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SUMMARY

PIWI genes are well known for their germline but not somatic functions. Here, we report the function of the Drosophila piwi gene in the
adult gut, where intestinal stem cells (ISCs) produce enteroendocrine cells and enteroblasts that generate enterocytes. We show that piwi
is expressed in ISCs and enteroblasts. Piwi deficiency reduced ISC number, compromised enteroblasts maintenance, and induced
apoptosis in enterocytes, but did not affect ISC proliferation and its differentiation to enteroendocrine cells. In addition, deficiency of
zygotic but not maternal piwi mildly de-silenced several retrotransposons in the adult gut. Importantly, either piwi mutations or piwi
knockdown specifically in ISCs and enteroblasts shortened the Drosophila lifespan, indicating that intestinal piwi contributes to
longevity. Finally, our mRNA sequencing data implied that Piwi may achieve its intestinal function by regulating diverse molecular pro-

cesses involved in metabolism and oxidation-reduction reaction.

INTRODUCTION

The epithelium is maintained by epithelial stem cells
that undergo constant self-renewing divisions to
replenish various types of damaged and lost epithelial
cells. Epithelial stem cell function is regulated by
both intrinsic and extrinsic mechanisms. The Drosophila
midgut provides a genetically amenable model for
studying these mechanisms (Lemaitre and Miguel-
Aliaga, 2013).

The Drosophila midgut is composed of a monolayer of
epithelial cells that rest on a thin layer of muscle cells.
This epithelium shares high anatomic and functional
similarities with the mammalian small intestine (Apidia-
nakis and Rahme, 2011). In the Drosophila intestinal
epithelium, the bipotent intestinal stem cells (ISCs) pro-
duce the hormone-secreting enteroendocrine cells (EEs)
lineage and the absorptive lineage that contains a small
number of enteroblasts (EBs) and a large number of their
differentiated daughter cells—enterocytes (ECs) (Mic-
chelli and Perrimon, 2006; Ohlstein and Spradling,
2006). The four types of intestinal cells can be experi-
mentally marked and tracked by using well-developed
Drosophila genetic tools (Micchelli and Perrimon, 2006;
Ohlstein and Spradling, 2006). Both ISCs and EBs ex-
press the Escargot (Esg) transcription factor but EBs also
express the Notch transactivation reporter Su(H)GBE
(Furriols and Bray, 2001), whereas EEs express the Pros-

pero transcription factor. Similar to other stem cell sys-
tems, the self-renewal and differentiation of ISCs are
controlled by a complex regulatory network to maintain
tissue homeostasis.

The PAZ/PIWI Domain protein family consists of the
Argonaute (AGO) and the PIWI subfamilies, both of
which regulate gene expression by associating with small
noncoding RNAs. In Drosophila, the AGO subfamily pro-
teins Agol and Ago2 associate with microRNA (miRNA)
and small interfering RNA (siRNA), respectively, whereas
the PIWI subfamily proteins Piwi, Aubergine (Aub), and
Ago3 bind to PIWI-interacting RNAs (piRNAs) (Ross
et al., 2014). Herein we use PIWI to denote the subfamily
and Piwi to denote the Drosophila piwi gene product. A
well-known function of the PIWI-piRNA pathway is trans-
posable element (TE) silencing, which occurs at both tran-
scriptional and post-transcriptional levels. In the nucleus,
Piwi acts together with other mediator proteins (e.g.,
Panoramix/Silencio, Nxf1/3, Nxtl) to suppress TE tran-
scription by introducing repressive epigenetic marks at
their target sites (Yu et al., 2015; Sienski et al., 2015; El-
Maghraby et al., 2019). Meanwhile in the cytoplasm,
Aub and Ago3 restrict TE expression by degrading TE
mRNAs and/or inhibiting their translation (Yamashiro
and Siomi, 2018; Ramat and Simonelig, 2021). In both
mechanisms, piRNAs play critical roles in directing the
PIWI/piRNA complex to its target sites via base-pairing
to ensure target specificity.
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In addition to TE silencing, Piwi plays an essential role in
regulating Drosophila germline stem cell maintenance;
however, its roles in somatic tissues remain largely unex-
plored. Only a few studies have implicated the somatic
function of Piwi outside the gonad. For instance, Piwi
co-localizes with Heterochromatin Protein 1a (HP1la) on
polytene chromosomes and may be involved in hetero-
chromatic gene silencing in the larval salivary gland
(Brower-Toland et al., 2007). In addition, piwi acts as a
strong epigenetic suppressor of positional effect variega-
tion in the adult eye (Yin and Lin, 2007; Pal-Bhadra et al.,
2004; Gu and Elgin, 2013). The expression of Piwi has
also been reported in the adult fat body to modulate
lipid droplet synthesis and storage (Jones et al., 2016).
More recently, Piwi was reported to be critical for hetero-
chromatin maintenance, retrotransposon silencing, DNA
integrity, and the long-term upkeep of ISCs under regener-
ative conditions induced by damaging insults or prolifera-
tive pressure (Sousa-Victor et al., 2017). However, this so-
matic function of Piwi could be induced by stress, just
like the ectopic expression of PIWI proteins in somatic tis-
sues when they become cancerous (Ross et al., 2014).
Therefore, the function of Piwi in the gut under normal
physiological conditions remains unknown.

In this study, we investigated the function of Piwi in
regulating intestinal homeostasis and function under
normal physiological conditions. We show that
depleting Piwi in the gut decreased the number of ISCs
during gut development, reduced EB maintenance, and
induced cell death in differentiated ECs, compromising
the gut epithelium. In addition, we found that piwi is
required to silence several TEs in the gut, whereas aub
or ago3 are only required for silencing a few TEs. More-
over, we show that the epithelial functions of piwi in
the intestine, possibly including the TE silencing func-
tion, play a significant role in sustaining the normal life-
span of the adult flies. Finally, our mRNA sequencing
analysis revealed that many genes involved in meta-
bolism and oxidation-reduction are differentially ex-
pressed in the adult piwi mutant gut, implying that intes-
tinal Piwi achieves its function mainly by regulating
these genes to maintain homeostasis.

RESULTS

Piwi is expressed in intestinal stem cells and
enteroblasts

We first analyzed piwi mRNA expression in the adult gut by
RT-PCR. Piwi mRNA was expressed at a very low but clearly
detectable level in the wild-type adult gut, in contrast to its
strong expression in the adult ovary (Figure 1A). The mRNA
level was reduced in transheterozygous piwi’’? mutant guts
and hypomorphic piw?”? mutant ovaries (Figures 1A and
S1A), indicating the specificity of the RT-PCR. To examine
Piwi protein expression, we performed western blotting us-
ing a commercial anti-Piwi antibody (sc-390946) (Jones
et al., 2016; Sousa-Victor et al., 2017). However, we found
that this antibody does not show clear specificity in the
ovary (Figures S1B and S1C).Therefore, we decided to use
another antibody, 4KS, (Gonzalez et al., 2021) to detect
Piwi expression. This antibody specifically recognized a
Piwi-sized protein that was highly expressed in the wild-
type ovary but was drastically reduced in the ovaries of
piwi’’? and two Piwi protein null mutants, piwi>gal4 (Stein
et al., 2019) and piwigl (Senti et al., 2015), confirming its
specificity (Figures 1B and S1C). Using 4KS, we observed a
weak Piwi band in the wild-type gut that was significantly
reduced in the piwi'’? mutant gut (Figure 1B), indicating
that the Piwi protein is expressed in the adult gut at a low
level.

To further characterize the expression pattern of Piwi in
the gut, we combined the piwi-gal4 line with a UAS-mem-
brane-bound GFP (mGFP) line, allowing piwi-gal4-driven
mGFP expression in vivo. This piwi reporter line exhibited
a high level of piwi expression in the adult ovary
(Figures 1C-1C”), recapitulating the endogenous Piwi
expression pattern and validating the faithfulness of this
line in reporting piwi expression. We then examined this
reporter expression in the gut and found that mGFP is
specifically expressed in small diploid cells but not in
large polyploid enterocytes (Figure 1D). Strikingly, these
GFP-positive cells coincide with esg-lacZ-positive cells,
which label ISCs and EBs (Figures 1D’-1D””), indicating
that piwi is specifically expressed in these cells. In addition,
strong mGFP expression was detected in larval testes,

Figure 1. Piwi is expressed in ISCs and EBs

(A) RT-PCR data of piwi mRNA expression in '’

n=3.

and piwi*? guts.
(B) Western blotting image (left) and its quantification (right) of Piwi protein expression in the adult w

118 and piwi? gut. Exp: exposure.

(Cand D) The expression pattern of piwi-gal4-driven mGFP in the ovary (C-C”) and female adult gut (D-D"). The esg-lacZ labels ISCs and

EBs. (D’-D™) are magnified images of the dot-lined box in (D).

(E and F"") Anti-Piwi antibody (4K5) staining in the ovary (E-E”) and esg-gal4; tub-gal80", UAS-GFP female gut (F). (F-F") are magnified
images from the dot lined box region in (F). DAPI indicates DNA. Scale bars, 20 um in (C)-(F), 10 umin (D’-D"") and (F-F""). Statistical

analysis: unpaired t test, ***p < 0.001.
See also Figures S1 and S2.
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salivary glands, and adult midgut precursor islets (Fig-
ure S2), confirming piwi transcription in these organs and
cells. Immunostaining using 4K5 was then conducted to
further decipher Piwi expression pattern in the gut. As ex-
pected, Piwi was expressed in the adult ovary (Figures 1E-
1E"”) and gut, where it co-localizes with esg-gal4 driven
GFP-positive ISCs and EBs but not differentiated cells
(Figures 1F-1F""). In addition, Piwi are mostly in the cyto-
plasm, indicating a likely post-transcriptional function.
Together, these data confirmed that Piwi is specifically ex-
pressed in the intestinal stem cell and progenitor cells.

Piwi deficiency compromises the establishment of the
ISC population during gut development

To assess if Piwi regulates ISCs and their lineage, we first
examined if loss of Piwi affect ISC numbers by using the
anti-Delta (DI) antibody to mark ISCs. The number of ISCs
is significantly reduced in the piwi’ mutant gut as compared
with the wild-type control (Figures 2A-2C). To further delin-
eate whether the reduced number of ISCs is due to a defectin
establishing the ISC population during gut development
and/or the post-developmental maintenance of ISCs in the
adult gut, we crossed a UAS-GFP reporter line driven by the
ISC-specific esg-gal4 into tub-gal80® and Su(H)-gal8O back-
ground to generate the esg-gal4 tub-galSO™ UAS-GFP/+; Su
[H]-gal80/+ flies (hereafter referred to as ISC-GFP). In these
flies, the esg-gal4-driven expression of UASp-GFP was in-
hibited in both ISCs and EBs by tub-gal80" under the permis-
sive temperature (22-25°C). However, under the restrictive
temperature (29-30°C), the esg-gal4:UAS-GFP became ex-
pressed in ISCs, but was still inhibited in EBs by the EB-spe-
cific Gal4 suppressor Su(H)-gal80, resulting in ISC-specific
expression of GFP. When the UAS-piwi RNAi line was further
introduced into the ISC-GFP flies (the resulting flies are here-
after referred to as ISC-GFP > piwi RNAi), the Gal80-Gal4 sys-
tem drove the UAS-piwi RNAi expression to knock down piwi
mRNA specifically in adult ISCs. This knockdown did not
change the number of ISCs when compared with the wild-
type control (Figures 2D-2F), indicating that Piwi has no
obvious function in maintaining ISCs in the adult gut. There-

fore, the decreased number of ISCs in the piwi'’? mutant gut

islikely due to defects in establishing the ISC population dur-
ing pre-adult development.

Piwi is required for EB maintenance

We then performed the “mosaic analysis of a repressible
cell mark” (MARCM) to track ISC proliferation, differentia-
tion, and death in a piwi/+ background (Lee and Luo, 2001).
As shown in Figures 2G-2I and 2], the total numbers of
induced clones in piwi'* and piwi”* guts were comparable
to those of wild-type clones in similar gut regions, further
confirming that piwi’* and piwi®* guts had a normal num-
ber of ISCs. However, homozygous piwi’ and piwi’ mutant
clones were significantly smaller due to reduced number of
cells in these clones (Figures 2G-2I and 2K), indicating that
the loss of Piwi may decrease the mitotic ability of ISCs or
increase apoptosis, or both.

To distinguish between these two possibilities, we
measured the mitotic index of ISCs in piwi mutant guts
by using anti-phosphorylated histone 3 (PH3) antibody
to specifically label mitotic chromosomes. The number of
dividing ISCs was comparable in the wild-type and two
different piwi mutant guts (Figures 3A-3D). To confirm
these results, we specifically downregulated Piwi expres-
sion in the adult gut for 7 days either in ISCs (Figures 2D
and 2E) or EBs (Figures 3E and 3F), labeled ISCs with ISC-
GFP and EBs with Su(H)GBE-Gal4/+;UAS-GFP tub-gal80"/+
(referred to as Su(H)GBE"-gal4) (Wang et al., 2014), and
then measured the mitotic activity in the gut. Either ISC-
(Figure 3I) or EB-specific (Figure 3]) piwi knockdown did
not affect the number of PH3-positive cells, confirming
that depleting Piwi does not affect ISC division in the gut.

We then performed the TUNEL assay to examine cell
death. We detected more TUNEL-positive cells in the
piwi'? mutant gut (Figures 3H and 3L) than in the wild-
type gut (Figures 3G and 3L). Notably, TUNEL signals ap-
peared to be more enriched in the large polyploid cells
than small diploid cells in the piwi’’? mutant gut, indicating
that the loss of Piwi induced the death of more ECs than ISC
and EBs. Since ISC numbers were not changed upon Piwi
depletion in this stage as shown in Figure 2F, we sought to
examine if loss of Piwi could change EB numbers. As shown

Figure 2. Piwi deficiency compromises the establishment of the ISC population during gut development

(A and B) Anti-Dl antibody staining in 5-day-old wild-type (A) and piwi/? (B) posterior midguts.

(C) The number of DI-positive ISCs in the region of interest (ROI) in the wild-type (n = 16) and piwi”?(n = 15) gut.

(D and E) Anti-PH3 antibody staining in control (D) and upon piwi knockdown in ISCs (E) driven by the ISC-GFP system for 7 days. White

arrows indicate PH3-positive ISCs.

(F) Quantification of GFP-positive ISCs in the ROI from control (n = 14) and piwi knockdown (n = 17) guts.

(G-I) MARCM analysis in the wild-type (G), piwi’(H), and piwi?(I) guts.

(3) The number of induced MARCM clones in the ROI in the wild-type (n = 21), piwi’ (n = 19), and piwi® (n = 18) posterior midgut.

(K) The number of cells in each clone from wild-type (n=158), piwi’ (n = 159), and piwi® (n = 107) mutant guts. ROI is approximately in the
R4/R5 region (Buchon et al., 2013). Statistical analysis: unpaired t test, ***p < 0.001, ****p < 0.0001. ns, no significance. Error bars

represent SEM. Scale bars, 20 pum.
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Figure 3. Piwi is required for EB maintenance

(A-C) Anti-PH3 antibody staining in the 5-day-old wild-type (A), piwi*? (B), and piwi?/%*(C) posterior midgut.
(D) Quantification of the number of PH3-positive cells in the wild-type (n = 20), piwi¥? (n=12), and piwigl/gl(n = 20) posterior midgut
(PMG).

(E and F) Anti-PH3 antibody staining in control (E) and upon piwi-knockdown in EBs driven by Su(H)GBE®-gal4 for 7 days (F). White arrows
indicate PH3-positive dividing ISCs.

(G and H) Representative images of the TUNEL assay in wild-type control (G) and piwi¥/? (H) guts. White arrows and arrowhead indicate
TUNEL-positive cells in large polypoid and small diploid cells, respectively.

(I'and J) Quantification of the number of PH3-positive cells in the PMG from control (n = 22) and upon piwi downregulation (n = 20) in ISCs
(I) and from control (n = 12) and piwi downregulation (n = 13) in EBs (J).

(K) Quantification of the number of GFP-positive EBs in the ROI from control (n = 13) and upon piwi downregulation (n = 21) in EBs.
(L) Quantification of TUNEL-positive cells in the wild-type control (n = 10) and piwi/? (n = 9) gut. ROI, region of interest (approximately in the
R4/R5 region). Statistical analysis: unpaired t test, **p <0.01, ***p < 0.001, ns, no significance. Error bars represent SEM. Scale bars, 20 um.
See also Figure S3.

in Figures 3E, 3F 3K, and S3H, EB-specific knockdown of
Piwi for 7 days reduced EB number in the gut, indicating
that Piwi is cell-autonomously required for EB maintenance.

Piwi is not required for ISC differentiation to EEs

We then examined ISC differentiation to EEs in the piwi'”?
mutant gut by staining for anti-Prospero, a Pan-endocrine
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EE cell marker. The ratio of EE cells was not changed in
the piwi’? mutant gut (Figures S3A, S3B’, and S3E), indi-
cating that loss of Piwi has no obvious effect on ISC-to-EE
differentiation. To more closely examine the function of
Piwi during ISC-to-EE differentiation, we combined a piwi
RNAi line with the esg-gal4® flip-out (F/O) system (Jiang
et al., 2009) to track Piwi effect on EE differentiation. In
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the wild-type gut, esg-gal4“-driven GFP expression in ISCs
and EBs upon shifting temperature from 22-24°C-29°C
produced a cluster of daughter cells that were labeled by
act-gal4-driven GFP (Figures S3C-S3C’”). The depletion
of piwi led to the formation of smaller GFP clusters
(Figures S3D-S3D”” and S3F), confirming the results from
MARCM analysis. However, the ratio of EE cells within
each examined GFP cluster was not changed in the piwi-
downregulated clusters (Figure S3G), suggesting that Piwi
is not required for ISC-to-EE differentiation.

Zygotic Piwi suppresses retrotransposon expression in
the gut

Piwi is well known to suppress TE expression in the germ-
line to maintain genome integrity. To examine whether

wt piwi™”

7500

transposon expression in the gut

(A) RT-gPCR data of TE expression in 5-day-
old piwi'/Cy0 (black) and piwi”? (purple)
guts. n = 9. Statistical analysis: multiple
unpaired t test, *p < 0.05, **p < 0.01,
***p < 0.001. Error bars represent SEM.

(B) B-galactosidase staining in the 5-day-old
gypsy-lacZ-containing wild-type (n = 14) and
piwi”? (n = 23) guts (left) and ovaries
(right). AMG, anterior midgut; PMG, posterior
midgut.

(C) Northern blot images of copia, gypsy, and
R1A1 expression in the wild-type and piwi¥/?
gut. Methylene blue staining indicates the
equal loading of total RNA.

(D and E) Representative images of FISH us-
ing the copia antisense (—) probe in wild-
type (D) and piwi"? ovaries (E).

(F-I') Representative images of the copia
FISH and co-immunostaining with anti-Fi-
brillarin (F-G") or anti-Hpla (H-I') antibodies
in the wild-type (F-F, H-H) and piwi¥/? (G-G,
I-T') guts. DAPI indicates DNA. White arrows:
copia RNA-positive EBs. Scale bars,10 um.
See also Figures S4 and S5.

wt piwi”

Piwi has a similar effect in the gut, we measured the expres-
sion of representative retrotransposons in the piwil/ 2
mutant gut by RT-qPCR. Nine out of 12 examined TEs,
including seven long terminal repeat type TEs and two
long interspersed nuclear element (LINE)-like type TEs,
were significantly upregulated in the piwi'”? mutant gut
as compared with the piwi'/CyO heterozygous control (Fig-
ure 4A). These TEs were also drastically upregulated in the
piwi”? mutant gut when compared with the wild-type con-
trol (Figures S4A and S4B). In addition, piwi-gal4 and piwis!
mutant guts also exhibited elevated expression of some TEs
(Figure S4C), indicating that Piwi represses TE expression in
the gut.

To validate TE activation in the piwi’? mutant gut, we
further examined gypsy and copia expression in the
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piwi’”? mutant gut by using a reporter assay and northern
blotting analysis. The gypsy-lacZ reporter line showed
much higher expression in both the anterior and poste-
rior part of the piwi’? mutant midgut than that in the
wild-type gut (Figure 4B), indicating that Piwi represses
gypsy transcription in these two midgut regions. Further-
more, our northern blotting data confirmed that the
RNA levels of both copia and gypsy, but not R1IA1 and
I-element, are drastically upregulated in the piwi'’?
mutant gut (Figures 4C and S4B). Taken together, these
data support that Piwi silences a subset of TEs in the
adult gut.

Recent studies show that maternal Piwi is capable of sup-
pressing TE expression in adult tissues by perturbation of
heterochromatin formation presumably in early embry-
onic stages (Akkouche et al., 2017; Gu and Elgin, 2013).
To examine whether maternal Piwi has any effect on TE
expression in the adult gut, we depleted maternal Piwi
expression by crossing the maternal actin (MAT)-gal4 driver
with two different piwi RNAIi lines (Gonzalez et al., 2021).
In these crosses, progeny from FO females with the MAT-
gal4>piwi RNAi were largely devoid of maternal Piwi
expression, while those from FO females with the MAT-
gal4>GFP RNAI retained both maternal and zygotic Piwi
expression (Gonzalez et al., 2021). We measured TE expres-
sion in F1 adult female guts. Five of the six examined TEs
were not upregulated in the maternally Piwi-depleted
guts, except for gypsy RNA that appeared to be upregulated
but the upregulation is non-significant, with its level much
lower than that of the piwi"? mutant gut (compare
Figures S4D and 4A). These results indicate that maternal
Piwi does not play an obvious role in suppressing TEs in
the adult gut. Thus, TE de-silencing in the piwi mutant
gut is mainly, if not exclusively, caused by loss of zygotic
Piwi expression.

Furthermore, we investigated in which gut cell type
TEs are activated in the piwi mutant. Fluorescence in
situ hybridization (FISH) was performed to examine the
expression pattern of copia, one of the most activated
TEs in the piwi'”? mutant gut. The antisense copia probe
(Figures 4D, 4E, and SSE), but not the sense copia probe
(Figures SS5A-S5D), manifested strong nuclear signal in
the piwi'’? or piwi®> mutant ovaries, indicating the spec-
ificity of our FISH. Strikingly, copia RNA is mostly accu-
mulated in large polyploid differentiated ECs and
showed very weak to no expression in small diploid
cells in piwi'/? (Figures 4G-4G’ and 41-41) and piwi®?
(Figures SSF-SSF”") mutant guts, while the wild-type con-
trol showed no copia signal (Figures 4F-4F’ and 4H-4H’).
To further determine the subcellular localization of acti-
vated copia RNA in these differentiated ECs, we com-
bined FISH with immunostaining to label the dense
fibrillar component of the nucleolus using anti-Fibril-

510 Stem Cell Reports | Vol. 18 | 503-518 | February 14, 2023

larin antibody and the heterochromatin compartment
using anti-HP1a antibody. In the piwi mutant gut, copia
RNA appears to be mostly enriched adjacent to the
nucleolus (Figures 4G-4G’), but is not present in the het-
erochromatin compartment in the nucleus of the ECs
(Figures 41-4I"). These data indicate that copia activation
in the piwi mutants mostly occurs in the differentiated
ECs. Interestingly, co-immunostaining with LacZ and
DI in the gut showed that the gypsy-lacZ is likely acti-
vated in piwi-deficient stem cells, but not in differenti-
ated cell types (Figures SS5G-S5H’”"), implying that copia
and gypsy RNA are activated in different cell types in
the piwi mutant gut.

Piwi in ISCs and EBs is capable of suppressing TE
expression in the gut

To resolve the paradoxical findings that Piwi is specifically
expressed in ISCs and EBs yet copia de-silencing was
observed in ECs, we downregulated Piwi expression in
ISCs and EBs and measured TE expression. As shown in
Figures S4E and S4F, four out of nine examined retrotrans-
posons (mdg1, copia, Het-A, Doc) were significantly upregu-
lated, but the expression of the other five retrotransposons
(Tabor, blood, 412, Rt1a, I-element) was not changed. These
data suggested that Piwi expression in the ISCs and EBs
can prevent the expression of these four TEs in ECs and
that the activation of other five TEs may require greater
extents of Piwi reduction.

Aub and Ago3 have minor effect on TE silencing and
the siRNA pathway contributes to TE silencing in the
gut

To explore if the other two PIWI subfamily proteins, Aub
and Ago3, have similar effects on TE silencing in the gut,
we examined their expression by using RT-PCR. Both aub
and ago3 were expressed in the wild-type gut, albeit at lower
levels than in the ovary (Figure 5A). Their expression was
drastically decreased in the aub N?2/QC42 and ago3 T#/3
(Li et al., 2009) transheterozygous mutant guts, respec-
tively. However, western blotting and immunostaining
did not detect Aub or Ago3 protein in the adult gut, even
though under the same condition both Aub and Ago3
showed high levels of expression and expected cytoplasmic
localization in the ovary (Figures 5B-5C" and S6). This indi-
cates that Aub and Ago3 are present in the gut at extremely
low levels. Furthermore, RT-qPCR analysis showed that
ZAM, copia, and Het-A were significantly upregulated both
in aub and ago3 mutant guts but Tabor was only selectively
upregulated in the aub mutant gut (Figure 5D). Other exam-
ined retrotransposons were not significantly activated by
the loss of either Aub or Ago3. These data indicate that
Aub and Ago3 are capable of selectively silencing some



&
&

Figure 5. Aub and Ago3 have minor effect
on TE silencing and the siRNA pathway con-
tributes to TE silencing in the gut
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(A) RT-PCR data of aub (left), ago3 (right),
and ago2 (right) mRNA expression in the
adult control and aub™?/%2  qg037%/3 and
ago2*?¥/4%% quts, respectively. n = 3-4.

(B and C”) Anti-Aub (B-B”) or anti-Ago3
(C-C") immunostaining in the adult gut ISC/
EB-reporter line (esg” > GFP). Scale bar,
20 pum.

(D and E) RT-gPCR data of TE expression
in 5-day-old adult wild-type (black) and
aub™? %42 (purple), ago3™™ (green), and
ago2°?¥/4** (magenta) mutant guts, respec-
tively. n = 3. Statistical analysis: multiple
unpaired t test, *p < 0.05, **p < 0.01,
***n < 0.001. Error bars represent SEM.

See also Figures S6 and S7.
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TEs in the gut, probably indirectly. However, their
TE-silencing effect in the gut is not as strong as that of Piwi.

In addition, we also found that Ago2, an Argonaute sub-
family protein, is expressed in the gut and represses a vari-
ety of TE expression (Figures 5A and 5E), suggesting that
Ago2 also silences TE expression in the adult gut. Since
Ago2 has been reported to repress TE expression in the
Drosophila adult head (Kawamura et al., 2008; Ghildiyal
et al., 2008; Czech et al., 2008; Chung et al., 2008), we
analyzed TE expression in these ago mutant heads, respec-
tively. Loss of ago2 de-silenced many retrotransposons in
the adult head (Figures S7A and S7C), while loss of Piwi
or Ago3 only selectively derepressed some retrotranspo-

sons (Figures S7A and S7B), indicating that the Ago2 acts
as a major TE repressor in the head.

Intestinal piwi regulates the expression of hundreds of
genes in the gut and contributes to adult survival

To investigate how Piwi regulates the global mRNA gene
expression, we performed mRNA-seq in the wild-type and
piwi’? mutant guts. We identified 899 differentially ex-
pressed genes (DEGs), with 444 downregulated (Table S1)
and 455 upregulated genes (Table S2) in the piwi'’? mutant
gut (Figure 6A). Gene Ontology analyses according to
“Biological process” of significantly downregulated genes

revealed enrichment of genes in glutathione metabolic
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process, response to oxidative stress, amino acid transmem-
brane transport, and proteolysis in the piwi’? mutant gut
(Figure 6B). The upregulated genes are enriched in trans-
membrane transport, carbohydrate and glutathione meta-
bolism, and proteolysis (Figure 6C). These analyses indicate
that Piwi is involved in regulating broad metabolic and
transport processes in the gut epithelium to achieve gut
homeostasis.

In addition to protein-coding genes, we found that 53
TEs are upregulated by >2-fold in the piwi’? mutant
gut, among which 50 were shown to be upregulated in
the piwi mutant ovary (see supplemental experimental
procedures). In addition, 33 transposons are downregu-
lated by > 2-fold in the piwi’? mutant gut (Table S3).
The trend of TE activation was confirmed by RT-qPCR
and Northern results, even though most of them did
not show statistically significant p value (p < 0.05; Fig-
ure 6D). This indicates that Piwi prevents TE expression
in the gut.

To detect possible existence of piRNA in the gut, we
performed small RNA-seq to profile the distribution of
16 nt to 36 nt RNAs in the adult gut. Surprisingly, small
RNAs of ~18 to 21 nt were more abundant in the piwi'’?
mutant gut than in the wild-type gut (Figure 6E). In addi-
tion, there were ~23 to 29 nt small RNAs present in
piwi'? mutant samples. Moreover, many small RNA spe-
cies were more abundant in the piwi’’? mutant gut than
in the wild-type gut (Figure 6E). Thus, the biogenesis of
these small RNAs is somehow repressed by Piwi. There-
fore, these small RNAs are unlikely piRNAs. To further
examine whether these small RNAs (20 nt to 32 nt) are
piRNAs, we analyzed their base composition, which
does not show canonical piRNA signatures such as the
first U bias or the 10th A enrichment (Figures 6F and
6G). Therefore, these analyses confirm that canonical
piRNAs are not detected in the adult gut and that Piwi-
mediated TE silencing in the gut may be piRNA-
independent.

Interestingly, we also identified 43 small RNAs of 20 to 32
nt that are downregulated in the piwi mutant gut (Table S5),
indicating that Piwi is required directly or indirectly for the
expression of these small RNAs in the gut. These small RNAs
map to protein-coding genes (63%), transposons (28%),
ncRNA-coding sequences (7%), and other repeats (2%).
Whether they are piRNAs awaits further investigation.

Finally, we assessed the biological function of the Piwi-
mediated gene regulation in the adult gut. First, we per-
formed survival assay to examine the effect of Piwi on adult
lifespan. Interestingly, all three different piwi mutant females
exhibited shorter lifespan when compared with the control
(Figure 7A). In order to specify the role of intestinal Piwi in
regulating lifespan, we downregulated Piwi expression spe-
cifically in ISCs and EBs in the adult stage using two different
piwi RNAI lines separately, followed by measuring adult
longevity. Flies with Piwi-deficient ISCs and EBs showed a
similarly shortened adult lifespan (Figure 7B), implying
that Piwi expression in ISCs and EBs is the main contributing
factor to adult survival. In addition, loss of Aub, Ago3, or
Ago2 also affects adult lifespan, indicating that other Ago
proteins also contribute to adult survival (Figures 7C
and 7D).

DISCUSSION

Piwi has been extensively studied in the germline due to
its strong expression and clear phenotype in fertility and
transposon silencing in germ cells. However, Piwi func-
tion in somatic tissue is largely unknown. Here, we re-
ported Piwi function in the Drosophila adult gut epithe-
lium. We found that Piwi is expressed in ISCs and EBs
under homeostatic conditions, albeit at a low level, and
that the loss of Piwi affects ISC establishment, compro-
mises EB maintenance, and induces cell death mostly
in ECs (Figures 7E and 7F). Specifically, we showed that
Piwi expression in ISCs during pre-adult development

Figure 6. Intestinal Piwi regulates hundreds of genes

(A)Volcano plot of DEGs in the piwi¥/? qut as compared with the wild-type gut. Uprequlated, downregulated, and insignificantly changed
genes are highlighted in red, blue, and black dots, respectively. The orange dot indicates piwi. The horizontal dashed red line indicates
p value = 0.05 and two vertical dashed red lines indicate fold change = 1.5.

(B and C) Gene ontology analyses of significantly down- (B) and upregulated (C) DEGs in the piwi¥/? qut.

(D) Volcano plot of TE expression change in the piwi¥? gut as compared with the wild-type gut. Upregulated, downregulated, and
insignificantly changed genes are colored in red, blue, and black dots, respectively; 0.001 was added to expression level for logarithm
calculation on fold change. Orange dots highlight experimental verified TEs shown in Figure 4A.

(E) Size profile of small RNAs (16 nt to 36 nt) that are not mapped to rRNA or miRNA. The x axis indicates the size; y axis indicates the reads
per million (upper chart) or species per million (lower chart). Three piwi”/? replicates are colored in steel blue, cadet blue, and cornflower
blue, respectively. Three wild-type replicates are colored in coral, brown, and dark orange, respectively.

(Fand G) The base composition of 20-32 nt small RNAs from wild-type (left charts in F and G) and piwi%/? (right charts in F and G) that are
not mappable to rRNA or miRNA, by reads (F) and by species (G), respectively. The x axis is the position in the 5’ to 3’ direction; y axis is the
percentage of base by reads (F) or species (G). Only the first 12 nt are displayed.

See also Tables S1, S2, and S3.
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esg™>piwi RNAi 2 (cyan, n = 119) females at 30°C.

(C and D) Adult survival assay in the control (black, n = 100), aub"™?/2%%? (blue, n = 75), ago3™>" (green, n = 90), and ago2*?"/*** (red,
n=>50) females reared at RT. Statistical significance: Log rank (Mantel-Cox) test. ****p <0.0001. (E and F) Proposed mode of Piwi function

in the homeostatic adult gut.

is responsible for establishing a normal population of
ISCs but Piwi expression at the adult stage does not
seem to be required for ISC maintenance, in contrast to
the continuous requirement of Piwi in GSC maintenance
(Cox et al., 1998). In addition, we found that Piwi
expression in EBs is required for maintaining the EB pop-
ulation, as EB-specific depletion of Piwi decreased the
number of EBs in the gut. This differs from a previous
report that Piwi downregulation in EBs did not affect
the EB number (Sousa-Victor et al., 2017), an inconsis-
tency that may be due to different piwi knockdown
experimental designs. Furthermore, by using an ISC line-
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age tracing system, we found that Piwi has no effect on
ISC-to-EE differentiation. Our study indicates that there
are two phases of Piwi function in the gut: First, it acts
during pre-adult development to ensure the establish-
ment of a normal number of ISCs; second, it acts in
the adult ISC lineage to maintain EBs and the survival
of the ISC-derived epithelial cells, especially ECs.

Our work represents one of the first studies on the TE-
silencing function of Piwi in somatic tissues. We found
that the loss of Piwi results in activation of some represen-
tative retrotransposons in the gut, which is consistent with
a previous report (Sousa-Victor et al., 2017). Furthermore,



we showed that Piwi expression in adult ISCs and EBs is
directly responsible for this TE silencing function, without
the contribution of maternal Piwi. In addition, we found
that some TEs (e.g., Tabor, Rtla, blood, 412, I-element) are
not activated upon piwi downregulation in ISCs and EBs,
but are drastically upregulated in the piwi mutant gut. It
is possible that a more efficient Piwi knockdown might
be needed to de-repress these TEs in the gut. Alternatively,
Piwi might also be expressed in visceral muscle cells of
the intestine, as predicated by Flygut-seq data (http://
flygutseq.buchonlab.com/data?gene=piwi%0D%0A%0D
%0A), to repress these TEs, whereas esg-gal4 only knocks
down piwi in the midgut ISCs and EBs. The activation of
Tabor, Rtla, blood, 412, and I-element in the ISCs and EBs
alone may not lead to sufficient upregulation of their over-
all expression in the entire gut.

An interesting finding in our study is that Piwi regulates
different TEs in different tissues. In the ovary, Piwi has been
implicated in repressing a variety of retrotransposon ex-
pressions in both the germline and soma (Wang and Lin,
2021). However, some of activated TEs in the piwi mutant
ovary are not significantly upregulated either in the
piwi”? mutant gut (R1AI) or the head (412, mdgl, HMS-
Beagle, and R1A1). These observations suggest that
different mechanisms may be used to silence TEs in distinct
tissues. For example, the linker histone H1 represses TE
expression in ovarian somatic cells and larval salivary
glands (Lu et al., 2013), whereas the regulation of some
other TEs in the soma is both H1 and Piwi-independent
(Iwasaki et al., 2016). Furthermore, Ago2 has been reported
to repress TE expression in the adult head. Our data,
together with a previous report (Siudeja et al., 2021), reveal
that the siRNA pathway genes ago2 and dcr2 are expressed
in the gut to repress TEs. Consistent with this notion, our
gypsy-lacZ reporter showed high gypsy activation in the
anterior and posterior midgut, but not in the middle of
the midgut. Indeed, piwi is predicted to be barely expressed
in the middle of the midgut but ago2 is abundantly tran-
scribed in all subregions of the midgut (http://flygutseq.
buchonlab.com/data?gene=ago2%0D%0A%0D%0A).
Therefore, it is possible that Ago2 expression in the middle
of midgut accounts for gypsy silencing and may collaborate
with Piwi and other proteins to restrain TE expression in
other parts of the midgut.

It is well-known that the Piwi-mediated TE silencing in
the germline depends on its associated piRNAs. However,
whether bona fide piRNAs exist outside the germline re-
mains a mystery. Several groups have attempted to identify
piRNAs by small RNA-seq in somatic tissues. They identi-
fied a small fraction of 24-28 nt size of putative piRNAs
in the head (Ghildiyal et al., 2008; Mirkovic-Hosle and For-
stemann, 2014; Yan et al., 2011). However, another group
re-analyzed their small RNA-seq data and argued that these

putative piRNAs are mostly derived from contaminated
gonad RNA during head RNA preparation (van den Beek
et al., 2018). A recent study has characterized somatic piR-
NAs in the adult fat body cells and revealed its canonical
role in TE silencing (Jones et al., 2016). Our work, together
with that of Sousa-Victor et al. (2017), showed that the
depletion of Piwi, a primary piRNA pathway component,
activates TE expression in the gut, indicating that the adult
gut may harbor somatic piRNA and contribute to TE
silencing. However, a recent small RNA-seq effort on the
gut did not find any evidence for the presence of piRNA,
with most of the gut small RNAs being active siRNAs (Siu-
deja et al., 2021). Our small RNA-seq data confirmed their
finding and suggests that either the expression of gut
PpiRNA is too low to be detected or Piwi has a piRNA-inde-
pendent function in the gut. Recently, PIWIL1 has been
shown to possess a piRNA-independent function in human
gastric and pancreatic cancer cells to promote tumorigen-
esis and metastasis (Shi et al., 2020; Li et al., 2020). Thus,
it remains formally possible that Piwi silences TE function
in the Drosophila gut in a piRNA-independent way.

In addition to TE genes, our mRNA-seq data identified
hundreds of differentially expressed protein-coding
genes in the piwi’? mutant gut, implying that Piwi
may have multifaced function in the gut. Interestingly,
various metabolic genes related to glutathione and car-
bohydrate metabolism, amino acid and anion transport,
glucose homeostasis, and fatty acid metabolism are en-
riched in our GO analysis. This implies that Piwi may
be involved in regulating metabolic processes to main-
tain gut homeostasis. In addition, gene responses to
oxidative stress are also identified in the piwi mutant
gut. The intracellular level of reactive oxygen species
(ROS) has been reported to influence Drosophila stem
cell activity (Tan et al.,, 2017; Owusu-Ansah and Bane-
rjee, 2009). An elevated level of ROS promotes the differ-
entiation of both hematopoietic progenitors in the larval
lymph gland and GSCs in the adult testis, respectively.
Oxidative stress-induced ROS also triggers ISC prolifera-
tion and differentiation but a low level of ROS is required
to maintain ISCs at the quiescent state (Hochmuth et al.,
2011; Biteau et al., 2008; Amcheslavsky et al., 2009).
Consequently, Piwi may be involved in regulating ROS
levels to control ISC function.

Finally, we found that both piwi mutants and piwi defi-
ciency in ISCs and EBs shorten adult lifespan, high-
lighting the importance of intestinal Piwi function in
the regulation of adult survival and longevity. We also
noticed that Piwi expression in ISCs and EBs is required
for normal ISC lineage and gut development. Therefore,
it is possible that Piwi-defective ISCs and EBs give rise to
abnormal ECs—the major gut cell type for nutrient
absorption and metabolism, which in turn cause
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dysregulation of genes related to gut development, ulti-
mately affecting longevity.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed to the corresponding author, Haifan Lin
(haifan.lin@yale.edu)

Materials availability

This study did not generate new unique reagents.

Data and code availability

The mRNA-seq and small RNA-seq data are available at the NCBI
SRA under the accession number PRINA801124. This study did
not generate any unique code.

Immunostaining

Five-day-old female adult guts were dissected in PBS (pH 7.4) and
immediately transferred and fixed with 4% paraformaldehyde or
the fixative as described in Sousa-Victor et al. (2017) for 1 h at
room temperature (RT), briefly washed twice with PBST (PBS
with 0.1% Triton X-100), and blocked in 5% normal goat serum
at RT for 1 h. Primary antibodies were then added and incubated
at 4°C overnight. Next day, guts were washed in PBST and incu-
bated with secondary antibodies at RT for 2 h. Finally, guts were
stained with DAPI and mounted in Vectashield on the glass slide.
Images were acquired by the Leica SP5 confocal and processed
with Adobe Photoshop 2020 and Adobe Illustrator 2020.

For DI antibody staining, the detailed procedure was described in
Lin etal. (2008). Dissected female guts were fixed in an equal volume
of 4% formaldehyde and heptane mix at RT for 15 min. Then the
lower layer of fixative was replaced with methanol and gently shaken
for 1-2 min. All solutions were subsequently removed and samples
were gradually rehydrated in rehydration series (70% MeOH:30%
PBST; 50% MeOH:50% PBST; 30% MeOH:70% PBST). From this
point onward, immunostaining proceeded as described above.

RT-qPCR

Total RNA was extracted from 20-25 adult female guts with TRIzol
(Thermo Fisher Scientific, Cat. No. 15596018). RNA samples were
then purified by DNase treatment at 37°C for 30 min using Turbo
DNA-free kit (Ambion, Cat. No. AM1907). Next, 1 ug total RNA of
each sample was used for 20 pL of cDNA synthesis using the high-
capacity cDNA reverse transcription kit (Thermo Fisher Scientific,
Cat. No. 4368814). Finally, transcripts of interest were amplified
using iTaq Universal SYBR Green (BioRad, Cat. No. 1725121) on
the BioRad CFX96/384 Real-Time machine. All experiments were
analyzed in at least three biological triplicates and the measured
mRNA expression levels were normalized relative to those of
RpL32. Primer sequences are listed in the Table S4.

Northern blotting

Briefly, 5 ng of total RNA was loaded and run on 1% denatured
formaldehyde agarose gel and then transferred overnight to Amer-
sham Hybond N+ nylon membrane (GE Healthcare, Cat. No.
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RPN303T) in 20x SSC buffer at RT. Next day, the membrane was
stained by 0.02% methylene blue dye to examine transfer effi-
ciency. Then, the dried membrane was placed between two pieces
of 3MM paper and baked for 2 h at 80°C, followed by UV irradia-
tion (0.15 J/sq.cm) to cross-link RNA to the membrane. Finally,
the filter was hybridized overnight by radiolabeled probes at
68°C and then scanned in a Typhoon scanner after washing with
2x SSC, 0.1% SDS and 0.2x SSC, 0.1% SDS buffer, respectively.
The 3?P-labeled RNA probes were synthesized by using the HiScribe
T7 High Yield RNA Synthesis Kit (NEB, Cat. No. E2040) according
to the manufacturer’s instructions. The primer sequence for RNA
probes synthesis are listed in Table S4.

Statistical analysis

Statistical significance was assessed using either unpaired Student’s
t tests in pairwise comparisons or multiple t tests in groups, as
shown in related figures via the GraphPad Prism 9 software.
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