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SUMMARY

Similar to the mammalian intestine, the Drosophila
adult midgut has resident stem cells that support
growth and regeneration. How the niche regulates
intestinal stem cell activity in both mammals and flies
is not well understood. Here, we show that the
conserved germinal center protein kinaseMisshapen
restricts intestinal stem cell division by repressing
the expression of the JAK-STAT pathway ligand
Upd3 in differentiating enteroblasts. Misshapen, a
distant relative to the prototypic Warts activating
kinase Hippo, interacts with and activates Warts to
negatively regulate the activity of Yorkie and the
expression of Upd3. The mammalian Misshapen
homolog MAP4K4 similarly interacts with LATS
(Warts homolog) and promotes inhibition of YAP
(Yorkie homolog). Together, this work reveals
that the Misshapen-Warts-Yorkie pathway acts in
enteroblasts to control niche signaling to intestinal
stem cells. These findings also provide a model in
which to study requirements for MAP4K4-related
kinases in MST1/2-independent regulation of LATS
and YAP.

INTRODUCTION

Similar to most other adult organs, the gastrointestinal (GI) tract

contains resident stem cells that support tissue homeostasis

(Grompe, 2012). In the mammalian intestine, two groups of

stem cells called label retention cells (LRCs) and columnar

base cells (CBCs) located near the base of each crypt together

function to replenish lost cells along the crypt-villus axis (Barker

et al., 2007; Sangiorgi and Capecchi, 2008; Takeda et al., 2011;

Tan and Barker, 2014; Tian et al., 2011; Yan et al., 2012; Zhu

et al., 2009). Intestinal stem cells (ISCs) are thought to be regu-

lated by surrounding niche cells; however, the detailed mecha-
Developme
nisms underlying this regulation remain poorly understood (Tan

and Barker, 2014).

In the Drosophila adult midgut, ISCs are evenly distributed

along the basal side of the epithelium (Micchelli and Perrimon,

2006;OhlsteinandSpradling, 2006). ISCsare theonlymitoticcells

in the adult midgut and therefore are critical for intestinal homeo-

stasis. After an ISCdivision, Delta-Notch signaling establishes the

asymmetry between the renewed ISC and the neighboring enter-

oblast (EB) (Ohlstein and Spradling, 2007; Perdigoto et al., 2011).

Although themechanism that establishes the asymmetric Delta is

largely unknown, it is clear that the strength of Notch pathway

stimulation is a key todeterminant ofwhether theEBdifferentiates

to become an enterocyte (EC) for nutrient absorption or an

enteroendocrine cell (EE) for hormone secretion (Figure 1K) (de

Navascués et al., 2012; Goulas et al., 2012; Kapuria et al., 2012;

Ohlstein and Spradling, 2007; Perdigoto et al., 2011).

Many conserved signaling pathways regulate Drosophila ISC

division. EGF and JAK-STAT pathways regulate ISC division

and subsequent differentiation and therefore are essential for

midgut homeostasis (Beebe et al., 2010; Biteau and Jasper,

2011; Buchon et al., 2010; Jiang et al., 2011; Liu et al., 2010;

Ragab et al., 2011; Xu et al., 2011; Zhou et al., 2013). The Insulin

receptor, TSC-TORandMycpathwaysare important for thecoor-

dinationofmidgutgrowth (Amcheslavskyet al., 2011;Amcheslav-

sky et al., 2009; Choi et al., 2011; Kapuria et al., 2012; Ren et al.,

2013). The Hippo-Warts-Yorkie (Hpo-Wts-Yki) pathway has func-

tions in both ECs and ISCs to regulate ISC division and regenera-

tion (Huang et al., 2014; Karpowicz et al., 2010; Ren et al., 2010;

Shaw et al., 2010; Staley and Irvine, 2010). Recent evidence

suggests that ISC division and asymmetry are flexible and can

adapt to environmental factors such as nutrient availability

(O’Brien et al., 2011). Other evolutionarily conserved pathways

such as Wingless, JNK, BMP, and PVFs are also involved in the

maintenance and stress response of ISCs (Bond and Foley,

2012; Choi et al., 2008; Guo et al., 2013; Hochmuth et al., 2011;

Li et al., 2013a, 2013b; Lin et al., 2008; Tian and Jiang, 2014).

How thesemany conserved regulatory pathways are coordinated

to achieve intestinal homeostasis remains to be answered.

Here, we show a niche mechanism that depends on

Misshapen (Msn), a member of the germinal center protein
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Figure 1. Loss of Msn Causes Midgut

Hyperplasia

(A–D) Confocal images of adult midguts. (B and C)

Surface views. (D and E) Sagittal views. Control gut

is esgts > GFP, and msnRNAi is esgts > GFP, UAS-

msnVDRC-RNAi. The flies were shifted to 29�C for

5 days to inactivate Gal80 and allow Gal4 activa-

tion. Green is GFP. For all panels in this report, blue

is DAPI staining, scale bar represents 20 mm and

apical/lumen side is up for sagittal views.

(E) Average number of p-H3+ cells per whole

midgut of control (esgts > GFP) and msnRNAi lines.

The VDRC line consistently gave a stronger

phenotype than that of the TRiP line. For all sta-

tistics in this report, the error bar is SEM unless

indicated, and p value is from Student’s t test.

**p < 0.01.

(F) Two independent transgenic lines of fully length

msn cDNA and C-terminal truncation at amino acid

768 were crossed with the RNAi line and tested for

rescue. The p values were all <0.01 for the rescued

lines compared to msnTRiP.

(G and H) Confocal images showing surface views

of midguts. The msnVDRC line was used for these

the experiments, the esgts > GFP was used as

driver and control, and temperature shift was car-

ried out for 5 days. The arrows indicate some of the

cells with cytoplasmic Delta staining (red).

(I and J) Sagittal views confocal images of midguts.

Nuclear p-H3 staining is red and cytoplasmic Delta

staining is green. Cells that show both staining are

ISCs in mitosis (arrowheads).

(K) Schematic representation of the cell types

and markers in the adult midgut. ISC, intestinal

stem cell; EB, enteroblast; EC, enterocyte; EE,

enteroendocrine cell.

(L and M) Same RNAi experiments were performed

but the lines also contained the Su(H)lacZ reporter

chromosome. The b-galactosidase protein staining

(red) from the reporter gene expression marks

the EBs.

See also Figure S1.
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kinase (GCK) family, acting within EBs to repress the expression

of the JAK-STAT pathway ligand Upd3. Mechanistically, Msn

function is independent of JNK or Hpo but instead interacts

with Wts to suppress Yki activity and Upd3 expression. We

also show that the mammalian Msn homolog MAP4K4 interacts

with LATS to suppress YAP activity inmammalian cells, suggest-

ing that this is an evolutionarily conserved mechanism possibly

employed in various biological contexts.

RESULTS

Loss of Msn Function in the Adult Midgut Causes
Hyperplasia
To identify regulators essential for midgut homeostasis, we used

the escargot promoter-Gal4; tubulin-Gal80ts; UAS-mCD8GFP

(esgts > GFP) as driver and marker to perform RNA interference
292 Developmental Cell 31, 291–304, November 10, 2014 ª2014 Elsevier Inc.
(RNAi) assays of various genes. This

driver is expressed in both ISCs and EBs

(Figure 1K), and the Gal80ts temperature-
sensitive repressor provides temporal control of the Gal4 activity

(Amcheslavsky et al., 2011; Micchelli and Perrimon, 2006). Two

independent transgenic UAS-double-stranded RNA (dsRNA)

lines (msnTRiP and msnVDRC) targeting nonoverlapping se-

quences of msn caused a large increase of the number of

GFP+ cells. Optical cross-sections indicated an intestinal hyper-

plasia phenotype (Figures 1A–1D). Knockdown ofmsn increased

substantially the number of p-H3+ cells (Figure 1E), a marker for

mitotic ISCs (Micchelli and Perrimon, 2006; Ohlstein and Spra-

dling, 2006). In all these experiments, msnRNAi was induced by

temperature shift in adult flies, so the hyperplasia phenotype is

not a developmental defect.

To confirm that the dsRNA-induced phenotype was due to

loss of Msn function, we performed a rescue experiment. Two in-

dependent transgenic lines carrying a full-length msn cDNA

together with the RNAi construct showed an almost complete
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suppression of the midgut phenotype (Figure 1F,msncDNA-1 and

msncDNA-2). We further generated a construct that expressed the

Msn768, which retains the N-terminal 768 amino acids including

the kinase domain and the middle segment but not the C-termi-

nal region targeted by both dsRNA. Two independent transgenic

lines containing this RNAi-insensitive construct (msn768-1 and

msn768-2) also provided complete rescue of the ISC division

phenotype induced by msnTRiP (Figure 1F).

Staining and quantification of various cell fate markers in the

midgut suggest that an increased ISC proliferation, but not pro-

duction of more ISCs through increased symmetric division, is

the reason behind the hyperplasia phenotype. First, staining of

msnRNAi guts with the ISC-specific marker Delta showed a

similar number and distribution of Delta+ cells compared to

wild-type (Figures 1G–1H0, arrows). In contrast, msnRNAi guts

displayed a significant increase in the number of the daughter

cell marker Su(H)lacZ, as well as esg > GFP (Figures 1L–1M0

and Figures S1A–S1D available online). Second, in msnRNAi

guts, almost all the p-H3+ cells also had Delta staining (control

100%, n = 25; msnRNAi 98%, n = 48), and they were all basally

located similar to the ISCs in wild-type guts (Figures 1I–1J). It

is noteworthy that <1% of p-H3+ also contained Pros staining

(Zielke et al., 2014), but the proportion of this population did

not change after msnRNAi (Figure S1E) and therefore should not

contribute significantly to the overproliferation phenotype. Third,

quantification of mutant clones with multiple Delta+ cells, which

may come from fusion or symmetric division, revealed no change

in the ratio over clones with single Delta+ cells (Figure S2A),

further suggest thatmsnmutants have similar ratio of ISC asym-

metric/symmetric division as previously reported (Goulas et al.,

2012; O’Brien et al., 2011). Therefore, various approaches

demonstrate that loss of Msn causes increased ISC proliferation

to generate more progeny cells and causes hyperplasia in the

adult midgut.

Msn Acts in EBs to Regulate ISC Division
Nonautonomously
Mutant clonal analysis was performed to validate the phenotype

and gain insight into the cell type requirement of msn function.

We used the Mosaic Analysis with a Repressible Cell Marker

(MARCM) technique (Lee and Luo, 2001) to generate small num-

ber of homozygous ISCs and the subsequent lineages that were

positively marked byGFP.We testedmsn102 andmsn172, both of

which are X-ray-induced inversions and likely null alleles, as well

as msnP06946, a P element insertion allele (Braun et al., 1997;

Horne-Badovinac et al., 2012; Ruan et al., 2002; Treisman

et al., 1997). As shown in Figures 2A–2D and S2B, the number

of GFP+ cells inmsnmutant clones of all three alleles was signif-

icantly higher than that in wild-type clones.

The increase in cell number ofmsnmutant clones, however, is

lower than anticipated considering the strong RNAi-induced

phenotype. If msn is required within ISC, one should expect

the null mutants have stronger proliferation phenotype than

that in RNAi experiments. A logical explanation is that msn is

required outside ISC but influences ISC division indirectly. The

number of MARCM mutant cells in the above experiments was

much smaller than that in the esg > RNAi experiment, therefore

could result in weaker stimulation of overall midgut proliferation.

To examine this further, we used additional drivers, the Myo1A-
Developme
Gal4, Su(H)-Gal4, or Dl-Gal4 to induce msnRNAi in ECs, EBs, or

ISCs, respectively (Jiang et al., 2009; Zeng et al., 2010). Within

days of temperature shift, both esg-Gal4 and Su(H)-Gal4 drove

a highly increased p-H3+ cell count. Myo1A-Gal4 and Dl-Gal4

caused a much lower effect (Figures 2F and 2G). The common

cell type shared by the esg and Su(H) drivers is the EB, suggest-

ing that Msn acts largely in EBs to increase ISC division. We then

repeated the MARCM experiments with longer incubation time

after clone induction to accumulate more mutant cells in the

midgut. Under such experimental condition, we quantified the

p-H3+ cells inside and outside GFP+ clusters and found that a

large portion of the mitotic cells were outside the mutant clones

(Figure 2E), indicating that an ISC-nonautonomous mechanism

takes place to induce proliferation of surrounding cells by the

msn mutant cells.

We have examined the expression of the msn-lacZ insertion

line msnP06946, the same one we used in our mutant phenotypic

analyses. Previous reports (Braun et al., 1997; Rudrapatna et al.,

2013) used this line as a reporter formsn expression, so presum-

ably it represents authentic expression. Our b-galactosidase

antibody staining showed higher expression in enteroblasts,

much lower in ISCs and not detectable in ECs (Figures 2H and

2H0). This is consistent with the functional requirement in enter-

oblasts, although one cannot make a direct argument between

the level of expression and functional requirement especially

for these kinases, which likely require phosphorylation for

activation.

Pdm1 is a differentiation marker for mature ECs and late EBs

(Zhou et al., 2013). In mutant msn MARCM clones, there was

also Pdm1 staining in the bigger GFP+ cells, similar to the ECs

in surrounding and in control MARCM clones (Figures 2I and

2J). In esg >msnRNAi guts, many of the GFP+ cells in the multilay-

ered epithelium stained positive for Pdm1 (Figures 2K and 2L,

arrowheads) and overlapped extensively with Su(H)lacZ expres-

sion (Figure S2C). Moreover, we did not observe an abnormal

increase of EEs based on the staining of Prospero (Pros) (Fig-

ure S1D). These results demonstrate that loss of msn function

leads to an increased ISC proliferation by a nonautonomous

mechanism, followed by faster and largely normal differentiation,

which are hallmarks of hyperplasia.

Upd3 Is Essential for ISC Overproliferation Caused by
Loss of msn

A simple prediction based on the nonautonomous mechanism

is that loss of Msn leads to the production of a growth factor to

increase ISC proliferation. We assayed for the expression of

ligands shown to be important for midgut growth by RT-PCR

of RNA from midguts of the esg > msnRNAi flies (Jiang et al.,

2009; Ren et al., 2010). The results revealed that expression of

the JAK-STAT pathway ligand upd3 showed a particularly robust

increase (Figure 3A). A downstream target gene of the JAK-STAT

pathway Socs36E also showed a significant increase in the

expression (Figure 3A).

To visualize the expression in vivo, we examined the 4 kb

upd3 promoter-lacZ reporter that expressed in both mature

ECs and differentiating EBs (Jiang et al., 2009; Zhou et al.,

2013). In wild-type guts, this lacZ reporter largely had no

expression but occasional low level staining (Figures 3C and

3E). In esg > msnRNAi guts, the GFP+ cells almost all contained
ntal Cell 31, 291–304, November 10, 2014 ª2014 Elsevier Inc. 293
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b-galactosidase protein staining, except some small cells that

probably represented ISCs and early EBs (Figure 3D, arrow-

heads). The msn mutant MARCM clones also exhibited strong

correlation with increased upd3-lacZ expression (Figure 3F).

Quantification of the MARCM clones showed that only 6% of

the wild-type clones (n = 83) had b-galactosidase costaining,

while 58% (n = 264) of the mutant clones had extensive costain-

ing, with many of remaining mutant clones showing partial

overlap with b-galactosidase staining. These results together

demonstrate a negative regulation of upd3 expression by Msn

in the midgut.

Overexpression of Upd3 frommidgut precursor cells driven by

both esg-Gal4 and Su(H)-Gal4 caused highly increased ISC pro-

liferation within 1–3 days (Figure 3B). Therefore, the production

of Upd3 from EBs is functionally relevant. Furthermore, the

knockdown of upd3 expression by using two different upd3RNAi

constructs caused almost complete suppression of the midgut

proliferation induced by esg-Gal4 or Su(H)-Gal4 driven msnRNAi

(Figure 3G). The confocal images shown in Figures 3H–3J illus-

trate that in the double RNAi guts, fewer Su(H) > GFP+ cells

were present when compared to msnRNAi alone and the multi-

layering of the midgut epithelium was also suppressed (Figures

3K–3M). These experiments together demonstrate that Upd3 is

an important downstream effector for the increased ISC division

and midgut hyperplasia phenotype.

Yorkie but Not JNK Is a Critical Mediator Downstream
of Msn
Misshapen regulates a number of biological processes including

embryonic dorsal closure, axonal projection, planar cell polarity,

egg chamber elongation, and oocyte border cell migration

(Cobreros-Reguera et al., 2010; Horne-Badovinac et al., 2012;

Paricio et al., 1999; Ruan et al., 2002; Su et al., 1998; Treisman

et al., 1997). JNK may act downstream of Msn in some of these

processes. We tested the requirement of JNK in EBs. Three

different dsRNA constructs driven by Su(H)-Gal4 all caused

moderate increase of ISC proliferation (Figure 4A), which is

opposite to JNK function described in midgut ECs as a positive

regulator of stress-induced ISC proliferation and age-dependent

intestinal dysplasia (Biteau et al., 2008; Jiang et al., 2009). More-

over, JNK silencing in EBs did not cause a significant increase of
Figure 2. Msn Functions in EBs to Regulate ISC Division Nonautonom

(A–C) Representative confocal images ofMARCMclones. Cytoplasmic punctate D

GFP clusters each contained one Delta+ cell. For clusters that contained two we

(D) The average GFP+ cell number per MARCM cluster in each homozygous gene

after clone induction.

(E) MRACM clone inductions were performed and the flies were incubated at 25�C
and p-H3+ cells inside and outside the GFP+ clusters were quantified and the ave

total p-H3+ cells of each mutant sample compared to control.

(F and G) The average number of p-H3+ cells of whole midguts in control (UAS-m

perature shift to 29�C was carried out and at the days indicated a portion of the

between the day 10 samples of Su(H) > msnTRiP and Myo1A > msnTRiP.

(H) Confocal images of antibody staining for b-galactosidase expression in the m

GFP chromosomes. In the enlarged views of the white square area, the arrow in

(I and J) The MARCM clones (encircled) expressing nuclear GFP (green) or stainin

blue DAPI).

(K and L) Sagittal view confocal images of midguts from control andmsnVDRC flies

is esgts > GFP. The flies were shifted to 29�C for 5 days.

See also Figure S2.
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upd3 mRNA and the proliferation phenotype was not sup-

pressed by upd3 RNAi, nor suppressed by yki RNAi (Figure 4A).

The JNK phosphorylation normally associated with the kinase

activity had no detectable change after msnRNAi (Figure 4B).

The inclusion of the antiapoptotic protein p35 also did not sup-

press themsnRNAi-induced phenotype (Figure 4C). These results

suggest that a change of JNK activity or death-related mecha-

nism is not the underlying reason for the msn-dependent

phenotype.

Previous reports have shown that damage-induced response

in ECs can be regulated by Yki (Ren et al., 2010; Shaw et al.,

2010; Staley and Irvine, 2010). When we tested the requirement

in EBs, the result clearly indicated a critical function of Yki down-

stream of Msn. The double RNAi experiment caused almost

complete suppression of the hyperplasia, ISC proliferation, and

upd3 and Socs36E expression phenotypes (Figures 4D–4K).

This suppression by loss of Yki was observed by using either

esg or Su(H) driver, demonstrating that both Msn and Yki are

required in the same cell type, that is EB.

Msn Interacts Genetically with Warts and Acts
Independently of Hpo
Msn and Hpo belong to different subfamilies of the GCK family

of protein kinases (Strange et al., 2006). The highly conserved

Hpo-Wts-Yki pathway, MST1/2-LATS-YAP in mammals, con-

trols organ size by regulating the cell cycle and apoptosis (Har-

vey and Hariharan, 2012; Zhao et al., 2011). However, Hpo/

MST are not required downstream of the F-actin cytoskeleton

in mechanosensing and G protein coupled receptor signaling

where Yki/YAP are critical (Aragona et al., 2013; Sansores-Gar-

cia et al., 2011; Yu et al., 2012). Therefore, a different kinase

might act similarly to Hpo/MST in some processes.

We examined the relationship among Msn, Hpo, and Wts in

the adult midgut. For these experiments, we used hpo, wts,

and msn RNAi lines from VDRC. The EC driver Myo1A-Gal4

with hpoRNAi caused a substantial increase in midgut prolifera-

tion as previously reported (Ren et al., 2010; Shaw et al., 2010;

Staley and Irvine, 2010), while with msnRNAi had a weaker effect

(Figure 5A). The EB driver Su(H)-Gal4 caused an opposite

outcome, with msnRNAi leading to a very high cell proliferation

but hpoRNAi having little if any effect (Figure 5B). The esg-Gal4
ously

elta protein staining is red (arrows) and theMARCMnuclear GFP is green.Most

ll-separated Delta+ cells, the GFP+ cell numbers were divided by two.

tic background is shown. Guts were dissected after 10 days incubation at 18�C

for 7 days to accumulate more GFP+ cells in the midgut. Guts were dissected

rage number of each set was plotted as shown. The p value was calculated for

CD8GFP) and UAS-msnTRiP after crossing with the various drivers. The tem-

flies were used for midgut dissection and p-H3 staining. The p value in (G) is

idgut ofmsnP06946, which was also crossed to contain the Su(H)Gal4 and UAS-

dicates ISC, the arrowhead indicates EB, and the wide arrow indicates EC.

g for the nuclear Pdm1 protein (nuclear red staining/purple color together with

. Some of the Pdm1 stained nuclei are indicated by the arrowheads. Control gut

ntal Cell 31, 291–304, November 10, 2014 ª2014 Elsevier Inc. 295
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driver also caused stronger phenotype with msnRNAi than with

hpoRNAi. The Dl-Gal4 caused weak phenotype overall, likely

due to a weak expression of this driver (Figures 5C and 5D).

The wtsRNAi phenotypes were always among the strongest with

any of the drivers. These results together establish the scenario

that Wts has an essential role in all cell types, while Msn is

required in EB where Hpo does not appear to be critical.

We then tested the functional interaction among these ki-

nases, all using the EB driver. First, themsnRNAi-induced prolifer-

ation phenotype was efficiently rescued by two different msn

cDNA constructs, while the inclusion of a hpo cDNA did not

have significant rescue (Figure 5E). Second, increased expres-

sion of wts by a transgene suppressed efficiently the msnRNAi-

induced proliferation phenotype (Figure 5F). Third, the wtsRNAi-

induced proliferation was similarly suppressed by loss of Yki

function, and the wts/+ heterozygous mutant significantly

enhanced the msnRNAi-induced proliferation phenotype (Fig-

ure 5G). These results demonstrate that Hpo cannot replace

Msn, while Msn and Wts act in parallel or together to regulate

downstream events such as Yki function in EBs.

Physical Interaction betweenMsn andWts Is Conserved
Recent reports demonstrate that Wts interacts with Merlin, Hpo

interacts with Salvador and Msn interacts with the membrane

protein Fat (Kwon et al., 2013; Yin et al., 2013), suggesting a

complex interaction among the components of this signaling

pathway. We examined the physical interaction between Msn

and Wts by transient transfection. The tagged versions of the

constructs were transfected into S2 cells and the extracts then

used for coimmunoprecipitation (coIP). The results from recip-

rocal coIP experiments showed that overexpressed Msn and

Wts formed a complex in these extracts (Figures 6A and 6B). A

parallel experiment usingmammalian HEK293 cells also showed

that transfected mammalian Msn homolog MAP4K4 and Wts

homolog LATS2 formed a complex under the coIP condition

(Figure 6G).

We then tested whether Msn can affect the phosphorylation of

Wts. Msn activity is increased after treatment of the cells with the

phosphatase inhibitor okadaic acid (OA), probably due to activa-

tion of upstream events (Kaneko et al., 2011). OA treatment alone

caused a slower mobility of Wts and the addition of Msn caused

further retardation on SDS gels (Figure 6C). This further mobility

shift of Wts was not observed when the ATP binding site muta-

tion K61R of Msn was used (Figure 6D). Moreover, phosphatase

treatment of the extracts abolished this shift (Figure 6E), demon-
Figure 3. Upd3 Is Essential for the Loss of msn-Induced Overprolifera

(A) Relative mRNA expression for various growth factors. Control flies were esgts

midguts form each sample were used for RNA isolation and RT-PCR. The cycle n

normalized expression of the gene was divided by that of the GFP control and p

(B) Su(H)ts > and esgts > were used to drive a UAS-upd3 cDNA or UAS-mCD8GFP

time and assayed for p-H3 count. The p value is between esgts > upd3 and esgt

(C–F) The 4 kb upd3 promoter-lacZ reporter was crossed together with themsn R

the esgts >GFP driver and temperature shift was for 3 days. The dissected guts we

upd3-lacZ on the panel. (E and F) MARCM experiments. After heat shock inductio

for the b-galactosidase protein.

(G) The single and double RNAi experiments were performed using the Su(H)ts >

assayed for the p-H3 count. Two different upd3 RNAi lines were used.

(H–J) The confocal images of midgut cells from Su(H)ts > GFP+ or with the indica

(K–M) Sagittal view confocal images of midguts with the same genotypes.

Developme
strating that the cause of mobility shift of Wts was phosphoryla-

tion. As a comparison, Msn did not cause a detectable mobility

shift of Hpo (Figure 6F).

Activated Wts causes phosphorylation of Yki at the S168 res-

idue, which inhibits Yki by causing its cytoplasmic retention. In

our pilot experiments, cotransfection of Wts was sufficient to

cause phosphorylation of Yki, to an extent that the addition of

Msn did not make a difference. However, when lower amounts

of Wts were used, Yki phosphorylation was not observed unless

Msn was included (Figure 6H). The K61R mutation on Msn again

almost abolished this function.

Similarly, LATS phosphorylation at the S909 residue (auto-

phosphorylation site) and T1079 residue (a knownMST1/2 target

site) were increased after cotransfection of MAP4K4 into

HEK293 cells, while the ATP binding site mutant K54R of

MAP4K4 did not cause such effects (Figure 6I). In addition,

wild-type but not mutant MAP4K4 promoted phosphorylation

of transfected YAP at the S127, a well-established target site

of activated LATS.

To further demonstrate the in vivo relevance of MAP4K4 in

regulating the pathway, we utilized mouse embryo fibroblasts,

a cell type where the endogenous LATS and YAP are phosphor-

ylated but somehow is not affected after MST1/2 double

knockout (Song et al., 2010; Zhou et al., 2009). The knockout

of MAP4K4 by inducible Cre-mediated recombination in these

cells led to a reduction of LATS and YAP phosphorylation both

before and after Latrunculin B treatment (Figures 6J and 6K),

which inhibits actin polymerization and increases YAP phos-

phorylation (Yin et al., 2013; Zhao et al., 2011). These results

demonstrate that MAP4K4 is a critical component regulating

LATS-YAP in this cell type and that the Drosophila Msn-Wts

and mammalian MAP4K4-LATS interactions are conserved.

Functional Interaction of Msn and Wts Leads to
Inactivation of Yki
Yki is a transcription coactivator of Scalloped (Sd). A luciferase

reporter with Sd binding sites has previously been shown to be

activated by Yki-Sd, as well as repressed by Hpo-Wts (Zhang

et al., 2008). We used this reporter because there is no other es-

tablished reporter yet to assay for Msn repression. The cotrans-

fection of Hpo, Wts, or Msn individually could not repress the

Yki-Sd-dependent expression of the reporter. The inclusion of

Hpo and Wts together repressed �50% of the expression, while

Msn and Wts together repressed �28% of the expression (Fig-

ure 7A). The Msn K61R mutant did not show significant
tion Phenotype

> GFP and the temperature shift was carried out for 3 days. Approximately 10

umber of each PCR was normalized with that of the rp49 in a parallel PCR. The

lotted as fold change.

as control. Whole guts were dissected after temperature shift for the indicated
s > GFP.

NAi or mutant chromosomes. (C and D) Control andmsnRNAi experiments using

re stained using an antibody for the b-galactosidase protein (red) and labeled as

n the flies were incubated at 18�C for 10 days before gut dissection and stained

and esgts > drivers. The flies were incubated at 29�C for 5 days and the gut

ted RNAi lines are shown.
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Figure 4. Yorkie but Not JNK Is a Critical Regulator Downstream of Msn

(A) Su(H)Gal4ts was used as the driver for these experiments. Midguts were dissected after 5 days at 29�C and the pH3 staining was counted. Three different JNK

RNAi lines gave increased mitotic count, but none of them was suppressed by the double yki RNAi or upd3 RNAi. NS is no significance with p > 0.05.

(B) Western blots of extracts frommidguts of flies containing the indicated transgenes. Phospho-JNK and tubulin antibodies were used for the blots as indicated.

Puckered (puc) is a JNK phosphatase.

(C) The antiapoptotic protein P35was expressed using a transgenic cDNA construct. Su(H)Gal4ts was used and temperature shift at 29�Cwas carried out for 5 days.

(D–F) Confocal images of midguts from flies with the indicated genotypes. The scale bar in (D) represents 10 mm.

(G–I) Sagittal view confocal images of midguts with the same genotypes.

(J and K) The Gal4 drivers used are as indicated. The time at 29�Cwas 5 days for all these experiments. The p-H3 count is plotted in (J). The fold change of mRNA

expression by PCR in (K) was calculated by comparing to the control/GFP line as described in Figure 3A.
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Figure 5. Msn Interacts Genetically with

Warts and Acts Independently of Hippo

(A–D) Midguts dissected from the RNAi lines with

the indicated drivers were used for p-H3 staining

and quantification. All crosses included theGal80ts

and temperature shift to 29�C was carried out for

0–10 days as indicated.

(E) The experiments were performed by using the

Su(H)Gal4ts and the shift to 29�C was for 5 days.

The p-H3 staining was counted from midguts of

flies with the indicated combination of msn RNAi

and cDNA constructs.

(F) Similar experiments using the combination of a

wts cDNA were carried out.

(G) Similar experiments were carried out to test the

yki RNAi suppression of wts RNAi-induced prolif-

eration. The msn RNAi was also crossed together

with a wts/+ heterozygous background and tested

for the proliferation phenotype.
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repression. Therefore, Msn and Wts can act synergistically to

decrease the transcriptional activity of Yki.

To assay for a functional interaction between MAP4K4 and

LATS-YAP, endogenous YAP localization was quantified in

293A cells because LATS phosphorylation of YAP results in

YAP inhibition by translocation to the cytoplasm. Expressing a

low level of LATS alone had a small effect while coexpression

of LATS and MAP4K4 synergistically increased the number of

cells with cytoplasmic accumulation of YAP (Figures 7B–7D),

supporting our model of a conserved functional interaction.

The knockdown of actin capping protein A (Cpa), B (Cpb), or

overexpression of the actin nucleation factor Diaphanous (DiaCA)

can cause extra actin polymerization and activation of Yki in

Drosophila developing discs and S2 cells (Sansores-Garcia

et al., 2011). By Su(H)-Gal4 driven expression, we showed that

these approaches caused a significant increase of midgut prolif-

eration. This proliferation phenotype was efficiently suppressed

by Msn overexpression, upd3 RNAi, or yki RNAi (Figure 7E).
Developmental Cell 31, 291–304, N
Therefore, Msn together with Yki and

Upd3 are critical components down-

stream of F-actin dynamics in EBs to con-

trol midgut homeostasis.

DISCUSSION

Previous studies have shown that ECs

produce regulatory factors in response

to infection and damage and function as

part of the niche to regulate ISC-mediated

regeneration (Buchon et al., 2010; Jiang

et al., 2009; Ren et al., 2010; Shaw

et al., 2010; Staley and Irvine, 2010).

Meanwhile, recent reports show that

EBs can also produce growth factors

including EGF receptor ligands, Wingless

and Upd3, although the pathways that

regulate their production are not known

(Cordero et al., 2012; Jiang et al., 2011;

Xu et al., 2011; Zhou et al., 2013). Our re-
sults here demonstrate that differentiating EBs also function as

an important part of the niche to regulate ISC division via the

Msn pathway. EB-specific knockdown of msn leads to highly

increased Upd3 expression and midgut proliferation (see Fig-

ure 3). A previous report suggests that undifferentiated EBs if

remain in contact with the mother ISC can inhibit proliferation

(Choi et al., 2011). Although the hyperproliferating midguts

after loss of Msn contain many EBs, these EBs do go into normal

differentiation and express high level of Upd3, which may

overcome any inhibitory effect of undifferentiated EBs on ISC

proliferation.

Msn is known to regulate a number of biological processes

(Cobreros-Reguera et al., 2010; Horne-Badovinac et al., 2012;

Paricio et al., 1999; Ruan et al., 2002; Su et al., 1998; Treisman

et al., 1997). During embryonic dorsal closure the MAP kinase

pathway Slipper-Hemipterous-JNK is downstream of Msn, and

Slipper is able to bind to Msn in vitro (Garlena et al., 2010). In

the adult midgut, JNK is a mediator of aging-related intestinal
ovember 10, 2014 ª2014 Elsevier Inc. 299
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Figure 6. Physical Interaction betweenMsn

and Wts Is Conserved

(A and B) The indicated plasmids encoding the

tagged constructs of Wts and Msn were trans-

fected into S2 cells. The extracts were used for

immunoprecipitation (IP) and western blots (WB)

using the indicated antibodies.

(C–F) The indicated tagged protein constructs

were transfected into S2 cells. Forty-eight hours

after transfection, the cells were treated with

okadaic acid (OA) or the DMSO solvent control for

4 hr and then used immediately for extract prep-

aration and subsequently for WB. The GFP in (D)

was expressed from a cotransfected plasmid. The

phosphatase treatment (PPase) was carried out

by adding the enzyme to the extracts and incu-

bated for 30 min immediately followed by SDS gel

separation.

(G) The plasmids encoding HA-MAP4K4 or FLAG-

LATS2 were cotransfected into HEK293 cells and

the extracts used for IP using anti-FLAG or control

beads. The binding proteins were then subject to

SDS gel separation and WB using the HA or FLAG

antibodies.

(H) Cotransfection of the plasmids as indicated

into S2 cells were performed and the cell extracts

were used for WB.

(I) The plasmids encoding the indicated tagged

proteins were cotransfected into HEK293 cells

and the extracts used for WB using antibodies

against HA, FLAG, pYAP, or pLATS, which detect

phosphorylation at the indicated aa residues.

(J and K) Mouse embryo fibroblasts (MEFs) were

from Map4k4 loxP/UBC-cre/ERT2 mice. The

knockout (KO) MEFs were treated with tamoxifen

to induce the Cre-mediated recombination and

the untreated cells were used as wild-type (WT).

Extracts of these cells were used for western blot

using the antibodies as indicated.

Developmental Cell

Misshapen Antagonizes ISC Division
dysplasia and is a stress-activated kinase in ECs to positively

regulate ISC division (Biteau et al., 2008; Buchon et al., 2009;

Jiang et al., 2009). While our RNAi experiments show that JNK

has a function in EBs to negatively regulate ISC proliferation

(see Figure 4), this phenotype is not dependent on Upd3 or

Yki. We also could not detect a change of JNK phosphorylation

after loss of Msn. Mammalian MAP4K4 has also been shown to

function independently of JNK in some biological contexts

(Danai et al., 2013; Wang et al., 2012). Therefore, Msn and JNK

probably have independent functions in the midgut.

We have instead uncovered an interaction of Msn with Wts

and subsequently regulation of Yki. Hpo-Wts-Yki has been

demonstrated to have a function in ECs for stress and dam-

age-induced response (Karpowicz et al., 2010; Ren et al.,

2010; Shaw et al., 2010; Staley and Irvine, 2010). Gal4 driven ex-

periments have many caveats including cell-type specificity, dif-

ferences in promoter strengths, and knockdown efficiency in

different cell types. Nonetheless, the results of many parallel ex-
300 Developmental Cell 31, 291–304, November 10, 2014 ª2014 Elsevier Inc.
periments we conducted strongly sug-

gest that Msn and Hpo independently

regulateWts-Yki in EBs and ECs, respec-

tively (see Figure 5). How the Msn and
Hpo pathways in the two cell types are coordinately regulated

to produce an appropriate amount of Upd3 to achieve desirable

intestinal growth under different circumstances remains an

important question to be answered.

Previous experiments in developing discs suggest that Wts

and Yki but not Hpo act downstream of cytoskeleton regulators

(Sansores-Garcia et al., 2011). Similarly, themammalian Hpo ho-

mologs MST1/2 appear not to be involved in LATS regulation af-

ter cytoskeletal perturbation in some cell types (Zhao et al.,

2012). Our in vivo assay in midgut suggests a function for Msn,

Yki and Upd3 downstream of actin capping proteins in EBs

(see Figure 7). Similarly, the Latrunculin B effect on MEFs sug-

gests that MAP4K4 is required for cytoskeleton-regulated

LATS and YAP phosphorylation (Figure 6). The situation in

mammalian cells may be more complicated because the Msn/

MAP4K4 subfamily also includes two other closely related ki-

nases TNIK and MINK1 (Strange et al., 2006). Proper regulation

of Wts by the cytoskeleton may require both positive and
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Figure 7. Functional Interaction of Msn and

Wts Leads to Yki Inactivation

(A) The 3xSd2-Luc reporter and other plasmids

encoding the indicated proteins were co-

transfected into S2 cells. The luciferase assay was

performed using the extracts from cells 48 hr after

transfection. *p < 0.05.

(B–D) Nuclear/cytoplasmic localization of endog-

enous YAP was visualized by immunofluorescent

staining. HA-MAP4K4 and low levels of FLAG-

LATS2 were transfected in 293A cells plated at low

density such that most control cells have nuclear

YAP. (B and C) Representative examples of the

signal for the stained proteins as indicated. YAP

localization was examined under the microscope

and scored into three different categories: mostly

cytoplasmic (C > N), equally distributed (N = C), or

mostly nuclear (N > C). The bar graph represents

the average and SD of three independent experi-

ments (n > 100) expressed as percent of cells

counted.

(E) The transgenic RNAi constructs of Capping

Protein A (cpa), B (cpb), and expression construct

of constitutively active Diaphanous (DiaCA) were

crossed with the Su(H)Gal4ts flies. Flies with msn

cDNA, upd3 RNAi, and yki RNAi constructs were

also crossed together as indicated. Midguts were

dissected after placing the flies for 5 days at 29�C,
and p-H3 staining and counting were performed.

(F) A model illustrating the function of Msn in adult

midgut homeostasis. Msn forms a complex with

and modifies Wts, which leads to increased

phosphorylation and negative regulation of Yki.

The Yki-regulated expression of the JAK-STAT

ligand Upd3 is an essential effector of this pathway

from the EBs. Early EBs frequently do not show the

upd3-lacZ expression even after msn RNAi (Fig-

ures 3D–3D00, arrowheads), while intermediate

sized cells in msnRNAi and msn mutant MARCM

clones express upd3-lacZ (see Figures 3D and 3F).

Therefore, the initial cause of overproliferation

phenotype after loss of Msn should be mainly from

the late EBs.
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negative regulators, because recent work in flies identified the

LIM-domain protein Jub as a negative regulator of Wts in

response to cytoskeletal tension (Rauskolb et al., 2014). It will

be interesting in future studies to determine how positive and

negative regulators of Wts act in a coordinated manner to regu-

late cell fate and proliferation in response to cytoskeletal tension.

EXPERIMENTAL PROCEDURES

Drosophila Stocks and Genetics

UAS-mCD8GFP and w1118 were used as wild-type stocks for crossing with

various Gal4 and mutant lines for control experiments. The transgenic RNAi

fly stocks used are: msn (VDRC101517, TRiP28791), upd3 (VDRC27136,

TRiP28575), yki (TRiP31965), hpo (VDRC104169), JNK (VDRC34138,

VDRC3139, VDRC104569, TRiP32977), cpa (VDRC100773), and cpb

(TRiP50954). The following stocks were obtained fromBloomington stock cen-

ter: FRT80Bmsn102 (5945), FRT80Bmsn172 (5947), msnP06946 (6946), UAS-wts

(44250), wtsX-1 (44251), and DiaphanousCA (27616). We generated the

FRT80BmsnP06946 stock by meiotic recombination of the msnP06946 and
Developme
wild-type chromosome carrying FRT80B based on G418 selection. esg-

Gal4,Su(H)Gbe-Gal4,Myo1A-gal4,Dl-Gal4, andUAS-upd3were as described

(Jiang et al., 2009; Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006;

Zeng et al., 2010). The Su(H)Gbe-Gal4 line on 2nd chromosomewas used for all

the experiments in this report. The 4 kb upd3-lacZ fly line was a generous gift

from Hervé Agaisse (Zhou et al., 2013). Mutant clones were generated by

mitotic recombination using MARCM technique (Amcheslavsky et al., 2009;

Lee and Luo, 2001). The final cross and offspring were maintained at room

temperature. To induce mutant clones, 5-day-old flies were heat shocked at

37�C for 1 hr and performed twice within 1 day. The flies were then kept at

18�C and incubated for an additional 10 days before dissection. Transgenic

flies were generated in the w1118 background by the Genetic Services and

Rainbow Transgenic Flies.

Plasmid Constructs

Constructs that expressed the HA-tagged MsnWT, MsnK61R, and Msn768 were

generated in pBS cloning vector as described (Kaneko et al., 2011) and then

subcloned into the pUAST vector using the EcoRI and XbaI sites. The HA-

MAP4K4 constructs were as described (Kaneko et al., 2011). The LATS and

YAP transfection plasmids were as described (Paramasivam et al., 2011).
ntal Cell 31, 291–304, November 10, 2014 ª2014 Elsevier Inc. 301
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Myc-Wts, FLAG-Hpo, and HA-Yki constructs were as reported (Zhang et al.,

2008).

Tissue Culture, Transfection, Real-Time Quantitative PCR

Drosophila S2 cells were cultured in Schneider media supplemented with 10%

FBS and transfected with Effectene (QIAGEN). A total of 293 cells were

cultured in DMEM supplementedwith 10%FBS and transfectedwith Lipofect-

amine 2000 (Invitrogen) in Opti MEM Medium. Okadaic acid treatment exper-

iment and msnRNAi in S2 cells was as described previously (Kaneko et al.,

2011). HA-tagged MAP4K4 or Msn immunoprecipitation were as described

(Kaneko et al., 2011; Paramasivam et al., 2011). For real-time quantitative

PCR (qPCR), total RNA was isolated from 10 dissected female guts and

used to prepare cDNA. PCR was performed using iQ5 System (Bio-Rad).

The sequences of primers used can be found in previous reports (Ren et al.,

2010). The RT-qPCRwas performed in duplicate from each of at least three in-

dependent biological samples. The ribosomal protein 49 (rp49) gene was used

as the internal control for normalization of cycle number. Luciferase assay was

as described (Zhang et al., 2008).

ES cells containingMap4k4 exon 7 flanked by loxP sites were obtained from

Texas A&M institute for genomic medicine, and mice bearing the targeted

allele were generated by blastocyst injection. The animals were backcrossed

to C57Bl6/J mice for six generations before crossing to UBC-cre/ERT2 ani-

mals (Jackson Laboratories B6.Cg-Tg [UBC-cre/ERT2] 1Ejb/J). Primary

MEFs were derived from E12.5 embryos that were minced and incubated

with trypsin/EDTA at 37�C for 30 min followed by mechanical disruption via pi-

petting. Isolated cells were cultured at 37�C, 5%CO2 in DMEM supplemented

with 10% FBS and 1% penicillin/streptomycin. MEFs were immortalized with

SV40 T antigen and serial passages. MAP4K4 was deleted by incubation with

4-OH tamoxifen (Sigma H7904) (2.5 mM) in DMEM for 72 hr prior to

experimentation.

Immunostaining, Fluorescent Microscopy, and Western Blot

Female flies were used for routine gut dissection, because of the bigger size,

and staining and antibodies used were as described, except rabbit anti-p-H3

was from Millipore (1:1,000 dilution) (Amcheslavsky et al., 2009). Microscope

image acquisition and processing was as described (Amcheslavsky et al.,

2011). Western blots were performed as described (Kaneko et al., 2011; Para-

masivam et al., 2011). The antibodies used for western blots and cell staining

were: LATS (Bethyl A300-479A), phospho-LATS Thr1079 (Cell Signaling

#8654), phospho-LATS S909 (Cell signaling #9157), YAP (Santa Cruz sc-

15407 rabbit and sc-101199 mouse), Phospho-YAP (Cell Signaling #4911),

HA (Covance 16B12), HA (Santa Cruz sc-805), FLAG (Sigma M2 F1804),

Myc (Santa Cruz sc-46, 9E10), p-JNK (Cell Signaling #9251), MAP4K4 (Bethyl

A301-503A), and E-cadherin (Hybridoma bank). The Yki-S168 and Yki anti-

bodies were generous gifts from Dr. D. Pan (Johns Hopkins University).
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