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SUMMARY

Tight junctions in mammals and septate junctions in insects are essential for epithelial integrity. We show here that, in the Drosophila
intestine, smooth septate junction proteins provide barrier and signaling functions. During an RNAi screen for genes that regulate adult
midgut tissue growth, we found that loss of two smooth septate junction components, Snakeskin and Mesh, caused a hyperproliferation
phenotype. By examining epitope-tagged endogenous Snakeskin and Mesh, we demonstrate that the two proteins are present in the cyto-
plasm of differentiating enteroblasts and in cytoplasm and septate junctions of mature enterocytes. In both enteroblasts and enterocytes,
loss of Snakeskin and Mesh causes Yorkie-dependent expression of the JAK-STAT pathway ligand Upd3, which in turn promotes prolif-
eration of intestinal stem cells. Snakeskin and Mesh form a complex with each other, with other septate junction proteins and with
Yorkie. Therefore, the Snakeskin-Mesh complex has both barrier and signaling function to maintain stem cell-mediated tissue homeo-

stasis.

INTRODUCTION

The balance between self-renewal of stem cells and differ-
entiation of progeny cells has to be maintained precisely,
or otherwise may lead to tumor growth or tissue degenera-
tion (Clevers et al., 2014; Qin and Zhang, 2017). The adult
Drosophila midgut is a highly useful genetic model system
to dissect intestinal stem cell (ISC)-mediated homeostasis
(Herrera and Bach, 2019; Micchelli and Perrimon, 2006;
Ohlstein and Spradling, 2006; Zwick et al., 2019). Approx-
imately a thousand ISCs are evenly distributed throughout
the adult Drosophila midgut epithelium (Micchelli and
Perrimon, 2006; Ohlstein and Spradling, 2006). An ISC un-
dergoes asymmetric division to generate a renewed ISC and
another daughter cell called enteroblast (EB) or pre-enter-
oendocrine cell (pre-EE), which can differentiate to become
an enterocyte (EC) for absorption or an EE for hormone
production, respectively (Figure 1A) (Chen et al., 2018;
Ohlstein and Spradling, 2007; Zeng and Hou, 2015).
Many conserved pathways, including Delta-Notch, Insu-
lin, JAK-STAT, BMP, and Wnt are used to control ISC asym-
metry, division rate, and subsequent differentiation along
the two lineages (Amcheslavsky et al., 2009; Biteau and
Jasper, 2011; Chen et al., 2018; Cordero et al., 2012; Guo
and Ohlstein, 2015; Jiang et al., 2009; Ohlstein and Spra-
dling, 2007; Tian and Jiang, 2014; Xu et al., 2011; Zeng
and Hou, 2015).

We and others recently have shown that the Ste20 ki-
nases Misshapen (Msn) and Happyhour (Hppy) functions
similar to Hippo (Hpo) to regulate the Warts-Yorkie (Wts-
Yki) axis (Karpowicz et al., 2010; Li et al., 2014, 2015,
2018; Meng et al., 2015; Ren et al.,, 2010; Shaw et al.,
2010; Staley and Irvine, 2010; Zheng et al., 2015). In adult
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Drosophila midgut, Msn is expressed rather specifically in
ISCs/EBs (Li et al., 2018). The function of Msn in EBs is
modulated by ingested solid food particles that change
the mechanical stretching of the midgut epithelium, and
leads to regulation of Yki and Unpaired3 (Upd3) to control
ISC division and tissue growth (Li et al., 2018). Hpo has a
possible parallel mechanosensing function in ECs after
epithelial damage (Karpowicz et al., 2010; Li et al., 2014,
2015; Meng et al.,, 2015; Ren et al.,, 2010; Shaw et al.,
2010; Staley and Irvine, 2010; Zheng et al., 2015).

The intestinal epithelium is an inside-out layer that has
tight junctions to separate internal tissues from the outside
environment (Clark and Walker, 2018; Garcia-Hernandez
et al., 2017; Harden et al., 2016; Vancamelbeke and Ver-
meire, 2017). Insects have the equivalent septate junctions:
in endoderm-derived tissues such as the midgut they are
called smooth septate junctions, while in ectoderm-
derived tissues such as imaginal discs they are called
pleated septate junctions (Furuse and Izumi, 2017). Various
upstream components, including junction proteins, have
been implicated in regulating the Hpo pathway (Boggiano
and Fehon, 2012; Lietal., 2018; Ma et al., 2018; Meng et al.,
2018; Misra and Irvine, 2018; Poon et al., 2018; Yu and Pan,
2018). Meanwhile, conserved components of smooth
septate junctions in silkworm and Drosophila, including
two transmembrane proteins called Snakeskin (Ssk) and
Mesh, have been implicated in adult midgut homeostasis
(Izumi et al., 2012, 2019; Salazar et al., 2018; Yanagihashi
et al., 2012). Here, we illustrate the genetic and molecular
functions of Ssk and Mesh in EBs and ECs of adult
Drosophila midgut, involving direct regulation of Yki to
modulate the expression of Upd3 and thereby ISC division
and intestinal homeostasis.
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RESULTS

Loss of Smooth Septate Junction Proteins in EBs Leads
to ISC Proliferation

We used the Su(H)Gbe promoter-Gal4, UAS-GFP; tubulin-
Gal80" (abbreviated as Su(H)* > GFP) temperature-sensi-
tive strain as the driver and marker for RNA interference
(RNAi) of membrane-associated proteins in EBs, because
EBs have been shown to produce factors that regulate
ISC proliferation (Figure 1A) (Antonello et al., 2015;
Cordero et al., 2012; Doupe et al., 2018; Li et al., 2014,
2018). The knockdown of msn and Tao produced highly
increased numbers of GFP* cells and served as controls
(citation here needs change) (Figure 1B and Table S1) (Li
et al., 2014, 2018). Although knockdown of adherens
junction, Hippo signaling, and other pathways occasion-
ally gave mild increases in GFP* cells, knockdown of
many septate junction components, including Ssk,
mesh, and Fasciclin3 (Fas3) led to a more noticeable in-
crease (Table S1, and full list in https://figshare.com/s/
¢3a3931f9908880felcd). Quantification of mitotic ISCs
by antibody staining for phosphorylated-histone3 (p-H3)
(Amcheslavsky et al.,, 2009; Micchelli and Perrimon,
2006; Ohlstein and Spradling, 2006) showed that multiple
Ssk, mesh, or Fas3 RNAI lines all induced midgut prolifer-
ation and increased number of GFP* precursor cells (Fig-
ures 1B and 1C-1E).

We used the CRISPR/Cas9 gene engineering to generate
insertion-deletions in Ssk or stop codons in mesh (Figures
S1A and S1B). These CRISPR-generated Ssk and mesh mu-
tants were homozygous lethal, similar to the other mutant
combinations reported previously (Izumi et al., 2012; Yana-
gihashi et al.,, 2012). We used the mosaic analysis with
repressible cell marker (MARCM) technique (Lee and Luo,
2001) to study their functions in adult midgut. The Ssk
and mesh mutations were generated on FRT80B or
FRT82B parental chromosomes, which allow the genera-
tion of homozygous mutant clones marked with GFP in
otherwise heterozygous animals (Figures 1F-1I). Ten days
after clone induction, both Ssk and mesh mutants had sig-
nificant albeit modest increase in clone size when
compared with those in parental strains, suggesting an
increased ISC proliferation (Figures 1] and 1K). More
importantly, we observed that the increase in p-H3" cells
was more obvious when more mutant cells were present,
and the majority of p-H3* cells were located outside the
GFP* mutant clones (Figures 1L and 1M). These results
suggest that Ssk and mesh loss-of-function mutant clones
increase not only their own proliferation but also the pro-
liferation of surrounding wild-type ISCs, and thus can act
through an ISC-non-autonomous mechanism. The quanti-
fication of Delta* ISCs, Prospero™ EEs, and p-H3™ mitotic
cells within the clones (Figure S2) revealed that there was
no significant increase in these cell types. The number of

Figure 1. Loss of Smooth Septate Junction Proteins in EBs Leads to ISC Proliferation

(A) An illustration of ISC asymmetric division and enteroblast (EB)-enterocyte (EC) differentiation lineage in the adult Drosophila midgut.
Delta is an ISC marker, Su(H) is expressed in EBs, and Myo1A is expressed in ECs.

(B) A graph showing the average number of p-H3* cells per whole midgut after crossing with the Su(H)™Gal4 driver, and temperature
shifted to 29°C for 5 days to inactivate the Gal80™ repressor to allow Gal4-dependent expression of UAS-dsRNA from the indicated
transgenic lines. The control is UAS-GFP, which is also included in all the RNAi experiments.

(C) A confocal image showing surface view of a midgut from a control fly with the Su(H)®Gal4 driver and UAS-GFP transgenes.

(D) Image of a midgut from a similar cross with an additional UAS-Ssk RNAi transgene.

(E) Image of a midgut from a similar cross with an additional UAS-mesh RNAi transgene.

(F) Image of a MARCM experiment using control FRT80 flies, and the gut was also stained for p-H3, shown in red. The arrow indicates a
p-H3" mitotic cell. A representative clone with GFP is shown in the enlarged image.

(G) Image of a similar MARCM experiment using the Ssk’ mutant flies. Arrows indicate p-H3" cells, some of them are inside the clones but
many are outside the clones. The enlarged image shows an example of both.

(H) Image of a similar MARCM experiment using control FRT82B flies.

(I) Image of a similar MARCM experiment using the mesh’ mutant flies.

(J) Quantification of the parental FRT80 alleles and the two different Ssk mutants used for MARCM, and individual clone size is the number
of GFP* cells in a cluster. More than 30 clones were counted in each experiment and the average is plotted as shown.

(K) Similar MARCM experiments using the mesh’ mutant and the parental FRT82B alleles.

(L) Quantification of mitotic cells by p-H3 staining in MARCM gut. Those p-H3" cells that also had GFP were counted as inside the MARCM
clones (white portion). Those p-H3" cells that had no GFP were counted as outside the MARCM clones (gray portion).

(M) Similar MARCM experiments using the mesh’ mutant and the parental FRT82B alleles to quantify p-H3" cells that are inside or outside
the clones.

For all images in this figure, green is GFP, blue is DAPI for DNA, arrows indicate some of the p-H3 staining in red. Scale bars represent
20 pum. For all graphs, error bars are standard error of the means, and p values are represented as **p < 0.01, ***p <0.001, ****p <0.0001.
NS is no significance. Statistics were based on unpaired Student’s t test. The n value represents the number of guts or clones used for
counting the indicated staining.
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ECs in MARCM clones by Pdm1 antibody staining (Figures
S2C and S$2D) showed that ECs were increased in Ssk or
mesh mutants, similar to the clone size increase. These re-
sults are consistent with the idea that there is increased pro-
liferation and no obvious defect in differentiation along
the EB-EC lineage in the mutants, therefore resulting in
the midgut hyperplasia phenotype as observed.

Yorkie and Upd3 Mediate Growth after Loss of Ssk or
Mesh

An ISC-non-autonomous mechanism would predict that
loss of Ssk or mesh causes the secretion of a growth factor
that can increase ISC proliferation. An assay for multiple li-
gands revealed that the expression of upd3, which encodes
aligand of the JAK-STAT pathway, was robustly increased in
terms of fold change (Figures 2A and 2B). Double knock-
down experiments using the Su(H)® > driver and two
independent upd3 RNAi constructs caused significant sup-
pression of the mitotic cell numbers (Figures 2C and 2D).
Confocal imaging (Figures 2I-2M) also revealed that, in
the double RNAi samples, the Su(H)" > driven GFP* cell
number and organization resembled that of wild-type
gut. It is noteworthy that the suppression of mitotic counts
in the mesh;upd3 double RNAi experiments were only
approximately 50% (Figure 2D), suggesting that loss of
mesh may activate additional factors, such as Vein, Keren,
and Spitz, of the epidermal growth factor pathway (Figures
2A and 2B), to stimulate growth.

Previous reports demonstrate that the expression of upd3
in the adult midgut can be regulated by multiple pathways,
including the Wts-Yki pathway (Houtz et al., 2017; Liet al.,
2014, 2018). The kinase Wts phosphorylates and inhibits
Yki. When this phosphorylation is reduced, YKki is released
and acts as a transcriptional coactivator. Therefore, we
tested the requirement of Yki by using Su(H)* > to drive
the expression of two different yki RNAi strains in EBs.
The inclusion of yki RNAi highly reduced the expression
of upd3 RNA (Figures 2E and 2F), and the mitotic counts,
very similar to that by upd3 RNAi (compare Figures 2G
and 2H with Figures 2C and 2D). Addition of a control
UAS-mCherry RNAi did not provide such suppression
(Figure $4D).

Ssk and Mesh Expression and Function Are Initiated in
EBs to Produce Upd3 for ISC Proliferation

The strong midgut proliferation phenotypes induced by us-
ing the EB driver suggest that either Ssk and Mesh have a
function within EBs or that the RNAi effects sustain long
enough into ECs during maturation. We generated endog-
enously tagged knockin alleles that express Ssk-streptavi-
din-binding protein (Ssk* ") and Mesh-V5 (Mesh*~?)
(Figure S1C) to investigate their expression in midgut cells.
Although high levels of SBP and V5 staining were observed
along cytoplasmic membranes of ECs, we also detected
some cytoplasmic punctate staining in EBs (Figures 3A
and 3B, arrows). Phalloidin stains for actin bundles in

Figure 2. Yorkie and Upd3 Mediate the Growth after Loss of Ssk or Mesh

(A) Quantification of RNA expression of the indicated genes by qPCR of total RNA isolated from guts of control (GFP) or Ssk RNA: flies driven
by the Su(H)™-Gal4. Parallel PCR reactions using the rp49 primers were used as the reference and the expression of each gene was
normalized to that of rp49 and set as 1 in control samples (white bars). The expression level of each gene in the Ssk RNAi fly guts was
normalized to that of rp49 and then calculated as fold change compared with that in control.

(B) Similar gPCR quantification of the genes and showing the relative expression in mesh RNAi flies compared with the control.

(C) The graph shows the average mitotic counts in midguts of flies with the indicated control GFP, and Ssk plus upd3 RNAi lines, driven by
the Su(H)™-Gal4.

(D) Similar experiment showing the mitotic counts of control, and mesh plus upd3 RNAi lines.

(E) Quantification of upd3 RNA expression in adult midguts of the indicated control, Ssk, and yki RNAi lines. Each qPCR was compared with
that of rp49 as internal control and set as 1 in the control GFP sample. Other samples were plotted as fold change compared with the
control. The 29°C incubation was for 3 days.

(F) Quantification of upd3 RNA expression in adult midguts of the indicated control, mesh, and yki RNAi lines. The 29°C incubation was for
4 days.

(G) Mitotic counts in adult midguts of the indicated control, Ssk and yki RNAi lines after 5 days of incubation at 29°C driven by the
Su(H)™Gal4. The dissected guts were staining for p-H3 and counted throughout the whole midgut. The average number is plotted.

(H) Mitotic counts in adult midguts of the indicated control, mesh, and yki RNAi lines.

(I) A representative confocal image showing surface view of a midgut from control flies of the genotype Su(H)™ > GFP.

(3) A confocal image showing surface view of a midgut from Su(H)®™ > GFP,Ssk®*’ flies. The arrows indicate some of the nuclear p-H3* cells
in red. More GFP" cells also illustrate increased proliferation in the midgut.

(K) A confocal image showing surface view of a midgut from Su(H)® > Ssk®"47 upd3*" flies.

(L) A confocal image showing surface view of a midgut from Su(H)™ > mesh®™' flies.

(M) A confocal image showing surface view of a midgut from Su(H)® > mesh®™*",upd3™"' flies.

Statistics were based on unpaired Student’s t test. The n value represents the number of guts used for counting the indicated staining. The
N value represents the number of biological repeats of the experiments.
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apical brush borders of mature ECs (Figures 3C-3F) and
Myo1lA > GFP (Figures 3G-3]) label mature ECs; the stain-
ing of these two EC markers was distinct from the smaller
EBs that had low but detectable cytoplasmic SBP and V5
(Figures 3C-3], arrows). Furthermore, the precursor cell
nests have high-level expression of armadillo/p-catenin.
Double staining of armadillo with the knockin Mesh-V$5
illustrated detectable expression of Mesh in EBs (Figures
S3A and S3B). In addition, direct labeling of EBs by the
Su(H)-promoter-LacZ reporter illustrated the presence of
SBP staining in these EBs (Figures S3F and S3G).

Multiple lines of experiments demonstrated that Su(H)®
> driven Ssk or mesh RNAi caused an increased proliferation
and continuous differentiation of EBs to ECs. First, among
the GFP* progenies, some were of medium size, not yet
fully integrated with ECs, but had low levels of phalloidin
staining (Figure 3L, arrow). Second, most of those Su(H) >
GFP marked cells of varying sizes still expressed the EB
marker Headcase (Hdc) (Figures S3C-S3E) (Resende et al.,
2017). This is consistent with the increased expression of
Upd3, which can activate the JAK-STAT pathway to pro-

mote ISC proliferation and subsequent differentiation, as
reported previously (Jiang et al.,, 2009; Xu et al., 2011;
Zhou et al., 2013). In contrast, the Ssk or mesh RNAi within
ISCs by the Delta-Gal4 driver even for prolonged periods
did not show an increased proliferation phenotype
(Figure S3H).

To ascertain that the JAK-STAT pathway ligand Upd3 is
produced within EBs, we crossed a 4-kb upd3 promoter-
driven lacZ reporter to the Ssk or mesh mutants and per-
formed MARCM (Li et al., 2014; Zhou et al., 2013). The
MARCM results showed that 76.6% of the Ssk mutant
GFP* clones (n = 141) versus 21.2% of the FRT80 control
clones (n = 146) also contained B-galactosidase staining
(Figure S2J). Similarly, 83.5% of mesh mutant clones (n =
94) versus 21.1% of the FRT82B control clones (n = 57)
had B-galactosidase and GFP co-staining (Figure S2K).
These results demonstrate that the upd3 reporter is ex-
pressed largely within the mutant cells. Confocal imaging
revealed that the B-galactosidase staining in Ssk or mesh
mutant clones was not obvious in ISCs and early EBs (small
cells), but became detectable in EBs of medium size (arrows

Figure 3. Ssk and Mesh Expression and Function Are Initiated in EBs to Produce Upd3 for ISC Proliferation
(A) Control staining for SBP and V5 around a cell nest using the parental w™ fly gut. The arrows indicate EBs based on the size.

(B) Confocal images of staining for SBP and V5 using guts from flies with both the knockin alleles crossed together. High level staining
appears in circumference of the EC, and low level punctate staining is also present in EBs, indicated by arrows. The images in (A and B) are
single optical sections of 0.2 um each.

(C) Confocal image of longitudinal cross-section of w™ control midgut, showing double Phalloidin staining in red for F-actin and SBP
staining in green. The brush border of ECs at the apical side and the smooth muscle at the basal side had high levels of Phalloidin staining.
The EBs are indicated by arrows and did not show red or green staining.

(D) Similar double staining using the Ssk“ " flies. The EB indicated by an arrow showed cytoplasmic punctate SBP staining, but not
Phalloidin staining. The more apically located large ECs were labeled strongly with Phalloidin as well as strong SBP staining at junctions
and cytoplasmic puncta.

(E) Similar w™ control midgut double stained with Phalloidin in red and V5 in green.

(F) Similar Mesh¥~"> midgut double stained with Phalloidin in red and V5 in green. The smaller EB indicated by an arrow also showed
cytoplasmic punctate V5 staining.

(G) Confocal image of control Myo1A™ > GFP midgut, with GFP expressed only in ECs. Co-staining with SBP did not show any signal in EBs,
indicated by arrows.

(H) Similar staining shows SBP cytoplasmic puncta in an EB that had no GFP, indicated by an arrow.

(I) Similar V5 staining showing no signal in EBs indicated by arrows of control Myo1A®™ > GFP midgut.

(J) Similar V5 staining showing cytoplasmic puncta in an EB, which is not labeled with GFP.

(K) Confocal image of a gut from control Su(H)™ > GFP strain. The arrow indicates an EB that had strong GFP expression and no Phalloidin.
(Land L") Confocal image of a gut from Ssk RNAi flies. The arrow indicates an EB of medium size that had both a GFP signal and weak apical
Phalloidin staining (white arrow), suggesting that it was an EB continuing with its differentiating.

(M, M’, M") A high magnification confocal image showing a GFP* MARCM clone from FRT80B control flies that also contained the upd3-
promoter-LacZ reporter. The staining is shown in white in (M) and (M"). The staining is shown as green for GFP and red for -galactosidase
in (M").

(N) A similar confocal image showing a GFP* MARCM clone from Ssk’ mutant flies. The arrows indicate EBs with detectable levels of
B-galactosidase protein staining, expressing upd3. Note that ECs had higher levels of B-galactosidase.

(0) A confocal image showing a GFP™ MARCM clone from FRT82B control flies that also contained the upd3-promoter-LacZ reporter.

(P) A similar confocal image showing a GFP* MARCM clone from mesh’ mutant flies. The arrows indicate EBs with detectable levels of
B-galactosidase, expressing upd3.

(Q, @, Q") Confocal images of a MARCM mutant clone form Ssk” mutant flies that also contained the upd3-promoter-LacZ reporter. The gut
was double stained for Hdc, which is expressed in EB cytoplasm. The dotted lines delineate the Ssk mutant EB with detectable levels of
B-galactosidase and also Hdc staining, indicating that it was a differentiating EB expressing upd3.
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in Figures 3N and 3P). Further staining showed that these
medium-sized upd3-LacZ-expressing cells also expressed
the EB marker Hdc (Figure 3Q). Altogether, we conclude
that loss of Ssk or Mesh function is sufficient to initiate
the expression of Upd3 within EBs.

Ssk and Mesh Also Have Functions in ECs to Regulate
Yorkie-Upd3 and Thereby ISC Proliferation

Because septate junctions in the gut are mainly associated
with mature ECs, we examined whether Ssk and mesh are
similarly required in ECs to regulate ISC proliferation, by
using the Myo1lA-Gal4, UAS-GFP; tubulin-Gal80®™ (My-
01A">) driver. Multiple RNAI lines of Ssk and mesh caused
highly increased mitotic counts (Figure 4A). In compari-
son, a Coracle (Cora) RNAI line only caused a moderate
increase in proliferation, while a Fas3 RNAI line did not
result in an increase. There were also fewer GFP™ cells
around the MyolA®™ > GFP labeled big ECs (Figures
4B-4D), illustrating that there was accumulation of precur-
sor cells as a result of increased ISC division. We have exam-
ined many samples and images, and overall there is no
individual cell growth increase of phenotypes, but instead
faster differentiation along the EB-EC lineage, becoming
polyploid and therefore bigger. This is consistent with
increased expression of the growth factor Upd3.

The knockdown of Ssk or mesh by RNAi in ECs also resulted
in highly increased expression of upd3 (Figures 4E and 4F).
The Myo1A®™ > driven upd3 RNAi suppressed significantly,
although not completely (40%-50%), the ISC proliferation
induced by Ssk or mesh RNAi (Figures 4G and 4H). Mean-
while, we performed time course yki RNAi experiments and
the results suggest different requirements of YKki at different
times in ECs. Although 1 day of Ssk/mesh RNAi was not suf-
ficient to induce a significant increase in proliferation (Fig-

ure S4C), 2 days of RNAi caused an increase in both upd3
expression and mitotic counts. Importantly, the inclusion
of yki RNAi after 2 days of induction caused significant sup-
pression of these phenotypes (Figures 4G-4J). The addition
of a control UAS-mCherry RNAIi again did not provide such
suppression (Figure S4E). If the temperature shift to induce
RNAi was carried out for 3 days, the mitotic counts, however,
remained high in the double RNAi samples (Figures S4A and
S4B). It is possible that prolonged knockdown of Ssk or mesh
in ECs may cause a substantial loss of septate junctions, fol-
lowed by lethality (see Figure 6), and therefore might mobi-
lize additional stress-response pathways. However, we did
not detect an involvement of the JNK pathway (Figures
S5A-SSD) or substantial cell death (Figures SSE-S5H) after
2-3 days of knockdown of Ssk or mesh in ECs, suggesting
an involvement of other pathways.

The Ssk-Mesh Complexes Are Required for Co-
localization with Other Junction Proteins in ECs

We used the knockin alleles of Ssk and Mesh to perform a
series of experiments to investigate whether these two
components are critical for septate junction formation in
ECs. Both endogenous fusion proteins Ssk¥ 5" and
Mesh"¥~V* formed a ring around the membrane of ECs, as
well as some cytoplasmic punctate staining especially for
Mesh (Figure 5A). Longitudinal cross-section view of this
staining revealed that the two proteins were co-localized
to apical-lateral positions, as expected for septate junctions
(Figure 5B, arrowheads), and the two proteins can be co-
immunoprecipitated from adult gut extracts (Figure 5C).
Moreover, the localization of Ssk and Mesh at the junctions
are dependent on each other, because RNAi caused disper-
sion of immunofluorescent signals from the junctions
(Figures SD-5G).

Figure 4. Ssk and Mesh Also Have Functions in ECs to Regulate Yorkie-Upd3 and Thereby ISC Proliferation

(A) The graph shows the average number of p-H3" cells per whole midgut from adult flies after crossing with the various indicated RNAi
lines with the Myo1A™ > driver, and the temperature shift was for 3 days.

(B) Confocal image of a midgut from a control flies crossed with the Myo1A™ > UAS-GFP. All ECs cells are GFP*, and other cells are GFP ™.
(C) Confocal image of a midgut from a similar cross with an additional UAS-Ssk RNAi transgene. The arrow indicates a p-H3" staining.
(D) Confocal image of a midgut from a similar cross with an additional UAS-mesh RNAi transgene. The arrows indicate p-H3" staining.
(E) Quantification of RNA expression by gPCR of the indicated genes from gut samples with the Myo1A®™ > driver crossed with control or
Ssk®Ai_ The temperature shift was for 3 days.

(F) Similar quantification of RNA expression as in (E), except using the mes
(G) Quantification of p-H3* cells from whole guts of flies after crossing the Myo1A™> with the indicated single or double Ssk and upd3 RNAi
lines. The temperature shift was for 3 days.

(H) Similar quantification of p-H3" cells, except using the mes
(I) Quantification of upd3 RNA expression by qPCR. Whole guts were obtained from flies after crossing the Myo1A™> with the indicated
RNAi lines. Note that the temperature shift was shorter, for 2 days.

(J) Similar quantification of upd3 RNA expression, except using the mes
(K) Quantification of p-H3" cells from whole guts of flies after crossing the Myo1A™> with the indicated RNAi lines. Note that the tem-
perature shift was for 2 days. (L) Similar quantification of p-H3+ cells, except using the meshRVAi,

Statistics were based on unpaired Student’s t test. The n value represents the number of guts used for counting the indicated staining. The
N value represents the number of biological repeats of the experiments.
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Previous reports illustrate that Ssk, Mesh, and Tsp2A are
likely components of smooth septate junctions in devel-
oping Drosophila embryos and larvae (Izumi et al., 2012,
2016; Yanagihashi et al., 2012). Recent reports also impli-
cate these three proteins in adult midgut homeostasis
(Izumi et al., 2019; Salazar et al., 2018; Xu et al., 2019).
Our results also showed that the junction localization of
Ssk and Mesh were dependent on Tsp2A (Figures SH-5K).
Cora and Fas3 are known to associate with septate junc-
tions in other epithelial tissues (Boggiano and Fehon,
2012) and are involved in adult midgut proliferation to
varying degrees (see Figures 1B, 1C, and 4A). The staining
of Cora and Fas3 matched that of Mesh at the junctions
of ECs (Figures SL and 5M), and their localization was
largely disrupted after Ssk or mesh RNAi (Figures SN-5S).

Loss of Ssk and Mesh in EBs or ECs Leads to Different
Degrees of Gut Leakiness and Animal Viability

Septate junctions provide the barrier function essential for
epithelial integrity and animal viability (Furuse and [zumi,
2017; Garcia-Hernandez et al., 2017; Harden et al., 2016;
Rera et al., 2012; Resnik-Docampo et al., 2018; Vancamel-
beke and Vermeire, 2017). Because Ssk and Mesh have

functions in both EBs and ECs, we examined how these
two cell types contribute to gut barrier function and whole
animal viability. Leaky gut can lead to the accumulation of
a blue dye in the body cavity after the dye is fed to flies,
termed as Smurf assay (Rera et al., 2012). We found that
3 days of Ssk or mesh RNAI in EBs led to less than 3% of
the flies exhibiting the Smurf phenotype (Figure 6A). The
number of dead flies was also limited and closely correlated
with the Smurf phenotype (Figure 6B). Meanwhile, the
same experiment using the EC driver resulted in approxi-
mately 10% of flies having the Smurf phenotype after
3 days, and that subsequently increased sharply (Figure 6C).
The lethality was closely correlated with the profile of the
Smurf assay (Figure 6D). Therefore, Ssk and Mesh have an
essential barrier function in ECs, where the disruption of
this complex leads to loss of tissue integrity, followed by
lethality, as shown recently for Ssk (Salazar et al., 2018).
Meanwhile, the loss of Ssk and Mesh in EBs has only minor
effects on leakiness and viability. Considering the strong
ISC proliferation phenotype after loss of Ssk and Mesh in
EBs, we speculate that the cytoplasmic localization of Ssk
and Mesh in EBs is sufficient to regulate downstream
signaling components for intestinal homeostasis.

Figure 5. The Ssk-Mesh Complex Are Required for the Co-localization with Other Junction Proteins in ECs

(A, ', and A”) Confocal images of surface view of an adult midgut from flies harboring both Ssk“~8” and Mesh~V°. Co-immunostaining
was using antibodies for SBP shown in green in (A), and for V5 shown in red in (A"). The double color together with DAPI is shown in (A”).
The focal plan of the images was around the apical side of ECs, where the smooth septate junctions are expected to locate. Some punctae
are also observed in the cytosol of ECs.

(B, B', and B”) Confocal images of longitudinal cross-section view of a midgut from flies harboring Ssk =8 and Mesh*'~Y>, The SBP and V5
staining co-localized at presumed septate junctions indicated by the arrowheads near the apical side of ECs. The white dash line indicates
the apical border of the epithelium adjacent to the gut lumen.

(C) Western blots showing co-immunoprecipitation of the Ssk¥~58” and Mesh¥~V* proteins, using extracts prepared from the w™ control,
single knockin, and double knockin fly guts. The extracts were used for V5 immunoprecipitation and then SBP western blots, or for western
blots directly in the two lower panels as indicated.

(D) Confocal image of longitudinal cross-section view of SBP staining of gut from control flies crossing the Ssk > with the Myo1A® >
GFP. The staining is tightly localized to the EC junctions indicated by arrowheads.

(E) Similar SBP staining except the flies also included the mesh®™' construct, which caused disruption of staining at the junctions (open
arrowheads).

(F) Similar V5 staining in control guts.

(G) Similar V5 staining in guts that also included Ssk®"",

(H) Confocal image of surface view of SBP staining in control gut.

(I) Similar SBP staining except the flies also included the Tsp2AR"" construct.

(J) Similar V5 staining in control guts.

(K) Similar V5 staining except the flies also included the Tsp2AR¥ construct.

(L, , and L") Confocal image of longitudinal cross-section view of gut from the Mesh*~Y* fly strain stained for V5 and Cora. The ar-
rowheads in (L") indicate co-localization at the apical junctions of the two proteins.

(M, M’, and M”) Confocal image of surface view of similar gut stained for V5 and Fas3. The confocal section is 0.2 um and the two proteins
had almost identical pattern around the cell membrane.

(N and N’) Confocal image of surface view of control gut expressing Myo1A™ > GFP and stained for Cora.

(0 and 0’) Similar image showing Cora from membrane junction was dispersed after SskAT,

(P and P') Similar image showing Cora staining was dispersed after mesh®"’,

(Q and Q') Confocal image of control gut expressing Myo1A™ > GFP and stained for Fas3.

(R and R’) Similar image showing Fas3 from membrane junction was dispersed after SskFNAT,

(Sand §') Similar image showing Fas3 staining was dispersed after mesh™4',
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Figure 6. Loss of Ssk and Mesh in EBs and ECs Leads to Different
Degrees of Gut Leakiness and Animal Viability

(A) Quantification of Smurf flies after feeding with food dye to flies
with the indicated genotypes. Standard fly medium was mixed with
blue dye. Newly eclosed flies were aged for 3 days on standard
medium under room temperature and 50 flies were placed on dyed
medium at 29°C. The flies were counted every day. The cumulative
percent of Smurf* flies after each day is plotted as shown.

(B) Quantification of viable flies with the indicated genotypes.
Fifty flies were placed in regulated food vials. The food vials were

Ssk and Mesh Form a Complex with and Restrict the
Activity of Yki

In both EBs and ECs, the function of Yki is required to
mediate the expression of Upd3, which in turn promotes
ISC proliferation. At least two upstream Sterile20 kinases,
Msn and Hpo, can phosphorylate and activate Wts, which
in turn phosphorylate and inhibit Yki (Li et al., 2014, 2018;
Ma et al., 2018; Misra and Irvine, 2018). On Phos-tag gels,
highly phosphorylated Yki exhibited slower mobility and
accumulated at the top of the gel. The faster-moving Yki
proteins have lower phosphorylation (Figures 7A and 7B,
arrows). Ssk or mesh RNAi caused reduced Yki phosphoryla-
tion, albeit at lower levels compared with that caused by
wts RNAi (Figures 7A and 7B). One explanation is that
Wts is a central kinase that receives many different up-
stream signals to regulate Yki, while the Ssk-Mesh complex
may only represent one of the many upstream events and
therefore only partially reduces Yki phosphorylation.

In the adult midgut, Msn is expressed and functions in
EBs, while Hpo functions in ECs, to regulate Yki and subse-
quently ISC proliferation (Li et al., 2014, 2018). One mech-
anism that regulates Hpo and Msn activities is through
phosphorylation of a conserved T187/T194 residue in their
kinase domains (Li et al., 2018). We examined the phos-
phorylation of this activation site on transgenic constructs
of Msn and Hpo after Ssk or mesh RNAi. However, we did
not observe any consistent change of this phosphorylation
(Figures S6A and S6B). Therefore, we speculated that Ssk
and Mesh might interact with a downstream component.
Co-immunoprecipitation experiments performed in trans-
fected S2 cells showed that Yki could form a complex with
Ssk, and in an independent experiment also with Mesh
(Figures 7C and 7D). Co-transfection of Ssk and Mesh
together with Yki in S2 cells but did not further increase
the co-immunoprecipitation signal. The cultured S2 cells
probably do not form septate junctions, but the transfec-
tion results nonetheless demonstrate that Ssk or Mesh
when overexpressed in cells can bind directly or indirectly
to Yki.

DISCUSSION

We have used knockin and knockout alleles of Ssk and
Mesh to demonstrate their functions in both EBs and ECs

changed and surviving flies counted every day. The cumulative
percent of flies still alive after each day is plotted as shown.

(C) Similar quantification of Smurf flies, using the Myo1A®-Gal4
driver.

(D) Similar quantification of viable flies, using the Myo1A™-Gal4
driver.

The plots each is an average of three independent experiments for
the indicated genotype.
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Figure 7. Ssk and Mesh Form a Complex
with and Restrict the Activity of Yki

(A) Western blots using an antibody for
endogenous Yki. Guts were dissected from
flies with the tubulinGal4 ubiquitous driver
and the indicated RNAi lines. Extracts were
prepared and resolved on a Phos-tag gel for
the upper panel, or regular SDS gel for the
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(D) A similar co-immunoprecipitation of Ssk
and Yki in transfected S2 cells.

(E) A model illustrating the function of
smooth septate junction proteins, Ssk and
Mesh, in adult Drosophila midgut EBs and ECs.
The expression of Ssk and Mesh are initiated
in differentiating EBs and gradually incor-
porated into the smooth septate junction at

the apical-lateral side of mature ECs. In
addition to their barrier function, Ssk and

Mesh also form a complex with Yki, in the cytoplasm, or at the membrane. This may spatially facilitate Yki phosphorylation and inhibition
by upstream kinases Wts, Msn, or Hpo, or may restrict the mobilization of Yki, thereby providing a negative regulation of Yki. Change of
septate junction-Yki interaction by mechanical stretching or by tissue damage may allow Yki to become more active to increase Upd3

expression and cause a change of midgut homeostasis.

to regulate ISC proliferation (Figure 7E). Ssk and Mesh have
low but detectable expression in the cytoplasm of EBs,
while that in ECs is mainly in septate junctions but also
with some cytoplasmic localization. Multiple lines of evi-
dence suggest that the Ssk and Mesh expression in EBs is
of functional importance. First, the EB driver Su(H) > has
expression in fewer cells when compared with the MyolA
> driver but still can cause comparable Upd3 expression
and proliferation phenotypes. Second, mutant Ssk and
mesh MARCM clones have detectable upd3-promoter-LacZ
reporter expression in late EBs, and in addition to that in
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mature ECs. Third, the Su(H) > Ssk or mesh RNAi had very
minor Smurf and lethality phenotype, suggesting that the
EB RNAI effects do not linger into mature ECs, but yet
can cause strong proliferation phenotypes.

Recent reports have expanded the Hpo/Mst pathway to
include Msn and Hppy, as well as their mammalian homo-
logs MAP4K1-7 (Li et al., 2014, 2015; Meng et al., 2015;
Poon et al., 2018; Zheng et al., 2015). Many membrane-
associated proteins, such as cadherin-like protein FAT,
adherens junction protein a-catenin, and tight junction
protein Angiomotin are involved in the Hpo/Mst pathway



by regulating upstream components (Dai et al., 2013;
Fletcher et al., 2018; Han et al., 2018; Mana-Capelli et al.,
2014; Mana-Capelli and McCollum, 2018; Meng et al.,
2018; Su et al.,, 2017; Yu and Pan, 2018; Zhao et al.,
2011). Our results here suggest that smooth septate junc-
tions may act as a signaling platform by directly binding
to Yki. That previous protein interaction screens conducted
in S2 cells had not identified the Yki complex with Ssk or
Mesh (Kwon et al., 2013; Yu and Pan, 2018) may be because
Ssk and Mesh are expressed much more highly in the gut
than in other tissues.

Another smooth septate junction component Tsp2A reg-
ulates midgut homeostasis through the aPKC-Hpo
pathway, possibly involving endosomal trafficking (Xu
et al.,, 2019). We also observed that Ssk and Mesh had
detectable expression in cytoplasmic punctae (see Figures
3 and 5). However, Tsp2A can act in the whole ISC-EB-EC
lineage (Xu et al., 2019), while we did not observe a func-
tion of Ssk and Mesh in early EBs. Therefore, it is possible
that Mesh, Ssk, and Tsp2A can form a complex and are
components of the smooth septate junction but each
may also have independent functions.

Disruption of paracellular junctions in adult midgut
leads to epithelial disorganization along the digestive
track (Resnik-Docampo et al., 2018). Loss of tricellular
junction protein Gliotactin leads to activation of the
JNK pathway in ECs to stimulate ISC proliferation (Re-
snik-Docampo et al., 2017). Prolonged RNAi of Ssk and
mesh, especially in ECs, leads to leaky gut and lethality,
consistent with loss of septate junction integrity. The
depletion of Yki alone after longer RNAi of Ssk or mesh
in ECs, however, is not sufficient to suppress all the phe-
notypes, suggesting that such stress may stimulate multi-
ple downstream response pathways. Regarding Yki target
genes, upd3 is the best-characterized target in the midgut.
The other well-known targets from imaginal discs,
including DIAP1 and Bantam, are not good targets for
Yki in the adult midgut. Meanwhile, one report (Kwon
et al.,, 2015) shows that ImpL2 expression is highly
increased in response to over-activated Yki in the midgut,
and regulates tissue metabolism. The physiological stimu-
lation of ImpL2 by YKki is still unclear. We have also as-
sayed for ImpL2 in the midgut after Ssk or mesh RNA],
but did not observe an increased expression of ImpL2 (Fig-
ures S6C and S6D). We speculate that ImpL2 may be a
direct or indirect target related to metabolic phenotype
induced by cancer-promoting genes, and therefore may
not be regulated by the septate junction proteins Ssk or
Mesh. Gut leakage may drive inflammation and trigger
systematic immune response contributed by hemocytes,
which in turn trigger ISC division indirectly (Chakrabarti
et al.,, 2016). Further investigation will provide a more
complete picture of how different pathways are involved.

EXPERIMENTAL PROCEDURES

Drosophila Stocks and Genetics

Strains used in this report and detailed experimental conditions are
listed in Supplemental Information. For RNAi experiments, the
final cross and progeny were maintained at room temperature
and shifted to 29°C for 2-5 days for MyolAGal4 and Su(H)Gal4
as specified in the figures. All Gal4-driven UAS-RNAi experiments
also included the UAS-GFP as control and as marker for the cells
that received the transgenes. The Ssk and mesh mutant and knockin
tag alleles were generated by CRISPR/Cas9-mediated genome edit-
ing by non-homologous end-joining, or by homology-dependent
repair. The mutant and knockin tag designs and injections were
conducted by WellGenetics (Taipei, Taiwan). Mutant clones in
adult midgut were generated by mitotic recombination using
MARCM (Lee and Luo, 2001). Smurf assay was carried out using
standard fly medium mixed with blue dye (FD&C Blue No. 1, SPS
Alfachem) at a concentration of 2.5% (wt/vol) (Salazar et al., 2018).

Gut Dissection for Staining, RNA Isolation, and
Protein Isolation

Female flies were used for gut dissection due to the bigger size.
Adult flies aged for 5-7 days were used for RNAi induction or other
manipulation before gut dissection. The entire gastrointestinal
tracks were pulled out and fixed with 1x PBS plus 4% formalde-
hyde for staining, or in PBS without fixation for RNA and protein
isolation. The buffers, antibodies, and reagents used, and immuno-
staining and fluorescent microscopy, are as published previously
(Amcheslavsky et al., 2009; Li et al., 2014, 2018) and listed in Sup-
plemental Information. For SYTOX cell death staining (Akagi et al.,
2018), dissected guts were incubated with SYTOX Orange nucleic
acid stain (Invitrogen, 1 pM) and Hoechst 33,342 (Invitrogen,
10 pg/mL) in pre-cold 1x PBS for 10 min at room temperature.
Samples were quickly rinsed with 1x PBS twice, then mounted
with 1x PBS and immediately analyzed using a Nikon Spinning
Disk confocal microscope.

Molecular and Cellular Biology Assays

Transfection of S2 cells, Phos-tag gels, and western blot assays were
as described previously (Li et al., 2014, 2018). qPCR conditions and
primers are listed in Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2020.03.021.
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