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Stem cells constantly divide and differentiate to maintain adult tis-
sue homeostasis, and uncontrolled stem cell proliferation leads to
severe diseases such as cancer. How stem cell proliferation is pre-
cisely controlled remains poorly understood. Here, from an RNA
interference (RNAI) screen in adult Drosophila intestinal stem cells
(ISCs), we identify a factor, Yun, required for proliferation of nor-
mal and transformed ISCs. Yun is mainly expressed in progenitors;
our genetic and biochemical evidence suggest that it acts as a scaf-
fold to stabilize the Prohibitin (PHB) complex previously implicated
in various cellular and developmental processes and diseases. We
demonstrate that the Yun/PHB complex is regulated by and acts
downstream of EGFR/MAPK signaling. Importantly, the Yun/PHB
complex interacts with and positively affects the levels of the tran-
scription factor E2F1 to regulate ISC proliferation. In addition, we
find that the role of the PHB complex in cell proliferation is evolu-
tionarily conserved. Thus, our study uncovers a Yun/PHB-E2F1 reg-
ulatory axis in stem cell proliferation.
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tem cells in adult tissues constantly proliferate to produce

differentiated progeny to replenish lost cells, thereby main-
taining tissue homeostasis. Disruption of the balanced control
of stem cell proliferation and differentiation can lead to either
excessive proliferation or precocious differentiation, eventually
leading to various diseases and conditions, including cancer
and precocious aging (1-3). Therefore, identifying the mecha-
nisms underlying stem cell proliferation is critical to understand
homeostasis control and for the development of potential ther-
apeutics to treat human diseases including cancer.

The adult Drosophila intestine has proven to be an excellent
model to study the regulation of stem cell and tumorigenesis.
Mammalian and Drosophila intestines share marked similarities
in terms of development, cellular makeup, and genetic control
(4-8). Drosophila intestinal stem cells (ISCs) are scattered
along the basement membrane of the adult midgut epithelium
(9, 10) and divide asymmetrically to produce differentiating
enteroblasts (EBs). One of the Notch ligands, Delta, is specifi-
cally expressed in ISCs, while the Notch receptor is expressed
in ISCs and EBs (termed progenitors collectively). Activation
of the Notch pathway in EBs trigger their differentiation into
either absorptive enterocytes (ECs) or secretory enteroendo-
crine cells (EEs) depending on their signaling environments (9,
11-13). Moreover, recent studies show that EE cells may not
be generated from EBs but directly from ISCs or EE progeni-
tor cells (EEPs) (14-16).

Numerous studies have shown that the proliferation and dif-
ferentiation of ISCs under physiological and stressed conditions
are regulated by many signaling pathways including the Notch,
JAK/STAT, and EGFR pathways (see reviews by refs. 7, 17-19
and references therein). In particular, the EGFR pathway

PNAS 2022 Vol. 119 No. 6 e2111711119

integrates multiple signals to regulate ISC proliferation and dif-
ferentiation. Defective EGFR signaling inhibits ISC prolifera-
tion and tissue regeneration, whereas ectopic EGFR activation
promotes ISC proliferation and tumorigenesis (20-23). EGFR
signaling is also required for the initiation of DNA endoreplica-
tion during EB/EC differentiation and exclusion of damaged
ECs during regeneration (24, 25). Although mitosis and endor-
eplication are distinct processes, they share a common G1-S
regulatory network, mastered by the conserved transcription
factor E2F1 (26-28). Interestingly, E2F1 is posttranscriptionally
regulated by EGFR signaling for the initiation of DNA endore-
plication during regeneration (25). However, how E2F1 is dif-
ferentially regulated by EGFR signaling in these two different
processes is not well understood.

Prohibitins (PHBs) are members of the conserved SPFH
superfamily (29-31). PHB1 was first identified by its antiproli-
ferative activity upon ectopic expression, which was later attrib-
uted to its 3’ untranslated region instead of the PHB protein
itself (32, 33). The PHB complex contains two homologous
members: PHB1 and PHB2. PHB1 and PHB2 are ubiquitously
expressed and are present in the mitochondria, the nucleus,
cytosol, and the lipid rafts of the plasma membrane. A number

Significance

Stem cells maintain tissue homeostasis. We identified a fac-
tor, Yun, required for proliferation of normal and trans-
formed intestinal stem cells in adult Drosophila. Yun acts as
a scaffold to stabilize the Prohibitin (PHB) complex previ-
ously implicated in various cellular and developmental pro-
cesses and diseases. The Yun/PHB complex acts downstream
of EGFR/MAPK signaling and affects the levels of E2F1 to
regulate intestinal stem cell proliferation. The role of the
PHB complex in cell proliferation is evolutionarily conserved.
Our results provide insight into the underlying mechanisms
of how stem cell proliferation is properly controlled during
tissue homeostasis and tumorigenesis.

Author contributions: H.Z., LS., N.P., and Zhouhua L. designed research; H.Z., LS.,
Zhengran L., RK., X.R., M.M., R.X., and Zhouhua L. performed research; L.S., Zhengran
L., RK, X.R., RM,, LJ, S.L, RB., J-HW., M.-q.D., N.P.,, and Zhouhua L. contributed
new reagents/analytic tools; H.Z., L.J.,, M.-q.D., and Zhouhua L. analyzed data; N.P.
and Zhouhua L. wrote the paper; and Zhouhua L. provided funding.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

This article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

'"To whom correspondence may be addressed. Email: dongmenggiu@nibs.ac.cn,
perrimon@genetics.med.harvard.edu, or zhli@nu.edu.cn.

This article contains supporting information online at http://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2111711119/-/DCSupplemental.

Published February 3, 2022.

https://doi.org/10.1073/pnas.2111711119 | 1 of 12

-
<
-
=
w
£
[=NC}
o ©
g_l
wo
Qm



https://orcid.org/0000-0001-5696-910X
https://orcid.org/0000-0001-6155-9607
https://orcid.org/0000-0002-6094-1182
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dongmengqiu@nibs.ac.cn
mailto:perrimon@genetics.med.harvard.edu
mailto:zhli@cnu.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111711119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111711119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2111711119&domain=pdf&date_stamp=2022-05-05

of studies have described a role of the PHB complex within the
mitochondria, where it forms a supramacromolecular structure
at the inner membrane of the mitochondria acting as a scaffold
(or a chaperone) for proteins and lipids regulating mitochon-
drial metabolism. The PHB complex has been implicated in
various cellular and developmental processes and diseases,
such as mitochondrial respiration, signaling, and mitophagy
depending on its cellular localization (see reviews by refs. 30,
31, 34 and references therein). Disruption of the PHB genes
has effects ranging from decreased replicative lifespan in yeast,
to larval arrest in Drosophila, and to embryonic lethality in
mice (35, 36). However, it remains unexplored whether they
play a role in intestinal stem cell regulation in Drosophila.

Results

Yun Is a Positive Regulator of ISC Proliferation. To identify factors
that regulate the maintenance, proliferation, and/or differentia-
tion of ISCs, we carried out a large-scale RNA interference
(RNAI) screen using the esgGald, UAS-GFE tubGal80” (esg™)
driver in the posterior midgut (Methods). From the screen, one
RNAI line targeting CG7705 showed a severe reduction in the
number of esg™ cells (Fig. 14). To exclude the possibility of an
off-target effect, we generated a different short hairpin RNA
that showed a similar phenotype (Fig. 14 and SI Appendix, Fig.
S14). CG7705 encodes a protein of 592 amino acids without
any known domains or motifs that we named Yun (‘luck’ in
Chinese) (SI Appendix, Fig. S14). We note that during this
work, an independent study named CG7705 as diamond (dind)
and showed that it plays a role in mitosis of larval brain cells
and for male meiosis (37) but did not examine its role in ISCs.
The knockdown efficacy of the yun RNAI lines was confirmed
by qRT-PCR and Western blots (SI Appendix, Fig. S1B). Next,
as esgGal4 drives expression in both ISCs and EBs, we used the
ISC-specific DIGal4 driver to examine the role of yun in ISCs.
Depletion of yun significantly inhibited ISC proliferation, indi-
cating that Yun is required for ISC proliferation (SI Appendix,
Fig. S1C). Finally, we used the ISC lineage tracing Flp-out (F/O)
(FLPase [flipase]-out) technique to examine ISC-traced line-
age with reduced yun activity. Traced control ISC lineages
almost fully covered the intestinal epithelium, while depletion
of yun significantly inhibited ISC proliferation (SI Appendix,
Fig. S1D).

To confirm the results obtained with RNAi, we generated
two null yun deletion mutants, yun®%® and yun®® (SI Appendix,
Fig. S1A4). yun is essential for viability, as homozygous mutant
died after the third instar larval stage (SI Appendix, Fig. S2).
Consistent with the role of Yun in ISC proliferation, ISC clones
of yun null mutants generated using the Mosaic analysis with a
repressible cell marker (MARCM) technique did not prolifer-
ate, resulting in 1 to 2 cell clones (Fig. 1B and SI Appendix, Fig.
S1E) (38). Furthermore, we were able to rescue the ISC prolif-
eration phenotype of yun deletion mutants using either a yun
overexpression construct or a Flag-tagged form of yun under its
endogenous promoter (Fig. 1B and SI Appendix, Fig. S1E).
Altogether, our studies demonstrate that Yun is intrinsically
required for ISC proliferation under normal conditions.

Next, we examined whether cell death is the cause of prolif-
eration defects in the absence of yun. No increased apoptosis
was observed in yun-deficient progenitors (SI Appendix, Fig. S3
A-C). Furthermore, we tested whether expression of the antia-
poptotic baculovirus protein p35 could rescue yun-deficient
progenitors (39). Consistent with previous reports, expression
of p35 increased clone sizes in wild-type (WT) intestines
(40-42). Ectopic expression of p35 only partially increased
clone sizes of yun mutants, indicating that the reduced clone
size associated with loss of yun is mainly due to proliferation
defects but not apoptosis (SI Appendix, Fig. S3D). Altogether,
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these data indicate that yun-deficient progenitors do not die but
cannot proliferate.

Interestingly, although the proliferation capability of yurn mutant
ISCs is greatly reduced, large DI™ mature or differentiating ECs
and EE cells could be occasionally observed in yurn mutant
MARCM clones (SI Appendix, Figs. S1F and S4). Furthermore,
although depletion of yun in progenitors decreased the number
of EB cells, in which Notch signaling is activated, EB cell identity
does not appear to be affected by yun depletion (SI Appendix,
Fig. S1G). These data suggest that Yun is mainly required for
ISC proliferation but not progeny differentiation and that the
low frequency of differentiated yun mutant cells is likely due to
reduced ISC proliferation.

Yun Is Required for Tissue Regeneration and Transformed Stem Cell
Proliferation. ISCs undergo rapid proliferation to produce differ-
entiated progeny during regeneration following tissue damage
(43). As Yun is required for ISC proliferation under normal con-
ditions, we examined whether Yun is also involved in tissue
regeneration. Control progenitors undergo rapid proliferation to
regenerate damaged intestinal epithelium after dextran sulfate
sodium salt (DSS) treatment, while depletion of yun in progeni-
tors completely blocked tissue regeneration (Fig. 1B). Consistent
with this, neither yun mutant clones regenerated intestines
treated with DSS (SI Appendix, Fig. S1H). These data indicate
that Yun is also required for tissue regeneration after acute
intestinal damage.

Next, we examined whether yun is required for the prolifera-
tion of transformed stem cells/cancer stem cells. We generated
different models of transformed stem cells by activating either
EGFR or JAK/STAT signaling pathways or by blocking Notch
signaling (9, 10, 20, 21, 44). In all cases, simultaneous knock-
down of yun in these tumor types dramatically suppressed the
division of transformed stem cells (Fig. 1C and SI Appendix,
Fig. S5).

Yun Is Mainly Expressed in Progenitors and EE Cells in Intestines.
To determine where Yun is expressed, we generated Yun-
specific antibodies, transgenic flies carrying Flag-tagged Yun at
its C terminus under its endogenous promoter, and a driver
line under the control of the yun promoter (yunGal4) and used
these reagents to examine the expression pattern and subcellu-
lar localization of Yun (SI Appendix, Figs. S6 and S7). Double
labeling of Flag and Yun antibodies showed that they colocal-
ized, and knockdown of yun by RNAI could effectively decrease
Yun protein levels in progenitors (S Appendix, Fig. S6). Yun is
almost uniformly localized in the cytosol and nucleus of diploid
cells (progenitors and EE cells) but not in polyploid ECs (S
Appendix, Figs. S6 and S7). Yun expression in progenitors and
EE cells was confirmed by double labeling of Yun with differ-
ent cell-type—specific drivers (SI Appendix, Fig. S8). No obvious
defects were observed after yun was depleted in EEs (SI
Appendix, Fig. S9). These data indicate that the expression of
Yun in progenitors is consistent with its requirement in ISC
proliferation.

Interestingly, we noticed that the levels of Yun protein in
progenitors increased with age (SI Appendix, Fig. S104), sug-
gesting that an increased level of Yun in older flies may be
involved in intestine dysplasia, which is known to occur in older
flies (45). Consistent with this model, ectopic expression of yun
in progenitors resulted in a modest increase in the number of
progenitors (SI Appendix, Fig. S10B).

We also noticed that Yun protein is partially localized to the
mitochondria, suggesting that Yun might regulate ISC pro-
liferation by affecting mitochondrial functions (SI Appendix,
Fig. S11 A-D). To test this, we examined various aspects of
mitochondrial-related functions, such as the morphology and

maturation of mitochondria, production of ATP, mitoVFR,
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Fig. 1. Yun is required for ISC proliferation. (A) Yun is required for progenitor proliferation. Quantification of the relative number of esg™ cells in control
and yun-depleted intestines (A4). Mean + SD is shown. ***P < 0.001. (B) Yun is required for ISC proliferation and regeneration. Quantification of ISC
clone size of different genotypes (B4). Mean + SD is shown. ***P < 0.001. (B7) Quantification of the number of pH3 in intestines treated with DSS. Mean
+ SD is shown. ***P < 0.001. (C) Yun sustains the proliferation of transformed stem cells. Quantification of the number of pH3 in different genotypes
(C5). Mean + SD is shown. ***P < 0.001. The proliferation of Notch clones (C6) is inhibited by yun depletion (C7). (C8) Quantification of the size of ISC
clones. Mean + SD is shown. ***P < 0.001 (Scale bars, 20 pm).
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apoptosis, autophagy, and lipid metabolism in the absence of
yun. However, as Yun did not affect these processes (SI
Appendix, Figs. S11-S14), the proliferation defects observed in
yun-defective progenitors are unlikely to be due to mitochon-
drial dysfunction.

Yun Associates with the PHB Complex. To address how Yun regu-
lates ISC proliferation, we performed coimmunoprecipitation
(co-IP) and liquid chromatography-tandem mass spectrometry
experiments to identify Yun-interacting proteins. Among the
candidate interactors, we identified Prohibitin 2 (Phb2) (SI
Appendix, Fig. S15 A-C) (29, 30). Follow up detailed glutathione
S-transferase immunoprecipitation (GST IP) experiments con-
firmed that Yun associates with Phb2 in vitro and that both
endogenous and overexpressed Yun interact with endogenous
and overexpressed Phb2 in vivo, respectively, suggesting that
Phb2 is a Yun-interacting protein (Fig. 2 4-C). As Phb2 forms a
complex with Phbl (encoded by [(2)37Cc in Drosophila), we
examined whether Yun, Phb2, and Phbl form a tertiary com-
plex. Strikingly, both Yun and Phb2 interact with Phb1 by in vitro
GST IP assays (Fig. 2 D and E). Furthermore, in vivo co-IP
results showed that either endogenous or overexpressed Yun
and Phb2 interact with Phbl, indicating that Yun, Phbl, and
Phb2 form a ternary complex (Fig. 2 B, C, F, and G). Consistent
with this, endogenous Yun, Phb2, and Phb1 are expressed in the
same intestinal cells, and colocalization between them was often
observed (Fig. 2 H-J). Altogether, these data suggest that Yun
forms a complex with Phbl and Phb2 (the Yun/PHB complex).
Next, we performed a series of co-IP experiments to define
the interaction domain between Yun and the PHB complex.
Using various purified truncated GST-tagged Yun proteins to
precipitate endogenous Phbl and Phb2, we found that the C
terminus of Yun is essential for their association, while the N
terminus and central parts are dispensable for the interaction
(Fig. 2K and SI Appendix, Fig. S15D). These data indicate that
Yun associates with Phbl and Phb2 through its C terminus.

The PHB Complex Is Required for Normal and Transformed Stem
Cell Proliferation. To determine the expression pattern and sub-
cellular localization of Phbl and Phb2, we used a Phbl-specific
antibody and a transgenic Phb2 reporter with a V5 tag at its C
terminus under its endogenous promoter (Methods). In contrast
to the prevalent idea that the PHB complex is ubiquitously
expressed in eukaryotic cells (31), both Phb1 and Phb2 are spe-
cifically expressed in progenitors and EE cells but not in ECs in
the intestinal epithelium, as observed for Yun, supporting the
idea that Phb1 and Phb2 work together with Yun (SI Appendix,
Fig. S164).

Next, we analyzed the role of Phb2 and Phbl1 in ISC prolifer-
ation. Depletion of Phb2 using two effective RNAI lines
resulted in significant decrease in the number of progenitors
(Fig. 34 and SI Appendix, Fig. S16 B-D). Furthermore, knock-
down of Phb2 using the F/O lineage tracing technique pro-
duced 1- to 2-cell lineages, as observed for yun (SI Appendix,
Fig. S16E). In addition, we generated a null mutant of Phb2,
Phb2" and observed that Phb2* mutant ISC clones contained
only one cell (Fig. 3B). Similarly, depletion of Phb! in progeni-
tors using two different RNAIi constructs and knockdown of
Phbl using the F/O technique also effectively inhibited ISC
proliferation (Fig. 34 and SI Appendix, Fig. S16 B-E). In addi-
tion, we performed MARCM clonal analysis of two Phbl
mutants, PhbI?° and Phbl?*. Almost all ISC clones in both
Phbl mutants contained only one cell, indicating that Phbl1 is
also essential for ISC proliferation (Fig. 3B and SI Appendix,
Fig. S16F). Finally, as observed for Yun, overexpression of both
Phbl and Phb2 resulted in a slight increase in the number of
progenitors (SI Appendix, Fig. S17). Additionally, no obvious
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defects were detected upon deletion of the PHB complex in
EEs, as that of yun depletion (SI Appendix, Figs. S9 and S18).

As observed for Yun, Phb1 and Phb2 are mainly required for
ISC proliferation but not progeny differentiation, as we could
observe marked large DI™ cells mature or differentiating ECs
and EE cells in Phb mutant MARCM clones (SI Appendix,
Figs. S16F and S19). Also, EB cell identity (or Notch signaling
activation) was not affected in Phb-depleted intestines (SI
Appendix, Fig. S16G). Finally, no apoptosis was observed, and
ectopic expression of p35 did not rescue proliferation defects of
Phb mutants, indicating that Phb-deficient progenitors do not
die but cannot proliferate (SI Appendix, Fig. S20). Altogether,
these data indicate that like Yun, the PHB complex is required
for ISC proliferation under physiological conditions.

Next, we examined whether the PHB complex is also required
for tissue regeneration. Phb-depleted progenitors and clones of
Phb mutants could not proliferate to regenerate the intestine
epithelium after DSS treatment, indicating that the PHB com-
plex is required for tissue regeneration after acute intestinal
damage (Fig. 3C and SI Appendix, Fig. S21). Consistent with
these results, proliferation of different types of transformed
stem cells was also suppressed by Phbl or Phb2 depletion (Fig.
3D and SI Appendix, Figs. S22 and S23). Collectively, these data
demonstrate that like Yun, the PHB complex sustains the prolif-
eration of normal and different types of transformed stem cells.

In addition, we noticed that like Yun, Phbl and Phb2 are
partially localized to the mitochondria, suggesting that the PHB
complex might regulate ISC proliferation by affecting mito-
chondrial functions (SI Appendix, Fig. S24 A and B). To test
this, we then examined various aspects of mitochondrial-related
functions as for Yun in the absence of Phbl/2. However, nei-
ther loss of the PHB complex affects these processes, indicating
that the proliferation defects observed in Phb-defective progen-
itors are unlikely to be due to mitochondrial dysfunction (S
Appendix, Figs. S25-S29). Together, our data indicate that the
regulation of stem cell proliferation by the Yun/PHB complex
is likely to be due to its function outside of the mitochondria.

Yun Acts as a Scaffold for the PHB Complex to Regulate ISC
Proliferation. To further investigate the functional relationship
between Yun, Phbl, and Phb2, we analyzed the state of Phbl
and Phb2 in the absence of Yun. Strikingly, Phb2 was almost
undetectable in yun-depleted progenitors (Fig. 44 and SI
Appendix, Fig. S304). Consistent with this, Phb2 was also
greatly diminished in clones of both yun mutants (Fig. 44 and
SI Appendix, Fig. S304). Similar results were observed when
Phbl was examined in the absence of yun (Fig. 44 and SI
Appendix, Fig. S304). The decreased levels of Phb proteins in
the absence of Yun may be a result of dispersed distribution of
Phb proteins or reduced levels of Phb transcripts, directly or
indirectly. Interestingly, the levels of Yun protein remained
largely unchanged in the absence of Phb (Fig. 4B and S/
Appendix, Fig. S30 B and C). In addition, the levels of Phb2
were dramatically diminished in PhbI-depleted progenitors and
in Phbl mutant clones (Fig. 4C and SI Appendix, Fig. S30D).
Similarly, in both Phb2-depleted progenitors and Phb2 mutant
clones, Phbl levels were significantly reduced (Fig. 4C and S/
Appendix, Fig. S30E). Altogether, these data suggest that Yun
recruits and stabilizes the PHB complex while the PHB com-
plex is dispensable for Yun levels, and that Phbl and Phb2 are
interdependent.

To further test the functional relationships between Yun and
the PHB complex, we performed a series of rescue experi-
ments. Strikingly, overexpression of either Phbl or Phb2 signifi-
cantly rescued proliferation defects observed in yun mutant
clones, largely restoring them to WT (Fig. 4D and SI Appendix,
Fig. S31). These data indicate that Yun genetically functions
upstream of the PHB complex to regulate ISC proliferation,
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and ectopic expression of Phbl/2 could bypass the requirement
for Yun. Meanwhile, ectopic expression of yun could not rescue
the proliferation defects observed in Phb-depleted intestines
and clones of Phb mutants (Fig. 4D and SI Appendix, Figs. S31
and S32). Finally, neither overexpression of Phb2 in Phbl
mutant clones nor ectopic expression of Phbl in Phb2 mutant
clones rescued the proliferation defects of Phbl and Phb2
mutants, respectively (Fig. 4D and SI Appendix, Fig. S33). Col-
lectively, these data demonstrate that Yun genetically functions
upstream of Phbl and Phb2, while Phbl and Phb2 function at
the same level to regulate ISC proliferation.

The Yun/PHB Complex Is Regulated by EGFR/MAPK Signaling. As
EGFR signaling is critical to ISC proliferation, we tested
whether this pathway regulates the Yun/PHB complex (20, 21).
Levels of Yun protein were significantly increased in progeni-
tors with ectopic EGFR/MAPK activation (Fig. 54 and SI
Appendix, Fig. S34A4). In addition, the levels of both Phbl and
Phb2 were also significantly increased in Raf*”-expressing
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IP: aV5 37KDa
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Fig. 2. The formation of the Yun/PHB
complex. (A) GST-Yun associates with MBP-
Phb2. Overexpressed (B) and endogenous
Yun (C) associates with endogenous Phb1
and Phb2 in vivo. (D) GST-Phb2 associates
with MBP-Phb1. (E) GST-Yun associates
with MBP-Phb1. Overexpressed (F) and
endogenous Phb2 (G) associates with
endogenous Phb1 in vivo. (H and /) Endoge-
nous Yun and endogenous Phb2 are coex-
pressed and colocalize. (J) Endogenous
Phb1 and Phb2 are coexpressed and coloc-
alize. (K) Phb2 and Phb1 interact with the
C terminus of Yun (Scale bars, 10 pm).

progenitors (Fig. 54 and SI Appendix, Fig. S34B). Furthermore,
when EGFR/MAPK signaling was suppressed in progenitors
using RNAI constructs against different key components of the
EGFR/MAPK signaling pathway as well as in null Raf mutant
cells, the levels of Yun, Phb1, and Phb2 were greatly diminished
(Fig. 5B and SI Appendix, Fig. S34 C-F). Together, these data
show that the Yun/PHB complex is positively regulated by
EGFR/MAPK signaling.

Next, we examined whether the Yun/PHB complex functions
downstream of EGFR/MAPK signaling to regulate ISC prolif-
eration. Strikingly, ectopic expression of either Yun, Phbl, or
Phb2 significantly rescued ISC proliferation defects observed in
Raf mutant cells (Fig. 5C). Collectively, these data show that
the Yun/PHB complex acts downstream of EGFR/MAPK sig-
naling to regulate ISC proliferation.

The Yun/PHB Complex Acts through E2F1 to Regulate ISC Proliferation.
How does the Yun/PHB complex regulate ISC proliferation?
We used the Fly-FUCCI (fluorescent ubiquitination—based cell
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cycle indicator) to track the cell cycle pattern in yun/Phb-defec-  yun/Phb increased the fraction of progenitors in G1 and
tive progenitors (46). Consistent with a previous report, pro-  decreased the fraction in S and G2 phases, indicating that the
genitors are normally arrested in either G1 or G2 phase under  Yun/PHB complex may regulate cell cycle progression in progen-
physiological conditions (Fig. 64) (47). However, depletion of itors (Fig. 64 and SI Appendix, Fig. S354).
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The transcription factor E2F1 plays an important role in the reg-
ulation of cell proliferation by controlling the expression of many
target genes (28). Thus, we examined whether E2F1 participates in
the Yun/PHB-mediated ISC proliferation regulation. E2F1 could
be detected in most progenitors; however, the levels of E2F1

PNAS
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protein in all yun-depleted progenitors and yun mutant clones were
significantly diminished, suggesting that Yun affects E2F1 levels
(Fig. 6B and SI Appendix, Figs. S35B and S36B). The levels of E2F1
were also dramatically decreased in yun®? wing discs (ST Appendix,
Fig. S37). The levels of E2F1 were also dramatically reduced in the
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absence of Phb (Fig. 6B and SI Appendix, Figs. S35B and S36). Fur-
thermore, the expression of the E2F1 downstream target PCNA
(proliferating cell nuclear antigen) was abolished in the absence of
the Yun/PHB complex (SI Appendix, Fig. S38). The notion that the
Yun/PHB complex affects the levels of E2F1 protein was further
supported by the finding that the levels of E2F1 protein are signifi-
cantly increased upon ectopic expression of the Yun/PHB complex
(SI Appendix, Fig. S39). Next, we explored how the Yun/PHB com-
plex regulates E2F1 levels. Interestingly, we found that the Yun/
PHB complex interacts with E2F1 when overexpressed, suggesting
that the Yun/PHB complex may affect E2F1 levels directly in vivo
(Fig. 6B). Furthermore, we found the levels of E2F] transcripts
were significantly reduced upon yun/Phb depletion, indicating that
the Yun/PHB complex also regulates the levels of E2F] transcripts
directly or indirectly (SI Appendix, Fig. S40).

We further tested whether the reduction of E2F1 was respon-
sible for the ISC proliferation defects observed in the absence of
the Yun/PHB complex. Consistently, ectopic expression of E2F1/
Dp promotes ISC proliferation (Fig. 6C and SI Appendix, Fig.
S35C) (25, 47). Overexpression of E2F1/Dp in yun/Phb-depleted
progenitors significantly rescued the proliferation defects

10 of 12 | PNAS
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observed in yun/Phb-depleted intestines, respectively, with esg” >
E2F1, yun/Phb™ " intestines resembling esg® > E2F]1 intestines
(Fig. 6C and SI Appendix, Fig. S35C). Consistently, the number
of progenitors undergoing mitosis was also significantly increased
by simultaneous expression of E2FI1/Dp in yun/Phb-depleted
intestines, to similar levels as those of esg® > E2FI intestines
(Fig. 6C and SI Appendix, Fig. S35C). These data indicate that
E2F1 functions downstream of the Yun/PHB complex to regulate
ISC proliferation. Furthermore, ectopic expression of E2F1/Dp in
either yun/Phb mutant cells significantly promoted the prolifera-
tion of these mutant cells (Fig. 6C and SI Appendix, Fig. S35D).
Moreover, simultaneous depletion of Rbf (Retinoblastoma-
family protein), the negative regulator of E2F1, in yun/Phb-
depleted progenitors could also significantly promote ISC
proliferation in yun/Phb-depleted intestines, albeit weaker
than those of E2F1/Dp ectopic expression (SI Appendix, Fig.
S35E). Interestingly, ectopic expression of only one of the
E2F1 downstream targets, PCNA, was not sufficient to rescue
the proliferation defects in the absence of yun, indicating that
it likely requires multiple E2F1 downstream targets acting
together to restore proliferation defects in the absence of the
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Yun/PHB complex (SI Appendix, Fig. S41). Taken together,
these data show that the Yun/PHB complex acts through
E2F1 to sustain ISC proliferation.

Evolutionarily Conserved Function of the PHB Complex in Cell
Proliferation. We could not identify a clear ortholog of Yun in
vertebrates; however, Phbl and Phb2 are conserved. Thus, we
decided to investigate whether human Phb1 and Phb2 play a role
in cell proliferation. First, as observed for its fly counterpart,
ectopic expression of human Phbl (hPhbl) or Phb2 (hPhb2) sig-
nificantly rescued the proliferation defects observed in Phbl and
Phb2 mutant clones, respectively (Fig. 7 A-G). Furthermore,
hPhbl did not rescue the proliferation defects observed in Phb2
mutant clones, and vice versa (SI Appendix, Fig. S42). Second, we
examined whether the human PHB complex is required for the
proliferation of human cancer cell lines. Depletion of either
hPhbl or hPhb? significantly inhibited the proliferation of human
colorectal cancer cell line HCT116 and human cervical cancer
cell line HeLa, indicating that the human PHB complex is
required for proliferation of different human cancer cells (S
Appendix, Fig. S43). Furthermore, sphere formation of these can-
cer cell lines was almost completely inhibited by #PhbI or hPhb2
depletion. Collectively, these data indicate that the role of the
PHB complex in cell proliferation is evolutionarily conserved.

Discussion

Proliferation and differentiation of adult stem cells must be
tightly controlled to maintain tissue homeostasis and prevent
tumorigenesis. However, how stem cell proliferation is properly
controlled and in particular how the cell cycle is regulated in
stem cells is not fully understood. Here, we identify Yun as an
ISC proliferation regulator from a large-scale RNAIi screen.
Loss of yun function in progenitors restricts them from prolifer-
ating, such that they remain in a quiescent state under normal
conditions and during tissue regeneration following acute tissue
damage. We show that Yun acts as a scaffold for the PHB com-
plex and that the Yun/PHB complex is regulated by EGFR sig-
naling and functions through E2F1 to sustain proliferation of
normal stem cells for tissue homeostasis/regeneration and
transformed stem cells in tumorigenesis.

The Yun/PHB-E2F1 Regulatory Pathway in Stem Cell Proliferation.
In addition to EGFR signaling, the levels of the Yun/PHB com-
plex are also elevated upon activation of JAK/STAT signaling or
in the absence of Notch, indicating that the Yun/PHB complex
may also be regulated by JAK/STAT and Notch signaling
directly or indirectly (SI Appendix, Figs. S44 and S45). Previous
studies and our data show that EGFR signaling acts down-
stream of JAK/STAT, Notch, and Wnt signaling in ISC prolifer-
ation and that ectopic expression of yun/Phb could rescue
proliferation defects in the absence of EGFR signaling. There-
fore, we propose that EGFR signaling is the major upstream of
signal of the Yun/PHB complex, although we cannot fully
exclude the possibilities that it may also be regulated by
the other signaling pathways directly or indirectly (20, 22, 48,
49). The EGFR/MAPK pathway and E2F1 are differentially
required for stem cell proliferation (mitosis) and differentiation
(endoreplication) (20-22, 25). How E2F1 is differentially regu-
lated during these two processes is not clear. The regulation of
E2F1 levels by EGFR/MAPK signaling has been proposed to
be due to increased translation or/and increased protein stabil-
ity, possibly involving some unknown cytoplasmic factors (25).
The identification of the Yun/PHB complex may account for
the differential regulation of E2F1 by EGFR/MAPK signaling.
The Yun/PHB complex is expressed in progenitors and medi-
ates EGFR/MAPK signaling for ISC proliferation but not prog-
eny differentiation, indicating that the Yun/PHB complex is
more specifically required for ISC proliferation. Interestingly, a
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previous study identified another target of EGFR signaling, the
transcription factor Sox100B/dSox9B, which has a critical role
in progeny differentiation (40), indicating that the control of
the ISC proliferation and progeny differentiation by EGFR/
MAKP signaling is likely differentially mediated by differ-
ent effectors.

The levels of E2F1 protein, along with the expression of
PCNA-GFP, were significantly diminished in yun/Phb-defective
progenitors or imaginal wing discs, suggesting that Yun affects
E2F1 levels. Our biochemical analysis show that the Yun/PHB
complex associates with E2F1 in vivo, indicating that the Yun/
PHB complex interacts and stabilizes E2F1 protein to regulate
ISC proliferation. Furthermore, ectopic expression of single
components of the Yun/PHB complex increased E2F1 protein
levels, which were further increased when two or three compo-
nents of the Yun/PHB complex were coexpressed, supporting
the notion that the Yun/PHB complex regulates E2F1 protein
levels. Moreover, ectopic expression of E2F1/Dp significantly
restored ISC proliferation in yun/Phb-defective intestines. Con-
sistently, knockdown of the negative regulator of E2F1, Rb,
also restored ISC proliferation in these yun/Phb-defective
intestines, albeit at a weaker level than that of E2F1/Dp overex-
pression. Together, these data demonstrate that E2F1 acts
downstream of the Yun/PHB complex for ISC proliferation.
Interestingly, overexpressing PCNA alone is not sufficient to
restore ISC proliferation in yun-depleted intestines, indicating
that collective activation of multiple downstream targets of the
E2F1/Dp complex are required to restore ISC proliferation. It
has been previously proposed that PHB1 binds to Rb and func-
tions as a negative regulator of E2F1-mediated transcription
(50-53). These studies contrast with previous work suggesting
that the PHB complex is required for cell proliferation (35, 36,
54-57). Our in vivo study uncovered how E2F1 is differential
regulated by EGFR/MAPK signaling and acts downstream of
the Yun/PHB complex in ISC proliferation to maintain tissue
homeostasis under normal and stress conditions and during
tumorigenesis in Drosophila (Fig. 7H), which is in striking con-
trast to the proposed antiproliferation role of PHBI1.

Conserved Function of the PHB Complex in Cancer Cell Proliferation.
Unlike Yun, Phbl and Phb2 are conserved and have been
reported to form a complex that localizes to the nucleus,
plasma membrane, and mitochondria in mammalian cells (30,
58). In mitochondria, the PHB complex functions as chaper-
ones in mitochondria in some cell types (29, 58, 59). Although
in flies, the Yun/PHB complex is partially localized in mito-
chondria in progenitors, our results indicate that the ISC prolif-
eration defects observed in yun/Phb-defective progenitors are
unlikely due to their roles in mitochondria.

Human Phb1 and Phb2 could significantly restore ISC prolif-
eration defects in Phbl- and Phb2-depleted intestines, respec-
tively, and were required for the proliferation of different
human cancer cell lines, indicating that the function of the
PHB complex in proliferation is conserved. Finally, the obser-
vations that 1) Yun acts as a scaffold of PHBs for their proper
function; 2) the Yun/PHB complex acts downstream of EGFR/
MAPK signaling; and 3) PHBs and EGFR/MAPK signaling are
evolutionarily conserved, suggest that a functional counterpart
of Yun exists in mammals, which is different in primary
sequence but possibly similar in structure.

Methods

Fly Lines and Husbandry. Information about alleles and transgenes used in
this study can be found either in FlyBase or as noted. Please refer to S/
Appendix for detailed information.

Immunostainings and Fluorescence Microscopy. Immunostainings and micros-

copy follow standard procedures as described in S/ Appendix.
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Data Analysis. pH3 numbers were scored manually under a Zeiss Imager 722/
LSM780 microscope. The number of intestines scored is indicated in the text.
Statistical analysis was done using the Student'’s t test. P > 0.05; *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.

Data Availability. All study data are included in the article and/or SI Appendix.
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