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SUMMARY

Balanced stem cell self-renewal and differentiation is essential for maintaining tissue homeostasis, but the
underlying mechanisms are poorly understood. Here, we identified the transcription factor SRY-related
HMG-box (Sox) 100B, which is orthologous to mammalian Sox8/9/10, as a common target and central medi-
ator of the EGFR/Ras and JAK/STAT signaling pathways that coordinates intestinal stem cell (ISC) prolifer-
ation and differentiation during both normal epithelial homeostasis and stress-induced intestinal repair in
Drosophila. The two stress-responsive pathways directly regulate Sox100B transcription via two separate
enhancers. Interestingly, an appropriate level of Sox100B is critical for its function, as its depletion inhibits
ISC proliferation via cell cycle arrest, while its overexpression also inhibits ISC proliferation by directly sup-
pressing EGFR expression and additionally promotes ISC differentiation by activating a differentiation-pro-
moting regulatory circuitry composed of Sox100B, Sox21a, and Pdm1. Thus, our study reveals a Sox family
transcription factor that functions as a stress-responsive signaling nexus that ultimately controls tissue

homeostasis and regeneration.

INTRODUCTION

Homeostatic renewal of many adult tissues requires balanced
stem cell proliferation and differentiation, a process that is
commonly compromised in cancer and in tissue degenerative
diseases. The intestinal epithelium in adult Drosophila midgut
provides a genetically tractable system for understanding the
underlying mechanisms of tissue homeostasis and regeneration
driven by resident stem cells (Biteau et al., 2011; Jiang and
Edgar, 2011). The intestinal stem cells (ISCs) of the Drosophila
midgut normally divide to renew themselves and give rise to
two different types of progenitor cells that respectively differen-
tiate into enterocyte cells (ECs) and enteroendocrine cells (EEs)
(Figure 1A; Chen et al., 2018; Micchelli and Perrimon, 2006; Ohl-
stein and Spradling, 2006, 2007). Normally, ISCs divide occa-
sionally and thereby maintain the ongoing renewal of the epithe-
lium, a slow process that takes approximately 2-4 weeks.
However, upon damage or infection, ISCs are able to rapidly
divide to facilitate accelerated epithelial repair in as fast as two
days (Amcheslavsky et al., 2009; Buchon et al., 2009b; Chen
et al., 2016; Jiang et al., 2009).

Extensive studies have implicated the JAK/STAT and the
EGFR/Ras/mitogen-activated protein kinase (MAPK) as the
two major signaling pathways that regulate ISC proliferation

Gheck for
Updates

and differentiation during both normal epithelial homeostasis
and stress-induced intestinal repair (Beebe et al., 2010; Biteau
and Jasper, 2011; Buchon et al., 2009a, 2010; Jiang et al.,
2009, 2011; Jin et al., 2015; Liang et al., 2017; Lin et al., 2010;
Xu et al., 2011). The EGFR signaling is considered to play a pre-
dominant role in the regulation of ISC proliferation because it is
required for the JAK/STAT signaling activation-induced ISC pro-
liferation, whereas the JAK/STAT signaling is not essential for
EGFR/Ras signaling activation-induced ISC proliferation (Cor-
dero et al., 2012a; Jiang et al., 2011). The EGFR signaling
is also important for remodeling of the differentiated cells,
including the exclusion of damaged/aged ECs and incorporation
of new cells (Buchon et al., 2010). The JAK/STAT pathway is also
essential for ISC differentiation. ISCs with compromised JAK/
STAT activity generate progenitor cells that are incapable of
further differentiation (Beebe et al., 2010; Jiang et al., 2009; Lin
et al., 2010). Despite the importance of the two signaling path-
ways in controlling intestinal homeostasis, their downstream tar-
gets—which integrate pathway activities to coordinate ISC pro-
liferation and differentiation—remain elusive.

Sox (SRY-related HMG-box) family transcription factors (TFs)
are known to have diverse roles in cell-fate specification and differ-
entiation in multicellular organisms (Kamachi and Kondoh, 2013;
Sarkar and Hochedlinger, 2013). In mouse-small intestine, Sox9,
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a SoxE subfamily member, is expressed in ISCs to regulate ISC
proliferation and differentiation, but whether it acts as an onco-
gene or a tumor suppressor is still in debate (Bastide et al,,
2007; Mori-Akiyama et al., 2007; Prévostel and Blache, 2017). In
Drosophila midgut, Sox21a, a SoxB2 subfamily member, is specif-
ically expressed in ISCs and transient progenitor cells, and is
essential for progenitor cell differentiation into mature cells
(Chen et al., 2016; Zhai et al., 2015, 2017). Here we identified
Sox100B, the Drosophila ortholog of Sox9, as a common down-
stream gene target for both the JAK/STAT and the EGFR signaling
in regulating ISC proliferation and differentiation. We also revealed
that an appropriate level of Sox100B is critical for its function in
regulating ISC proliferation, in that it may allow it to serve as an
important mediator for a balanced process of ISC proliferation
and differentiation, thereby maintaining intestinal homeostasis.

RESULTS

Sox100B Is a Stress-Responsive Transcription Factor
Expressed in Intestinal Progenitor Cells

Previous gene expression analyses have indicated stem/pro-
genitor cell-specific expression of Sox100B in the Drosophila
midgut (Amcheslavsky et al., 2014; Doupé et al., 2018; Dutta
et al., 2015). We generated a polyclonal antibody against
Sox100B, and immunostaining with this antibody revealed
weak but discernible Sox100B expression in DI* ISCs, and enter-
oblasts (EBs), the committed progenitor cells that are marked by
the Notch activation reporter NRE-Gal4, UAS-GFP (NRE>GFP
for short; Figure S1A). A similar expression pattern was found
with a GFP-tagged Sox100B bacterial artificial chromosome/
clone (BAC) transgene (Kudron et al., 2018; Figure S1B).

We found a strongly increased Sox100B expression pattern in
some randomly occurred regions that displayed abnormal cell
clusters (Figure S1C), indicating that Sox100B expression may
be stress-responsive. Interestingly, expression of Sox100B
was upregulated in progenitor cells after a continuous 48-h
dextran sulfate sodium (DSS) treatment (Amcheslavsky et al.,
2009), when intensive ISC proliferation was occurring (Figures
1B-1G and S1D-S1G). After 24 h of recovery time, when massive
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cell differentiation was occurring, Sox100B showed sustained
high expression level in the differentiating ECs (Figures 1D-1G
and S1D-S1G). Its expression returned to normal level at day 4
after DSS treatment (Figures 1E-1G). We also examined
Sox100B expression during regeneration induced by feeding
flies with Pseudomonas entomophilia (P.e.), a bacterial species
that is highly pathogenic to Drosophila (Jiang et al., 2009; Vodo-
var et al., 2005). We observed a similar dynamic expression
pattern of Sox100B during the process: its expression was
dramatically upregulated during the infection and early recovery
phases and returned to normal at day 4 after the infection was
stopped (Figures STH-S1L). These results indicate a potential
role for Sox100B in intestinal regeneration in response to diverse
types of stresses.

Sox100B Is Required for ISC Proliferation and Intestinal
Regeneration

Using the CRISPR-Cas9 system, we generated a Sox100B mu-
tation strain Sox700B%"", with a large deletion on the Sox7100B
coding region. Immunostaining with anti-Sox100B antibody
showed absence of any signal in the midgut of the homozygous
mutant flies (Figures S1M and S1N), indicating that Sox70089"!
is a genetic null allele of Sox700B.

Using an ISC- and EB-specific driver (Escargot [Esg]-Gal4,
UAS-GFP, abbreviated as “esg>GFP”) as a reporter for progenitor
cells (Micchelli and Perrimon, 2006), we found that Sox7100B%'"/
Sox100B%""  homozygous gut showed an age-dependent
decline of progenitor cells (Figure 1l). In addition, DI became barely
visible (Figures 1J and 1K), indicating that Sox100B is required
for long-term maintenance of ISCs. Staining with cleaved Dcp-1,
an apoptosis marker, revealed that there was no significant in-
crease in the incidence of apoptosis in the mutant progenitor
cells (Figures S3A-S3C), suggesting that the loss of ISC is not
caused by cell death. Phospho-Histone 3 (PH3) quantification re-
vealed reduced homeostatic proliferation in both Sox7008%¢"/
Sox100B%" guts and in Sox100B-RNAi guts (esg'>Sox100B-
RNAi and DI**>Sox100B-RNAI), as well as impaired regenerative
proliferation in response to DSS treatment or P.e. infection (Figures
1L-1N, S10-S1R, and S2A-S2D). As reduced cell proliferation

Figure 1. Sox100B Is Required for ISC Proliferation in Both Normal and Stress Conditions

(A) Schematic diagram of the ISC lineage and intestinal epithelium in Drosophila.

(B-E) Midguts stained with anti-Sox100B antibody (red) in flies fed with sucrose (B and B’) or DSS (C and C’) for two days, then after recovery for one day (D and
D’), and after recovery for four days (E and E’). Separated color channels for the insets (D and D’) were enlarged and displayed on the right, showing the Sox100B
expression in pre-mature EBs.

(F) Quantitative real-time PCR results of Sox100B mRNA levels in midguts of flies following sucrose, DSS for two days, recovery for one day, and recovery for four
days. Three independent replicates were carried out for each sample.

(G) Quantitative analysis of fluorescence intensity for anti-Sox100B staining in progenitor cells in the midgut treated with sucrose, DSS for two days, recovery for
one day, and recovery for four days.

(H) A diagram describing the molecular lesion of the Sox700B mutant allele, Sox7008%"".

() Quantification for the percentage of Esg* progenitor cells in the midgut (every 3 x 10* um?) of flies five days or 10 days after eclosion.

(J and K) Midguts of esg'*>GFP (J and J') and esg'*>GFP; Sox100B%/""#!" (K and K') flies stained with DAPI (blue) and anti-DI (red) antibody 10 days after eclosion.
(Land M) Midguts stained with DAPI (blue) and anti-Phospho histone 3 (PH3, red) in esg'*>GFP (L) or esg'*>Sox100B-RNAi (M) flies that were treated with DSS for
two days.

(N) Mitotic index analysis via quantification of PH3* cells in midgut of flies. Wild-type (WT), Sox100B%/"/#!" | asg'>Sox100B-RNAI-1, and esg'®>Sox100B-RNAi-2
flies treated for two days of sucrose or DSS were collected for analysis.

(0-Q) Midguts of the following genotypes of flies stained with DAPI (blue) and anti-PH3(red): esg™>N-IR (O) and esg'*>N-IR;Sox100B-IR (P) flies. Mitotic index
analysis via quantification of PH3* cells (Q). Flies were shifted to restrictive temperature for seven days before analysis.

nis as indicated. Significance was measured with unpaired two-tailed t tests. Mean + SEM. "*p > 0.05; *p < 0.05; **p < 0.01; ****p < 0.0001. Scale bars, 50 um in
(L), (M), (O), and (P), and 20 um in others. See also Figures S1, S2, and S3.
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phenotype in gut could be secondary to ISC loss, we examined the
effect of Sox100B depletion on the development of Notch mutant
ISC-like tumors (Micchelli and Perrimon, 2006; Ohlstein and Spra-
dling, 2006). Depletion of Sox100B in esg>GFP* cells dramatically
suppressed the tumor development, and the density and distribu-
tion of esg>GFP* cells became largely comparable to the wild-
type midgut (Figures 10-1Q). These observations demonstrate
that Sox100B is required for ISC proliferation and long-term main-
tenance under both normal and stress conditions.

As Sox100B-depleted ISCs seem to enter a quiescent state,
we also used the FLY-FUCCI system (Zielke et al., 2014) to
examine the cell cycle status of Sox100B-depleted ISCs. Inter-
estingly, compared to normal ISCs, the mutant ISCs showed sig-
nificant increase in S-phased cells. This observation indicates
that the reduced cell proliferation of Sox100B-depleted ISCs
may be due to a delay in S phase or S to G2 transition (Figures
S2E and S2F).

Sox100B Is Required for Progenitor Cell Differentiation
We observed that all Sox700B“®' homozygous clones generated
by the MARCM system showed significantly smaller clone size
compared to wild-type clones (Figures 2A, 2B, and 2D). Knock-
ing down Sox100B by RNAI in clones produced largely similar
phenotypes, except that the RNAI clones could grow slightly
larger than Sox700B null clones, possibly due to incomplete
depletion of Sox100B (Figures 2C and 2D). Overexpression of
a potent apoptosis inhibitor p35 failed to rescue the reduced-
clone-size phenotype, further suggesting that the defect is not
caused by cell death (Figures S3E-S3I).

Staining with various cell markers, including DI (Figures 2A-2E),
Pros (the EE marker) (Figures 2F-2l), and Pdm1 (the EC marker)
(Figures 2J-2M) revealed that the mutant or RNAi cells were nega-
tive for all of these cell markers. As most of these mutant cells re-
mained as diploid cells, they are probably arrested at an EB-like
cell stage. Indeed, by using Flp/out system, we found an increase
in NRE-lacZ" cells in Sox100B-depleted clones (Figures 2N-2P).
Normally, ISCs and EBs exhibit in pairs with one ISC and one EB
juxtaposed with each other, and this pattern is quickly changed to
ISC-like (DI*/DI*) pairs following damage, likely due to increased
ISC proliferation/self-renewal (Zhai et al., 2017). We found that
this DI*/DI* pair phenotype was blocked when Sox100B was
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depleted. Instead, most progenitor cells exhibited DI*/NRE-
lacZ* pairs or single DI* or NRE-lacZ* cells, indicating a sup-
pressed ISC proliferation and a precocious differentiation of ISC
to EB fate (Figures S3J-S3M). These results collectively suggest
that loss of Sox100B causes ISCs to be arrested in cell cycle pro-
gression and lose DI expression, and these mutant cells are un-
able to terminally differentiate but rather they are arrested at an
undifferentiated progenitor cell stage.

Sox100B Is Regulated in Parallel by JAK/STAT and EGFR
Signaling Pathways

We next sought to understand how Sox100B is regulated. After
screening through a number of signaling transduction pathways
that are known to be involved in ISC proliferation and/or differen-
tiation, including the JAK/STAT, EGFR/Ras/MAPK, as well as
JNK, Hippo, and Wnt/Wg signaling pathways (Biteau et al,,
2008; Biteau and Jasper, 2011; Buchon et al., 2009a, 2010; Jiang
et al., 2009, 2011; Karpowicz et al., 2010; Liang et al., 2017; Lin
et al., 2008, 2010; Ren et al., 2010; Shaw et al., 2010; Xu et al.,
2011), we identified the JAK/STAT and the EGFR/Ras/MAPK
signaling pathways as the ones whose transient alteration in their
activity caused robust change of Sox100B expression in progen-
itor cells.

We activated the JAK/STAT pathway by overexpression of
Hop (a Drosophila homolog of JAK) or by induction of ligand
Upd. The EGFR signaling pathway was activated by overexpres-
sion of EGFR™P#2 (active form of EGFR) or Ras""? (active form of
Ras). To minimize secondary effects caused by sustained activa-
tion of JAK/STAT or EGFR pathways, we treated flies for only
48 h before examination. Overactivation of either the JAK or
EGFR pathways in ISCs and EBs significantly upregulated
Sox100B expression (Figures 3A-3l and S4A-S4D). Overexpres-
sion of Dome®" (a dominant-negative form of Dome, the JAK/
STAT receptor) and/or RNAI silencing of EGFR to inactivation
of either of these two signaling pathways effectively downregu-
lates Sox100B expression (Figures 3A-3l). We additionally found
that activation of either of these two pathways with simultaneous
inhibition of the other was still able to upregulate Sox100B (Fig-
ures 3F-3l). Moreover, ectopic activation of the JAK or EGFR
pathway in EC cells driven by the Myo1A-Gal4 driver was suffi-
cient to induce expression of Sox100B in EC cells (Figures 3J

Figure 2. Sox100B Is Required for ISC Differentiation

Midgut carrying MARCM clones (GFP, green) examined seven days after clone induction. Dashed lines depict clone margins, and arrows indicate cells inside of

the clones.

(A-C) MARCM clones co-stained with DAPI (blue) and anti-DI (red). (A-A”) WT FRT82B clone, (B-B") Sox100B%'"/?¢!" FRT82B clone, and (C-C") Sox100B-RNAi

FRT82B clone.
(D) Quantification of the cell number per clone.
(E) Quantification of the proportion of DI* cells per clone.

(F-H) MARCM clones co-stained with DAPI (blue) and anti-Pros (red). (F-F”) WT FRT82B clone, (G-G”) Sox100B%'"/?¢!" FRT82B clone, and (H-H") Sox100B-

RNAI FRT82B clones.
(I) Quantification of the proportion of Pros™ cells per clone.

(J-L) MARCM clones co-stained with DAPI (blue) and anti-Pdm1 (red). (J-J”) WT FRT82B clone, (K-K”) Sox100B °'"/?¢!" FRT82B clones, and (L-L") Sox100B-

RNAi FRT82B clones.
(M) Quantification of the proportion of polyploid cells per clone.

(N and O) Flp/out clones co-stained with DAPI (blue) and anti-lacZ (white). (N-N") WT clone and (O-0") Sox100B-RNAi; NRE-lacZ clone.

(P) Quantification of the proportion of NRE-lacZ* cells per clone.

nis as indicated. Significance was measured with unpaired two-tailed t tests. Mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. Scale bars, 20 um for

(N) and (O), and 10 um for others. See also Figures S2 and S3.
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and 3K), indicating an autonomous regulatory mechanism.
Furthermore, the upregulated expression of Sox100B induced
by DSS stress was significantly suppressed following either
EGFR or JAK pathway inhibition (Figures S4E-S4G). Collectively,
these results indicate that these two signaling pathways function
in parallel to positively regulate Sox100B expression.

A further point to consider is how these two signaling path-
ways regulate Sox100B. Interestingly, the Capicua (Cic) DamID
profile from a previous study indicates several Cic-binding sites
in the promoter region (termed here as the “E1” region) of
Sox100B (Figure 3L; Jin et al., 2015). Cic is known to act down-
stream of EGFR/Ras/MAPK to regulate ISC proliferation, and is
phosphorylated by MAPK. Phosphorylation of Cic causes its nu-
cleus-to-cytoplasm translocation and consequently the depres-
sion of Cic target genes (Jin et al., 2015). We generated a lacZ-
reporter line driven by this E1 region, named as Sox100B-lacZt,
which showed a weak but progenitor-specific expression
pattern that is similar to Sox100B (Figures 3L and 3M). We found
that cic negatively regulated Sox100B expression in intestinal
progenitor cells (Figures S4H-S4L). In addition, the Sox700B-
lacZE" reporter was responsive to EGFR signaling activity: acti-
vation of EGFR in ISCs promoted its expression, whereas inhibi-
tion of EGFR suppressed its expression (Figures 3M and 3N).

Further analysis on the regulatory regions of Sox100B revealed
three putative STAT-binding sites (TTCNz,4,GAA, named as 4n1,
3n, and 4n2, respectively) within the first intron (termed here as
the “E2” region) of Sox100B (Figure 3L). The resultant Sox7100B-
lacZE2 reporter driven by the E2 region also showed a similar pro-
genitor-cell-specific expression pattern (Figure 30). Importantly,
overexpression of Hop in progenitor cells dramatically upregulated
Sox100B-lacZF2 expression, while overexpression of DomePN
downregulated Sox100B-lacZ2 expression (Figures 30 and 3P).
In contrast, neither the increased nor the decreased EGFR
pathway activity caused any obvious effect on Sox100B-lacZ?
expression level (Figures 30 and 3P), showing that the E2
enhancer region is specifically responsive to JAK/STAT. Further
mutational analysis revealed that a double mutation of 4n1 and
4n2 sites, but not either one alone, completely eliminated progen-
itor cell expression of lacZ, and this occurred both in normal
midgut- and under DSS-induced stress conditions (Figures 3Q,
3R, and S4M-S4Q), suggesting that JAK/STAT signaling directly
targets Sox100B via these two 4n sites in the E2 enhancer region.
Collectively, these data suggest that both EGFR/Ras/Cic and JAK/
STAT signaling pathways directly regulate Sox100B expression
via the E1 and E2 enhancer regions, respectively (Figure 3S).

Sox100B Is Required for JAK/STAT and EGFR Signaling
Activation-Induced ISC Proliferation
We next performed epistatic analyses to determine whether
Sox100B mediates the JAK/STAT and EGFR signaling pathways
to regulate ISC proliferation. Knockdown of Sox100B effectively
suppressed the accumulation of esg* cells induced by overex-
pression of Upd or EGFR™P42 (Figures 4A-4F). Mitotic index
analysis confirmed that knockdown of Sox100B significantly
suppressed the JAK/STAT- and EGFR-activated ISC prolifera-
tion (Figure 4G).

Consistent with the requirement for JAK/STAT pathway in pro-
genitor cell differentiation, inactivation of the JAK/STAT signaling
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pathway by overexpression of DomePN generated cell clusters
containing differentiation-defective progenitor cells in the midgut
epithelium (Figures 4H and 4K). Interestingly, co-overexpression
of Sox100B with DomePN not only effectively suppressed this
undifferentiated cell cluster phenotype, but also allowed many
cells to differentiate into Pdm1* ECs (Figures 41-4M). Taken
together, these observations suggest that Sox100B functions
downstream of the JAK/STAT and EGFR signaling pathways to
regulate both ISC proliferation and differentiation. Given its func-
tional importance, Sox100B is likely a key downstream mediator
of these two pathways in controlling ISC proliferation and
differentiation.

Overexpression of Sox100B Inhibits ISC Proliferation via
a Feedback Mechanism

Considering that loss of Sox100B causes ISC quiescence, we
next asked whether overexpression of Sox100B is sufficient to
induce ISC proliferation. Unexpectedly, overexpression of a
UAS-Sox100B transgene using the esg's-Gal4 or DI'*-Gal4 driver
did not give rise to any obvious phenotype, except that the
mitotic index of the intestine was slightly lower to the wild-type
control (Figures 5A, S2C, and S2D). Surprisingly, overexpression
of Sox100B almost completely blocked the proliferation
response following DSS treatment or P.e. infection (Figures
5A-5C and S10-S1R). Sox100B overexpression also strongly
suppressed Notch-depletion-induced intestinal-tumor formation
(Figures S2G-S2lI). Moreover, the Sox100B-overexpressed
MARCM clones showed significantly smaller sizes, with only
approximately two cells on average per clone compared to eight
cells per wild-type clone (Figures 5D-5G), and this reduced clone
size is not caused by increased cell death (Figures S3D and
S3G). Therefore, overexpression of Sox100B, and likewise
depletion of Sox100B, both resulted in suppression of ISC prolif-
eration. Interestingly, as revealed by Fly-FUCCI, overexpression
of Sox100B caused significant increase in cells in the G1 phase
(Figures S2E and S2F), indicating a cell cycle arrest in the G1
phase, which is in contrast to an arrest in the S phase caused
by Sox100B depletion. Therefore, the mechanisms for the
reduced ISC proliferation caused by Sox100B overexpression
and Sox100B depletion might be different.

As overexpression of Sox100B, and likewise depletion of
Sox100B, both resulted in suppression of ISC proliferation, a
“just-right” expression level of Sox100B is required for proper in-
testinal homeostasis and regeneration. To test this “just-right” hy-
pothesis, we managed to induce different levels of Sox100B
expression in ISCs by culturing flies with the Gal4'S-UAS expres-
sion system at different temperatures (18°C, 22°C, 25°C, and
29°C). Interestingly, the highest mitotic indexes were found in
growing flies at 22°C, and the second highest at 25°C, while flies
cultured at 18°C or 29°C both showed minimal mitotic activity
(Figure 5H). In addition, in contrast to the dampened ISC prolifer-
ation effect caused by either UAS-Sox100B or UAS-Sox100B-
RNAi expression, the mixed expression of UAS-Sox100B and
UAS-Sox100B-RNAi, which presumably produces intermediate
levels of Sox100B expression, induced significant ISC overprolif-
eration (Figure S2J). Collectively, these data strongly support a
“dosage effect” of Sox100B: an appropriate level of Sox100B is
critical for ISC proliferation.
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Figure 3. Sox100B Is Regulated in Parallel by
JAK/STAT and EGFR Signaling Pathways
(A-G) Midguts expression of GFP (green) co-
stained with DAPI (blue) and anti-Sox100B (red) in
the following genotypes of flies driven by esg-Gal4'
for two days: WT (A and A’), UAS-upd (B and B’),
UAS-domePN (C and C'), UAS-Ras"’? (D and D),
UAS-EGFR-RNAi (E and FE'), UAS-upd;UAS-
EGFR"NA (F and F'), and UAS-dome®N;UAS-Ras""?
(G and G').

(H) Relative fluorescence intensity analysis for anti-
Sox100B staining of genotypes of flies as indicated
in esg™>GFP* cells.

() Quantitative real-time PCR results of Sox100B
mRNA levels of genotypes as indicated. Three in-
dependent replicates were carried out for each
sample.

(J and K) Midguts expression of GFP (green),
stained with DAPI (blue), and anti-Sox100B (red) in
the following genotypes of flies driven by Myo1A-
Gal4's for two days: WT, UAS-upd, and UAS-
EGFR™P (J). Relative fluorescence intensity analysis
for anti-Sox100B staining in Myo1A>GFP* cells (K).
(L) Identification of two enhancer regions (E1 and
E2) of Sox100B via genomic mapping. E1 shows
binding activities by Cic via DamID analysis, E2
contains conserved predicted STAT-binding sites.
(M and N) GFP expression in midguts of the following
genotypes of flies combined with Sox7100B-lacZt’
driven by esg’-Gal4 and co-stained with anti-lacZ
(white): WT, UAS-EGFR'®, and UAS-EGFR°V.
Separated color channels for the insets were
enlarged and displayed on the right side (M). Quan-
tification of relative anti-lacZ fluorescence intensity in
esg’>GFP* cells (N).

(O and P) GFP expression in midguts of the following
genotypes of flies combined with Sox7100B-lacZ?
driven by esg™-Gal4 and co-stained with anti-
lacZ (white): WT, UAS-hop, UAS-Dome®", UAS-
EGFR™P, and UAS-EGFRPN. Separated color chan-
nels for the insets were enlarged and displayed on
the right side (O). Quantification of relative lacZ
fluorescence intensity in esg*>GFP* cells (P).

(Q and R) Midguts stained by anti-lacZ (white) in
Sox100B-lacZ F#*"", Sox100B-lacZ 43", Sox100B-
lacZ £2*"2, Sox100B-lacZ ¥%*""*"2, and transgenic
flies. lacZ-channels for the insets were enlarged and
displayed on the bottom right (Q). Quantification of
relative lacZ fluorescence intensity in esg™>GFP*
cells (R). Note that the lacZ signal disappeared in
Sox100B-lacZ ¥2-*""#" mutation flies.

(S) A diagram showing the regulatory nexus of in-
testinal stress, the JAK/STAT and EGFR signaling
pathways, and Sox100B.

Flies were shifted to restrictive temperature for two
days before analysis. n is as indicated. Significance
was measured with unpaired two-tailed t tests.
Mean + SEM. ns, p > 0.05; **p < 0.01; **p <
0.0001. Scale bars, 20 um. See also Figure S4.
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Figure 4. Sox100B Is Required for JAK/STAT- and EGFR
Signaling-Activation-Induced ISC Proliferation

(A-F) Midguts of the following genotypes stained with DAPI (blue)
and DI (red): esg*>GFP (A and A'), esg'*>Sox100B-RNAi (B and
B'), esg*>upd (C and C'), esg™>upd;Sox100B-RNAi (D and D'),
esg®>EGFR™P*2 (E and E'), and esg'*>EGFR™*2;Sox100B-RNAi
(F and F).

(G) Mitotic index analysis quantification of PH3* cells for midguts
of the following genotypes: esg™>GFP, esg’>Sox100B-RNAI,
esg™>upd, esg™>upd;Sox100B-RNAI, esg>EGFR'P, and esg'
>EGFR';Sox100B-RNAI.

(H-J) Midguts of the following genotypes stained with DAPI (blue),
DI (red): esg™>dome®" (H and H'), esg’>Dome®";Sox100B-OE
(I'and I'). Mitotic index analysis via quantification of PH3* cells for
midguts of flies as indicated (J).

(K and L) Flp-out clones (marked by GFP, green) with Dome®" (K
and K’) and Dome®M:Sox100B-OE (L and L’) overexpression
stained with DAPI (blue), anti-DI (white on membrane), anti-Pros
(white in nuclear), anti-Pdm1 (red). Dashed lines depict the clone
margin.

(M) Quantification of the percentage of polyploid cells per clone in
DomePN or DomeDN;Sox100B-OE clones.

Flies were analyzed seven days after being shifted to restrictive
temperature or seven days after clone induction. n is as indicated.
Significance was measured with unpaired two-tailed t tests. Mean
+ SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. Scale
bars, 20 um for (K) and (L), and 50 um for others.
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Figure 5. Overexpression of Sox100B Inhibits ISC Proliferation

(A) Mitotic index analysis via quantification of PH3* cells. Midguts after a two-day sucrose treatment or a two-day DSS treatment were measured.
(B and C) Midguts of the following genotypes of flies stained with DAPI (blue) and anti-PH3 (red): esg**>GFP (B) and esg'*>Sox100B (C). Flies were treated with

DSS for two days before analysis.

D and E) MARCM clonal analysis for cell fate changes of ISCs. Analysis was carried out after seven days of clone induction. GFP* clones co-stained with DAPI
blue) and anti-DI (red on membrane). (D-D”) A WT FRT82B clone. (E-E”) A Sox100B-overexpressing FRT82B clone. Dashed lines depict clone margins.

(

(

(F) Quantification of the cell number per clone.

(G) Quantification of the proportion of DI* cells per clone.
H

) Mitotic index analysis of WT and Sox100B-overexpressed guts driven by temperature titration of esg-Gal4's. Adult female flies were cultured with the same

conditions, except for different temperatures: 18°C, 22°C, 25°C, and 29°C.

n is as indicated. Significance was measured with unpaired two-tailed t tests. Mean + SEM. "*p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale
bars, 50 um in (B) and (C), and 20 um in (D) and (E). See also Figures S1, S2, and S3.

We sought to further explore the mechanisms underlying this
unusual effect of Sox100B function. We performed comparative
gene expression analysis by RNA sequencing (RNA-seq) of wild-
type, Sox100B-depleted, and Sox100B-overexpressed intesti-
nal progenitor cells and assessed the potential genomic binding
sites of Sox100B using iDam-ID technology (Figures 6A, 6B,
S5A, and S5B; Tables S1 and S2; Gutierrez-Triana et al.,
2016). Both Sox100B depletion and overexpression caused
transcriptional alternations of many genes that are involved in
the regulation of cell proliferation, and many of these genes are
also identified as Sox100B-iDamID targets (highlighted in bold
in Figures S5C and S5D; Tables S1 and S2). Following

Sox100B depletion, some positive regulators of cell proliferation
are among the significantly downregulated genes, while some
negative regulators of cell cycle are among the significantly up-
regulated genes. A series of Notch-target genes including
E(spl)mbeta-HLH, E(spl)m3-HLH, and E(spl)m7-HLH, were also
upregulated upon Sox100B depletion, and our recent study
shows that E(spl)-C genes that are expressed in ISCs negatively
regulate ISC proliferation (Figures 6A and S5C; Guo et al., 2019).

Following Sox100B overexpression, several cell-cycle/DNA-
replication/cell-proliferation-related genes were significantly
downregulated (Figure S5D). Interestingly, EGFR was also signifi-
cantly downregulated (Figure 6A; S5D). Overexpression of
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Figure 6. High Level of Sox100B Inhibits ISC Proliferation via a Negative Feedback Mechanism Targeting EGFR

(A) A scatterplot shows the comparison of gene expression profiles of esg'>GFP* cells in WT and Sox100B-overexpressing midguts. Red dots depict genes with
known function on cell proliferation and/or differentiation with 2-fold and higher changes, including decreased genes (left) and increased genes (right). Both WT
and Sox100B overexpression datasets have three biological replicates.

(B) A Venn diagram showed the overlap between genes with significant binding activities (two-fold, p < 0.05) of Sox100B via iDam-ID analysis (left) and genes
altered (two-fold up-/downregulated, p < 0.05) upon Sox100B overexpression in progenitor cells via RNA-seq analysis (right).

(C) iDam-ID analysis for Sox100B in progenitor cells revealed binding activities for Sox100B at the genome region of Egfr.

(D-F) Midguts of the following genotypes of flies stained with anti-EGFR (red in D and E; white in D’ and E'): esg®>GFP (D and D’) or esg™>Sox700B OE (E and E').
Quantitative analysis for fluorescence intensity of EGFR in esg™>GFP* cells (F). Separated color channels for the insets were enlarged and displayed on the
right side.

(G-1) Midguts of the following genotypes of flies stained with anti-phospho-ERK (pERK, white): esg’*>GFP (G and G') or esg™>Sox100B OE (H and H’). Quan-
titative analysis for fluorescence intensity of pERK in esg™>GFP* cells (l). Separated color channels for the insets were enlarged and displayed on the right side.
(J and K) Midguts treated with DSS for two days and stained with anti-PH3 (red) in esg™>Egfr (J), esg™>Sox100B;Egfr (K) female flies.

(L) Mitotic index analysis via quantification of PH3* cells in midguts of the following genotypes: esg™*>GFP, esg'>Sox100B-1, esg™*>Egfr, esg™>Sox100B;Egfr.
(M) A diagram showing the negative feedback regulation of Sox100B.

Flies (D-L) were treated with DSS for two days before measurements. n is as indicated. Significance was measured with unpaired two-tailed t tests. Mean + SEM.
"Sp > 0.05; ***p < 0.0001. Scale bars, 50 um in (J) and (K), and 20 um in others. See also Figure S5 and Tables S1 and S2.
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Sox100B also induced expression of a differentiation-related
gene Sox271a (details will be described later in this article).
Notably, genes that were significantly down-/upregulated
upon Sox100B depletion showed little alteration upon
Sox100B overexpression, and vice versa (Figures S5C and
S5D), indicating that different cellular levels of Sox100B result
in differential targeting of particular gene subsets, including
cell-cycle/cell-proliferation genes. Although the targeted genes
are distinct, too high or too low levels of Sox100B both result in
an overall negative impact on ISC proliferation. Only within a
given dosage-range of Sox100B expression can the proper
rate of ISC proliferation proceed, thus affecting a precise control
of intestinal regeneration.

One notable observation from the above RNA-seq and DamID
results is that EGFR itself is possibly a transcriptional target of
Sox100B: overexpression of Sox100B significantly downregu-
lated EGFR expression, and several Sox100B-DamID peaks
were found in the genomic region of the EGFR gene (Figure 6C).
Staining with anti-EGFR antibody indeed revealed that overex-
pression of Sox100B caused dramatic reduction of EGFR
expression in both normal and stressed conditions (Figures
6D-6F, S5E, and S5F), and not surprisingly, dramatic reduction
of phospho-ERK expression, a direct readout of EGFR/Ras/
MAPK signaling activity, in progenitor cells as well (Figures
6G-6l, S5E, and S5F). Importantly, overexpression of a UAS-
EGFR transgene effectively rescued the dampened ISC prolifer-
ation response to DSS treatment caused by Sox100B overex-
pression (Figures 6J-6L). However, depletion of Sox100B had
no obvious effect on EGFR level (Figure S5G), suggesting that
Sox100B is sufficient to suppress EGFR expression only when
it is at high levels. These data suggest that although a low level
of Sox100B sustained by EGFR/Ras/MAPK and JAK/STAT
signaling is important for ISC proliferation, increased Sox100B
levels in turn shut down EGFR/Ras/MAPK signaling via a nega-
tive feedback loop by suppressing the transcription of EGFR
(Figure 6M).

Sox100B Primes ISCs for Differentiation

We found that Pros* EEs and Pdm1* ECs were frequently found
in Sox100B-overexpressed-MARCM clones (Figures S6A-S6F),
suggesting that overexpression of Sox100B does not cause any
obvious abnormalities in terminal cell differentiation. However,
when Sox100B was overexpressed in EBs (with the NRE-
Gal4), we observed approximately 30% of EB cells have the
EC marker Pdm1 expressed, although normally Pdm1 is not ex-
pressed in NRE>GFP* cells (Figures S6G-S6l). Thus, it seems
that overexpression of Sox100B causes some EBs to undergo
precocious differentiation into ECs.

We speculate that genes that are involved in the differentiation
process might be expressed at a relatively low level in progenitor
cells but are upregulated to a high level upon differentiation. We
thus compared the cell-type-specific transcriptome of ISC, EC,
and EE in order to identify genes that are associated with cell dif-
ferentiation (Dutta et al., 2015). Comparison of ISC and EC tran-
scriptome allowed us to identify 169 EC-enriched genes. As
these genes are also expressed at low levels in ISCs, we classify
this group of genes as “early-transcribed EC genes.” Likewise,
by comparing the transcriptome of ISC and EE, we identified

¢ CellP’ress

452 EE-enriched genes and classified this group as “early-tran-
scribed EE genes” (Table S3).

Interestingly, we found that a significant portion of early-tran-
scribed EC genes (77 out of 169) and a significant portion of
early-transcribed EE genes (142 out of 452) were genes signifi-
cantly downregulated when Sox100B was knocked down (Fig-
ure S6J). Comparatively, a relatively smaller portion of early-tran-
scribed EC or EE genes were upregulated upon Sox100B
overexpression (Figure S6K). Many of these early-transcribed
genes were also directly targeted by Sox100B (Figure S6L; Table
S2). We analyzed these early-transcribed EC/EE genes that are
sensitive to Sox100B perturbation by the Gene List Annotation
for Drosophila (GLAD; Hu et al., 2015). Genes classified as meta-
bolic, transporter, trans-membrane protein, cytoskeletal, recep-
tor, and glycoprotein were found in early-transcribed EC genes;
examples include genes encoding digestive enzymes (st/,
CG30283) and immune response factors (Tep2) that are linked
to EC-specific functions (Figure S6M). Genes classified as
secreted protein, GPCR, Mitochondrial, Trans-membrane pro-
tein, and lysosomal were found in early-transcribed EE genes;
these genes encode hormone peptides (TK, NPF, Dh31, and
Gbp5) and receptors of AstA, CCHal, as well as enzymes and
trans-membrane protein as amon, cac, and Sytbeta, that are
linked to EE-specific functions (Figure S6N).

These data suggest that a low level of Sox100B promotes the
expression of early-transcribed EC/EE genes in ISCs, thereby
facilitating ISC differentiation toward functional EC/EE. Deple-
tion of Sox100B caused a failure of differentiation-program acti-
vation, and consequently, an arrest in cell differentiation. In
contrast, overexpression of Sox100B produces a very mild dif-
ferentiation phenotype, as overexpression of Sox100B appears
to have weak or limited ability to activate early-transcribed
EC/EE genes, possibly because in this case Sox100B may
need other partners for its transcriptional activity, as partnership
with other transcription factors is a common feature of Sox family
genes for their transcriptional activity.

A Sox100B-Sox21a-Pdm1 Regulatory Circuitry

Promotes Progenitor Cell Differentiation

Previous studies have shown that Sox21a, another Sox family
transcription factor, is expressed in intestinal progenitor cells,
is upregulated upon differentiation, and is required for terminal
differentiation (Chen et al., 2016; Zhai et al., 2017, 2015). In addi-
tion, Sox21a bears a striking resemblance to Sox100B in its dy-
namic expression under stress conditions (Figure 1D). These
phenotypic similarities suggest potential functional and regulato-
ry relationships between these two transcription factors. Indeed,
our RNA-seq data showed that Sox21a was in the list of signifi-
cantly upregulated genes upon Sox100B overexpression (Fig-
ures 6A and S5D; Table S1). We found that ectopic expression
of Sox100B in EBs indeed dramatically increased the expression
of Sox21a in EBs (Figures 7A-7E). Conversely, knockdown of
Sox100B in EBs reduced Sox21a expression in EBs (Figures
7C-TE). Overexpression or knockdown of Sox100B in ISCs
caused similar up- or downregulation of Sox21a, respectively,
but the effect is not as striking as that in EBs (Figures S7A-
S7C). In addition, knockdown of Sox100B caused failed
Sox21a upregulation following DSS-induced intestinal damage
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(Figures 7F-7H). Furthermore, ectopic expression of Sox100B in
ECs induced ectopic Sox21a expression in ECs (Figures 71-7K).
Lastly, overexpression of Sox21a does not have any obvious ef-
fect on the expression of Sox100B (not shown). Collectively,
these results demonstrate that Sox100B acts upstream to regu-
late Sox21a expression, but not vice versa.

Interestingly, we found a significant Sox100B-DamID signal
peak in the Sox21a genomic region that spans about 4.5k bps
from the first to the second intron, and this region partially over-
laps with the known gut enhancer element (known as the “E1
element,” or GMR43EQ9 fragment) for Sox21a (Figure 7L). We
monitored the transcriptional activity of the Sox21a-E1-lacZ re-
porter and found that Sox100B overexpression in EBs effectively
promoted the expression of lacZ in EBs, whereas Sox100B
knockdown effectively diminished LacZ expression in EBs (Fig-
ures 7M-7P). These data suggest that Sox100B directly regu-
lates Sox21a expression in progenitor cells.

We found that overexpression of Sox21a in Sox100B-
depleted EBs restored the ability for EB to differentiate (Figures
7Q-7S and 7V), as some of these mutant EBs showed Pdm?1
expression. However, overexpression of Sox100B in Sox21a-
depleted EBs failed to induce cell differentiation (Figures
7T-7V). Therefore, Sox100B functions upstream of Sox21a to
promote EB differentiation.

Given that Sox100B and Sox21a are both transiently upregu-
lated in differentiating EBs and diminished in terminally differen-
tiated cells, we hypothesize that there might be a mechanism
that inactivates the expression of Sox100B and Sox21a in
mature ECs. In light of our earlier finding that Sox100B and
Sox21a both upregulate Pdm1, which induces EC differentiation
(Korzelius et al., 2014), we tested whether Pdm1 had a counter
effect on the expression of Sox100B and Sox21a. Transient
overexpression of Pdm1 in progenitor cells for 48 h rapidly
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shut down Sox100B and Sox21a expression in these cells (Fig-
ures 7W, 7X, and S7D-S7I). In addition, Depleting Pdm1 in the
differentiated ECs also caused weak appearance of Sox100B
expression in some ECs (Figures S7J-S7M). Therefore, it
appears that there is also a feedback mechanism in this
Sox100B/Sox21a-mediated differentiation process wherein the
accumulation of Pdm1, possibly along with other induced fac-
tors, can in turn inactivate the expression of Sox100B and
Sox21a (Figure 7Y). Conceivably, this feedback mechanism
could help to timely terminate the differentiation program and
finalize terminal cell differentiation.

DISCUSSION

Sox100B Coordinates Intestinal Homeostasis and
Regeneration Downstream of JAK/STAT and EGFR
Signaling Pathways

Although it has been well established that in the Drosophila
midgut, the stress-responsive JAK/STAT signaling and EGFR/
Ras/MAPK signaling are the two major signaling pathways that
regulate ISC proliferation and differentiation, the downstream
signaling targets that coordinate ISC proliferation and differenti-
ation for intestinal regeneration are still yet to be identified.
Sox100B identified in this study may represent such a key target.
First, the expression of Sox100B is regulated by both JAK/STAT-
and EGFR-signaling pathways. Normally Sox100B is expressed
specifically in ISCs and EBs, where JAK/STAT- and EGFR/Ras/
MAPK-pathway activities are high, and its expression is highly
dependent on the activity of JAK/STAT- and EGFR/Ras/
MAPK-signaling activities. Second, similar to the functions of
JAK/STAT and EGFR signaling, Sox100B is critically required
for both ISC proliferation and differentiation. The sustained
EGFR/Ras/MAPK activity in EBs is important for the initiation

Figure 7. A Sox100B-Sox21a-Pdm1 Regulatory Circuitry Drives Cell Differentiation

(A-C) Midguts expression of GFP (green) and co-stained with DAPI (blue), anti-Sox21a (red), anti-DI (white on membrane), and anti-Pros (white in nuclear) in the
following genotypes of flies: NRE®>GFP (A and A'), NRE*>Sox100B (B and B'), and NRE*>Sox100B-RNAI (C and C').

(D) Quantitative analysis for fluorescence intensity of anti-Sox21a staining in NRE*>GFP" cells in WT, NRE®>Sox1008, and NRE*>Sox100B-RNAi midguts.
(E) Quantitative real-time PCR results of Sox21a mRNA levels for WT, NRE™>Sox100B and NRE'>Sox100B-RNAi midguts. Three independent replicates were
carried out for each sample.

(F-H) GFP expression and co-stained with anti-Sox21a (red) in midguts of the following genotypes of flies: NRE*>GFP (F) and NRE®>Sox100B-RNAi (G).
Quantification of relative Sox21a fluorescence intensity in NRE>GFP+ cells (H). Flies were shifted to restrictive temperature and fed for DSS for two days, then to
recovery for one day before analysis.

(I-K) GFP expression and co-stained with anti-Sox21a (red) in midguts of the following genotypes: MyoTA®>GFP (l) and Myo1A®>Sox100B (J). Quantitative
analysis of relative Sox21a fluorescence intensity in Myo1A>GFP+ cells (K).

(L) iDam-ID analysis for Sox700B in progenitor cells revealed binding activities for Sox700B at the genome region (GMR43E09, E1 enhancer) of Sox21a.
(M-P) GFP expression and co-stained with anti-lacZ (red, GMR43E09-lacZ) in midguts of the following genotypes: NRE*>GFP (M), NRE*>Sox100B (N), and
NRE®™>Sox100B-RNAi (O). Quantification of relative lacZ fluorescence intensity in NRE*>GFP+ cells (P).

(Q-U) Midguts expression of GFP and co-stained with anti-Pdm1 (red) in NRE®>Sox21a (Q), NRE®>Sox100B-RNAi (R), NRE'>Sox100B-RNAi;Sox21a (S),
NRE®™>Sox21a-RNAi (T), and NRE'>Sox100B;Sox21a-RNAi (U) flies.

(V) Quantification about percentages of GFP*Pdm1*/GFP* cells per frame (every 3 x 10* um®) for genotypes as indicated.

(W and X) Quantitative real-time PCR results of Sox100B mRNA levels (W) and Sox21a mRNA levels (X) for WT and progenitor-specific Pdm1 overexpressed
midguts. Three independent replicates were carried out for each sample.

(Y) A schematic model: Sox100B as a homeostatic sensor and coordinator in intestinal homeostasis and regeneration in Drosophila. ISC activity is responsive to
epithelial damage via stress-responsive JAK/STAT and EGFR signaling pathways, both of which directly regulate Sox100B transcription via separate enhancers.
Although Sox100B is essential for ISC proliferation, the upregulated Sox100B following damage in turn (1) inhibits EGFR expression to shut down cell prolif-
eration, and (2) activates cell differentiation via a differentiation-promoting circuit composed of Sox100B, Sox21a, and Pdm1, thereby providing a feedback
mechanism to promote the transition from cell proliferation to differentiation for rapid epithelial repair and homeostasis re-establishment.

Flies were shifted to restrictive temperature for seven days (in Q-V) or two days (others) before analysis. n is as indicated. Significance was measured with
unpaired two-tailed t tests. Mean + SEM. ns, p > 0.05; ****p < 0.0001. Scale bars, 20 pm.

See also Figures S6 and S7 and Table S3.
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of DNA endoreplication during the process of EC differentiation
(Xiang et al., 2017), and the sustained JAK/STAT signaling activ-
ity in EBs is essential for terminal differentiation toward both EC
and EE lineages (Beebe et al., 2010; Jiang et al., 2009; Lin et al.,
2010). Depletion of Sox100B causes ISC quiescence, similar to
that caused by the disruption of EGFR signaling, as well as arrest
of EB differentiation, similar to that caused by the disruption of
JAK/STAT signaling. Third, an appropriate level of Sox100B
expression appears to be critical for intestinal homeostasis.
This effect by the expression level, as well as its responsiveness
to JAK/STAT, EGFR, and potentially other stress-induced
signaling activities (not shown), such as Wnt and Hippo signaling
(Cordero et al., 2012b; Karpowicz et al., 2010; Ren et al., 2010;
Shaw et al., 2010), may position Sox100B as a central mediator
that coordinates ISC proliferation and differentiation during in-
testinal homeostasis and regeneration in Drosophila.

Sox Transcription Factors with a “Dosage Effect”
Sox100B is a Sox family group-E transcription factor, homolog of
mammalian Sox8/9/10. In mouse small intestine, Sox9 is ex-
pressed in stem cells and progenitor cells at the base of crypts,
and loss of Sox9 in the intestinal epithelium causes ISC hyper-
plasia and failure of Paneth cell differentiation (Bastide et al.,
2007; Mori-Akiyama et al., 2007). Interestingly, in the stem cell
zone, Sox9 is expressed at low levels in ISCs and high levels in
the quiescent or reserved stem cells that are also considered
as the secretory progenitors (Formeister et al., 2009; Roche
et al., 2015). A possible explanation for these observations is
that a low level of Sox9 sustains actively dividing ISCs, while
an increase of SOX9 converts these proliferating ISCs into quies-
cent ISCs that will eventually differentiate into Paneth cells. Simi-
larly, Sox9 is also implicated in regulating colorectal cancer cells,
but there are conflicting data regarding whether Sox9 functions
as an oncogene or a tumor suppressor (Préevostel and Blache,
2017). These seemingly contradictory results can be reconciled
with a proposed model that Sox9 functions at an appropriate
level, with a critical dose of Sox9 that exhibits proliferation-pro-
moting activity, while increasing or decreasing this dose both
result in proliferation-inhibitory activity (Prévostel and Blache,
2017). Itis worthy to note that the differentiation-promoting func-
tion of Sox9 could potentially further complicate the interpreta-
tion of the mutant phenotype. It has been shown in Drosophila
gut that defects in differentiation can induce a stressed microen-
vironment that promotes cell proliferation and propels tumor
development (Patel et al., 2015; Zhai et al., 2015).

Our results here suggest many aspects of functional conserva-
tion of this Sox E subfamily gene in ISCs from Drosophila to mam-
mals. Sox100B regulates both ISC proliferation and differentiation
in the Drosophila intestine, and in terms of regulating ISC prolifer-
ation, Sox100B also requires an appropriate expression level.
Here we have demonstrated that this modulation of Sox100B
expression is largely due to a negative feedback mechanism,
in which increased Sox100B caused by elevated EGFR/Ras/
MAPK signaling in turn suppresses the expression of EGFR,
thereby leading to damped EGFR-signaling activity. Of note, con-
tradictory data were recently reported on the roles of Sox100B
and Sox21a in regulating ISC proliferation: both a proliferation-
promoting role (Meng and Biteau, 2015) and a tumor-suppressive
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role (Chen et al., 2016; Zhai et al., 2015) for Sox21a in ISCs have
been reported; as for the role of Sox100B, Lan et al. (2018)
showed in an RNAi genetic screen that Sox100B is required for
P.e.-induced ISC proliferation, whereas Doupé et al. (2018)
showed that depletion of Sox100B by RNAi causes increased
ISC proliferation. Consideration of the effects caused by different
levels of Sox100B expression that we observed in the present
study may help resolve our understanding of apparently disparate
functions for these genes as central coordinators of both ISC pro-
liferation and differentiation. We propose that, normally, a low
level of Sox protein expression sustains ISC proliferation. A tran-
sient increase of Sox protein may not only promote cell cycle exit
but also activate programs for terminal differentiation, thereby
leading to a coordinated ISC proliferation and differentiation
and, consequently, a coherent process of epithelial renewal.

A Sox100B-Sox21a-Pdm1 Regulatory Pathway in
Promoting EC Differentiation

Our study demonstrates that Sox100B directly regulates Sox21a
to promote differentiation. One important downstream target
of Sox100B and Sox21a appears to be Pdm1, a known EC-
fate-promoting factor (Korzelius et al., 2014; Tang et al,
2018). Interestingly, overexpression of Pdm1 in progenitor cells
rapidly shuts down both Sox100B and Sox21a expression, indi-
cating a negative feedback mechanism. Therefore, the induced
Sox100B-Sox21a-Pdm1 axis in the differentiating ECs not only
promotes cell differentiation, but also acts in a feedback mech-
anism to turn down EGFR and JAK/STAT signaling activities,
thereby allowing ECs to terminally differentiate. This differentia-
tion-promoting axis might also have a role in turning down ISC-
specific programs, which are independently regulated by EGFR
or JAK/STAT signaling pathways. For example, downregulation
of the stem-cell-factor Esg is required for EB differentiation (Kor-
zelius et al., 2014; Loza-Coll et al., 2014), and ectopic expression
of Pdm1 is able to antagonize Esg expression in progenitor cells
(Korzelius et al., 2014). These kinds of feedback regulation could
be a common strategy used for initiation and finalization of a
cell-differentiation program.

In summary, our study identified the transcription factor
Sox100B as a major effector downstream of JAK/STAT and
EGFR pathways that acts at an appropriate level to coordinate
ISC proliferation and differentiation during both normal intestinal
homeostasis and during damage- and infection-induced intesti-
nal regeneration in Drosophila. With the “just-right” effect en-
dowed by a feedback mechanism, Sox100B behaves as a
homeostatic sensor in the intestinal epithelium that coordinates
stem cell proliferation with stem cell differentiation under various
environmental conditions. We propose that this expressional
and functional modulation associated with Sox family transcrip-
tion factors may be a general mechanism for maintaining tissue
homeostasis and regeneration in many organs, including those
in mammals, and that deregulation of this mechanism may
lead to tissue degeneration or cancer development.
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Data and Code Availability
The accession number for the mRNA and the iDam sequencing data reported in this paper is GEO: GSE130305. The accession num-
ber for the Cic-DamID sequencing data from a previous study is GEO: GSE74188 (Jin et al., 2015).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila melanogaster stocks were cultivated on standard media at room temperature and experimental crosses were performed
at 25°C, unless otherwise specified. 5-10 days old female adult flies were collected for experiments and were transferred to fresh
media with wet yeast paste added on the food surface every 2 days. Fly stocks and their resources are listed in the Key Resources
Table. The following stocks were generated in this study: Sox100B%"" | UAS-Sox100B, UAS-iDam, UAS-iDam-Sox100B, Sox1008B-
lacZ', Sox100B-lacZ®?, Sox100B-lacZ=**", Sox100B-lacZ ¥2-*"%, Sox100B-lacZ %", Sox100B-lacZ #4742,

METHOD DETAILS

Generation of Sox100B mutant flies and transgenic flies

Sox100B mutant flies were generated using CRISPR-cas9 system described previously (Kondo and Ueda, 2013). For Sox100B
mutant generation, two guide RNAs were used to delete the fragment in between, and the Sox100%*"" allele were generated with
a 1037bp fragment (Chr. 3R 31,081,941-31,082,977) deletion, a frameshift mutation, in its coding region resulting in the removal
of C-terminal 399 amino acids of the predicted 530 amino acid full length protein. The homozygous mutant flies are viable and fertile.
For Sox100B-overexpressing transgenic fly generation, the amplified cDNA of Sox100B was then cloned into the pUAST vector with
the transformation mediated by P-element or cloned into the attb-pUAST vector with the transformation mediated by phiC31. For
UAS-iDam transgenic fly, the amplified cDNA of iDam was then cloned into the pUAST vector with the transformation mediated
by P-element. For UAS-iDam-Sox100B transgenic fly generation, the cDNA of iDam was then cloned into the N-terminal of
Sox100B in the pUAST-Sox100B vector with the transformation mediated by P-element. Fragments of every 2-3kb in length within
or near the genomic region of Sox700B were cloned onto the C4PLZ vector with the transformation mediated by P-element for map-
ping enhancer regions of Sox100B. Purified plasmids were subsequently injected to relevant fly embryos. The oligonucleotides used
in the study for generating those transgenic were listed in the Table S4.

Generation of Sox100B antibody

Polyclonal antibody against Sox100B was generated in rabbit using the following synthesized peptide: CEQQHQNPSQHHLWGTY -
TYVN. The cysteine residual was added into the N-terminal of the peptide and was used to conjugate keyhole limpet hemocyanin
(KLH). Serum acquired from the immunized rabbit was purified by affinity chromatography and was used at a final dilution of 1:500.

Mosaic analysis

Gal4/UAS binary system and a temperature sensitive Gal80 was used to temporally and spatially control transgene expression in
specific cell types in fly midguts (Brand and Perrimon, 1993; McGuire et al., 2004). Flies were crossed and cultivated in 18°C and
5-10 days old adult female progenies with desired genotypes were shifted to 29°C for 7 days, unless otherwise specified, before
dissection. MARCM system (Luo, 1999) and Flp/Out system (Struhl and Basler, 1993) were used to generate GFP-marked clones
which were composed of mutant ISC and its progeny cells. Flies were crossed and cultivated in 25°C and 5-10 days old female prog-
enies with desired genotypes were treated with 37°C heat-shock for 1 hour in water bath. Flies were shift back to 25°C for 7 days
cultivation before dissection and analysis. For all mosaic experiments, we focused on the posterior midgut region for analysis.

Immunofluorescence staining

Immunofluorescence staining of fly midgut was performed as previously described (Lin et al., 2008). In brief, female flies were
dissected in pre-cold PBS. The collected guts were fixed in 4% paraformaldehyde for 30 min and subsequently dehydrated in meth-
anol at room temperature. Thereafter, primary antibodies were added in 5% NGS-PBT solution and incubated overnight at 4°C.
Secondary antibodies were incubated at room temperature for 2 hours, followed by 5 min DAPI staining. Primary antibodies are listed
in the Key Resources Table. Secondary antibodies include goat anti-rabbit, anti-mouse IgGs conjugated with Alexa Fluor 488, 568 or
Cy5 (Invitrogen, Cat# A11034, A11036, A10524; 1:300) and donkey anti-goat IgGs conjugated with Alexa Fluor 555 (Invitrogen, Cat#
A21432). Guts were washed in PBT (PBS with 0.1% Triton X-100) and were finally mounted by 75% glycerol. Images were captured
by Nikon A1-R and Leica SP8 DLS confocal microscopes. Images were edited in Imag J, Adobe Photoshop and assembled in Adobe
lllustrator.

DSS treatment

5-10 days old female flies were collected and then cultured with 5% sucrose solution with or without 5% DSS soaked Kimwipe paper
at 29°C for 2 days, unless otherwise specified. Half of the flies were then dissected for analysis (damage phase), and another half were
shift back to regular food and culture for another 1day or 4 days at 29°C before dissection and analysis (recovery phase) (Chen et al.,
2016).
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Enteric infection with Pe (Pseudomonas entomophila)

Enteric infection with Pe experiments were performed as previously described (Zielke et al., 2014). Briefly, a Pe colony was picked up
to grow in 50ml Luria-Bartani (LB) medium overnight at 37°C and subsequently pelleted at 4000rpm for 10 min. The bacteria were
resuspended using 5ml 5% sucrose-solution. 0.5 mL this Pe solution was then added to the fly food. As for control, 0.5 mL 5% su-
crose solution was added to the fly food. 5-10 days old female flies were treated for 2 days. Half of the flies were then transfered to
normal fly food for 1 or 4 days (recovery) before analysis.

Fluorescence intensity measurement

The Imaged software was used to measure the fluorescence intensity of cells of interest as previously described (Chen et al.,
2016). Briefly, the readout fluorescence intensity relative to background was calculated as the corrected fluorescence
intensity divided by the corrected fluorescence intensity of the average background in the same cell nests. The corrected fluores-
cence intensity is the average fluorescence intensity of each cell’s nuclear region minus the average of background fluorescence
intensity.

Real time quantitative PCR (RT-qPCR) for gene expression analysis

5-10 days old female flies with desired genotypes were collected and shifted to the restriction temperature for 2-3 days before
dissection, unless otherwise noted. Flies were dissected in ice-cold DEPC-PBS. Midguts were collected to homogenize in 400 pL
RNAiso Plus (Takara, # 9109) buffer using glass pestle. 15-20 midguts were used for each sample, and 3 independent replicates
were carried out for each experiment. Afterward, total RNA was extracted using Direct-zol RNA MiniPrepkit (Zymo Research,
#R2050) according to the manufacturer’s instructions, and on-column DNase | treatment was used to avoid genomic DNA contam-
ination. For each sample, 1 png RNA was used for in vitro transcription using 5X All-In-One RT Master Mix (abm, #G485) according to
the manufacturer’s instruction, and RT-gPCR was then carried out using SYBR Green PCR Master Mix (Applied Biosystems,
#4309155) on an ABI PRISM 7500 Fast Real-Time PCR System (Applied Biosystems). Expression levels of genes were normalized
to GAPDH. Primers used in this study were listed in the Table S4.

FACS and mRNA acquisition

Gene expression profiling of specific type of cells in Drosophila was performed follow a direction described before (Dutta et al.,
2013). Briefly, female flies with genotype of esg™>gfb, esg™>Sox100B-RNAI, esg’s>Sox100B, ProsV1>GFP and Myo1A®>GFP
were collected and cultivated in 18°C for 5-10 days old and were then shifted to 29°C for 7 days (for esg>Sox100B-RNAi lines)
or 3 days (for esg>Sox100B, ProsV1>GFP and MyolA®>GFP lines). After that, fly midguts were dissected in the pre-cold
DEPC-PBS within 2 hours and were digested with 1mg/ml elastase (Sigma, cat#E0258) for 1 hour at room temperature. Cells
were pelleted at 300 g for 20min and resuspended in DEPC-PBS with 1mg/ml propidium iodide (Pl) staining. Cell suspensions
flowed through 40 um filters (BD Falcon) and sorted using FACS Aria Il sorter (BD Biosciences). W1118 midgut cells were used
to set the fluorescent gate. PI” GFP* live progenitor cells were collected into 300 uL. RNA Extraction Buffer (Arcturus PicoPure
RNA isolation kit). Arcturus PicoPure RNA isolation kit (Applied Biosystems) and Arcturus RiboAmp HS PLUS RNA amplification
kit were used to harvest amplified mRNA. For each biological replicate, approximately 100 midguts were dissected and 20,000
cells were collected for RNA extraction and more than three replicates were performed for each genotype. RNA samples were
subsequently sequenced by lllumina Hiseq-2500 system with 50 bp read length.

Bioinformatics analysis for RNA-seq data

Single-end reads were aligned against the D. melanogaster genome (Release 6) using STAR (v2.6.1a). Each sequencing experiment
generated more than 20 million raw reads, and 92.5% was uniquely mapped for each experiment. Gene expression was quantified
by the number of reads that fall into the exons and was normalized to RPKM (reads per kilobase of exon model per million mapped
reads) using edgeR (v3.24.1). Significantly differentially expressed genes were identified with FDR < 0.05 and fold change > 2 by
edgeR.

iDamiID and bioinformatics analysis

iDamID analysis was carried out as previously described (Gutierrez-Triana et al., 2016; Li et al., 2020). Briefly, female flies with ge-
notypes of esg®*>iDam, and esg®*>iDam-Sox100B were dissected to obtain midguts 2 days after transgene expression at adult stage.
About 60 midguts were collected for gDNA isolation, followed by Dpnll digestion and alkaline phosphatase treatment. Purified sam-
ples were additionally digested with Dpnl and ligated with adaptor. Then, a ligation-mediated polymerase chain reaction (LM-PCR)
was performed to amplify the gDNA samples and followed by T7 exonuclease treatment. The purified samples were treated with non-
contact ultrasonic to break the gDNA fragments below 500bp.

Sequenced reads were mapped to the D. melanogaster genome (BDGP6) using bowtie2 (version 2.2.4). R package iDEAR 2.0
was used for establishing highly reliable profiles of transcription factor-binding sites. The density of reads in each region was
normalized to the total number of 10 million mapped reads. BigWig files were generated for visualization using the Homer
package.
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QUANTIFICATION AND STATISTICAL ANALYSIS
All images displayed or collected for quantification are from the posterior midgut region (R4-5), unless otherwise specified. ImageJ
was used to measure the fluorescence intensity of cells of interest. Graphpad Prism6 was used for statistical analysis and graphical

representations based on three or more replicates for each experiment. All significance tests were carried out with unpaired two-
tailed Student’s t tests, mean + SEM. Significance P values: "*p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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