assay
system. Dual-Luciferase measurements were performed in triplicate
using a GloMax-Multi JR Single-Tube Multimode Reader.

Single-cell suspension preparation and FACS

FACS purification of specific cell types from the Drosophila gut were
performed according to the method described previously'”. The lines
of Esg® > GFP or MyolA® > GFP were used to harvest Esg-GFP or MyolA-

GFP cells in this study. Briefly, about 150 midguts of female flies aged
5-7 days old with foregut and hindgut portion removed were dissected
in cold PBS within 1 h and digested in 1 mg/ml Elastase (Sigma, #E0258)
solution at 25 °C for 1h. Dissociated cells were pelleted at 400x g for
25 min, re-suspended in PBS with 0.2% BSA, filtered with 70 mm filters
(BD Falcon), and sorted using a FACS Aria Ill sorter (BD Biosciences).
GFP was used to sort the Esg-GFP and MyolA-GFP cell population, while
cells from w™® midgut was used to set the negative fluorescence gate
of the GFP panel. GFP* cells were sorted into PBS solution with 0.2%
BSA, and after pelleting (400x g for 25 min) to collect total RNA using
RNA isolator total RNA extraction reagent.

Quantification and statistical analysis

Unless otherwise indicated, the images shown in this study and the
respective quantifications focused on the posterior midgut boundary
between R4c and R5a, where the stem cells have been previously
shown to be more active than those in other regions”*™*°, Midgut
images were taken at x40 magnification within the boundary between
the R4c and R5a region with the same microscope settings. A region of
interest (ROI) of about 20,000 pm?2 were applied in which all cells were
DAPI labeled. Images were analyzed by using Image) to measure the
fluorescence positive cells of interest. Statistical analyses were carried
out with Prism 7 (GraphPad), and data from at least three independent
experiments were combined. The unpaired two-tailed Student’s ¢-test
was used for the comparison of two independent samples, and
one-way ANOVA with Tukey’s test was used to determine statistical
significance with multiple comparisons between three or more inde-
pendent groups. p Value is indicated by asterisks in the Figures: ns
p=0.05, *p<0.05, *p<0.01, **p<0.001, ***p<0.0001. Data were
statistically present as average with the standard error of the mean
(mean = SEM).

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

Data availability
Source data are provided with this paper.
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