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The Hippo (Hpo) pathway is a highly conserved tumor suppressor
network that restricts developmental tissue growth and regulates
stem cell proliferation and differentiation. At the heart of the
Hpo pathway is the progrowth transcriptional coactivator Yorkie
[Yki-Yes-activated protein (YAP)/transcriptional coactivator with
PDZ-binding motif (TAZ) in mammals]. Yki activity is restricted
through phosphorylation by the Hpo/Warts core kinase cascade,
but increasing evidence indicates that core kinase-independent
modes of regulation also play an important role. Here, we examine
Yki regulation in the Drosophila larval central nervous system and
uncover a Hpo/Warts-independent function for the tumor sup-
pressor kinase liver kinase B1 (LKB1) and its downstream effector,
the energy sensor AMP-activated protein kinase (AMPK), in repres-
sing Yki activity in the central brain/ventral nerve cord. Although
the Hpo/Warts core cascade restrains Yki in the optic lobe, it is
dispensable for Yki target gene repression in the late larval central
brain/ventral nerve cord. Thus, we demonstrate a dramatically
different wiring of Hpo signaling in neighboring cell populations
of distinct developmental origins in the central nervous system.

Hippo | neuroblast | growth control | stem cells | development

he tight regulation of cell differentiation, proliferation, and

death is crucial for the establishment of correct organ size
during development. The conserved Hippo (Hpo) tumor sup-
pressor pathway plays a central role in regulation of these
processes (1, 2). The key effector of the Hpo pathway is the
transcriptional coactivator Yki [Yes-activated protein (YAP)/
transcriptional coactivator with PDZ-binding motif (TAZ) in
mammals], which promotes the expression of a broad transcrip-
tional program that includes proliferation/growth-promoting genes
such as cyclin E (cycE), myc, and bantam microRNA (ban) and
antiapoptotic genes such as death-associated inhibitor of
apoptosis 1 (diapl) (3-7), as well as upstream Hpo pathway
components such as expanded (ex), kibra (kib), and four-jointed
(fi) (8-10). Overexpression of Yki/YAP/TAZ is sufficient to
drive tissue growth in a number of contexts, and YAP/TAZ
activation is frequently observed in solid tumors (11, 12). YAP
and TAZ have recently been shown to regulate stem/progenitor
cell proliferation and differentiation in several mammalian tissues
(13-21). In flies, Yki has been implicated in regulation of pro-
liferation of intestinal, follicle, and neuroepithelial progenitor
cells (22-27).

Yki/YAP/TAZ activity is restrained through phosphorylation
by the Hpo core kinase cascade, which is composed of the Ste20-
like kinase Hpo (MST1/2 in mammals) and the Dbf2-related
kinase Warts (Wts; LATS1/2 in mammals) (28-32). Upon acti-
vation by Hpo, Wts phosphorylates Yki on multiple residues,
leading to its cytoplasmic retention (5, 33-39). Yki/YAP activity
is regulated by a variety of upstream inputs, including systemic
signals, cellular energy levels, cell polarity, and cell-cell contacts
(1). However, the relative contribution of core kinase-dependent
and independent mechanisms in the physiological regulation of
Yki/YAP remains unclear (40).

www.pnas.org/cgi/doi/10.1073/pnas.1505512112

Liver kinase B1 (LKB1) is a tumor suppressor kinase that
regulates multiple processes such as cell polarity, proliferation,
and stress responses (41). In humans, heterozygous mutation of
lkb1 leads to an increased benign and malignant tumor pre-
disposition (Peutz-Jeghers syndrome) (42, 43), whereas spo-
radic mutations have also been linked to a variety of cancers
(44-48). The main downstream targets of LKB1 are AMP-
activated protein kinase (AMPK) family proteins, which LKB1
activates by phosphorylation of their activation loop (49). The
best-characterized substrate of LKB1 is AMPK itself, which
acts as an intracellular energy sensor (50). Under low-energy
conditions, AMPK is activated by AMP binding, resulting in
conformational changes that promote activatory phosphoryla-
tion by LKB1 (51). When activated, AMPK restores energy
balance by promoting energy-efficient ATP generation through
oxidative phosphorylation and antagonizing ATP-expending
anabolic processes such as gluconeogenesis and fatty acid syn-
thesis (52).

Recently, both LKB1 and AMPK have been reported to re-
press YAP activity in mammalian cell culture and cancer models
(53-57), either by modulating the core kinase cascade or via
direct phosphorylation of YAP by AMPK. Here, we find that loss
of LKBI1 leads to Yki activation and accelerated proliferation in
the Drosophila larval central brain (CB) and ventral nerve cord
(VNC). LKB1-mediated inhibition of Yki activity is independent
of the Hpo/Wts kinase cascade and is mediated by AMPK,
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suggesting a potential energy-dependent pathway controlling
proliferation in the CB and VNC.

Results
Ikb1 Regulates Hpo Signaling in the Optic Lobe. Drosophila neural
stem cells or neuroblasts (NBs) have been extensively studied as
a model for stem cell proliferation and differentiation (58, 59).
The developing Drosophila larval brain consists of two com-
partments of different developmental origins: the optic lobe
(OL) and the CB/VNC (Fig. 14). The CB/VNC is formed by
NBs that delaminate from the embryonic neuroectoderm at
stages 8-11 (60, 61). In contrast, the OL invaginates as a neu-
roepithelial sheet from the posterior procephalic region in stage
11 embryos and later separates into the inner optic anlagen and
the outer optic anlage. The outer optic anlage cells remain
neuroepithelial until their conversion to medulla NBs during the
third instar larval stage by a wave of differentiation initiated at
the medial margin of the neuroepithelium (Fig. 1B) (62-64).
Most adult neurons are specified during larval development;
thus, regulation of larval NB proliferation is crucial for the
correct development of the adult nervous system.

To test the role of kbl in the regulation of cell proliferation
in Drosophila, we analyzed larvae homozygous for the lkbI loss-

~
VNC CB NBs

of-function mutation Ikb*°. Mutant larvae can survive up to
early pupal stages and exhibit overgrowth of the central nervous
system (CNS) at the white prepupal stage (Fig. 1 C-E), as de-
scribed previously (65). To analyze the brain overgrowth phe-
notype in more detail, we quantified the volume of the VNC and
OL compartments separately. We observed a marked over-
growth of both compartments (Fig. 1E). Whole mutant lkb1™
larval third instar CBs exhibited an increased number of mitotic
cells positive for phosphohistone H3 (PH3) compared with het-
erozygous [kbI*/+ controls, indicating increased proliferation
(Fig. 1F). We also observed a mild increase in the total number of
Dpn-positive NBs in /kbI*> whole mutant larval CBs (Fig. 1G),
suggesting the loss of kbl function might affect NB asymmetric
cell division. Indeed, /kbI mutations have been reported to elicit
multiple defects in NB asymmetric divisions (66). However, this
phenotype is mild in comparison with those of other proteins
involved in regulating NB asymmetric cell division, such as Lgl,
Brat, aPKC, and AurA (67-72).

Hpo pathway disruption or Yki overexpression in the OL
neuroepithelium leads to overproliferation and OL overgrowth
(23, 73). To test whether /kb! functions in the Hpo pathway in
the OL, we generated /kbI mutant clones in the larval third instar
brains. Clones mutant for /kbI* in the OL are generally reduced
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Fig. 1.

Loss of lkb1 function causes overgrowth of the larval brain. (A) Schematic representation of the compartments of the larval CNS. (B) Schematic

representation of the third instar larval brain hemisphere. CB, central brain; NB, neuroblasts; NE, neuroepithelium; OL, optic lobe; VNC, ventral nerve cord.
(C and D) CNS morphology of lkb1**/+ (C) and Ikb1*%/lkb1*® (D) white prepupae. Pros staining labels neuronal cells. () Volume of /kb7** homozygous VNCs
(n = 8) and OLs (n = 13) is increased in comparison with heterozygous Ikb1*®/+ VNCs (n = 6) and OLs (n = 13). Brains were dissected from white prepupae.
(F) Ikb1** homozygous third instar larval brains (n = 15) have increased PH3-positive cell numbers in the CB in comparison with Ikb1**/+ controls (n = 13).
(G) Ikb1*® homozygous third instar larval brains (n = 20) show an increase in Dpn-positive cell numbers in the CB in comparison with lkb7**/+ controls (n = 26).
**P < 0.01. Statistical significance was analyzed using Student's t test. (H and /') Heat shock (hs) FLP/FRT-generated /kb1*° clones have increased fj-lacZ levels in
the OL (H and H’) in comparison with the control clones (/ and /). Higher magnifications of the boxed areas are shown in H and /'. Clones are marked by the
absence of the Red Fluorescent Protein (RFP) expression. (Scale bars, 50 pm.)
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in size and frequency (Fig. 1 H and I). The Yki-sensitive fj-lacZ
transcriptional reporter is expressed in a radial pattern with in-
creased expression levels in the center of the OL (Fig. 1 H and H")
(23). We observed an increase of fj-lacZ expression in lkbI* clones
in the area of OL normally exhibiting a low level of fj expression
(Fig. 1 I and I'). Thus, loss of /kbI function can induce Yki target
gene expression in the OL.

Ikb1 Restricts Yki Activity in the CB. Although the role of Yki and
the Hpo core kinase cascade in the OL has previously been
described (23, 73), little is known about Yki function in the CB.
Immunostainings of third instar larval CNSs revealed that the

Ex-lacZ

Fig. 2. Ikb1 restricts Yki target expression in the larval CB. Expression levels
of the Yki targets Ex (B), Kib (D), and the transcriptional reporter ex-lacZ (F)
are elevated in hsFLP/FRT-generated /kb7 mutant clones in the CB of third
instar larvae compared with wild-type clones (A, C, and E). Clones are
marked by the absence of RFP expression. OL and CB compartments are
separated by a line. (Scale bars, 50 pm.)

Gailite et al.

Yki targets Ex, DIAP1, and Kib are expressed in the CB at levels
comparable to in the OL (Fig. 2 4, C, and E and Fig. S14).
Strikingly, ZkbI™° mutant clones in the CB exhibited strongly in-
creased protein levels of Ex, Kib, and DIAP1, as well as in-
creased levels of the ex-lacZ and fj-lacZ transcriptional reporters
(Fig. 2 B, D, F, H, Fig. S1B, and Fig. 1 H and I), but not of the
Notch activity reporter E(spl)m8-lacZ (Fig. S1E). Mutant clones
of a different IkbI allele, lkb1*'*2, caused by a deletion of the
first 145 amino acids (74), displayed a similar up-regulation of
Yki targets (Fig. S1F). We also observed increased amounts of
Kib protein in IkbI* clones in the VNC (Fig. S1G). Activation
of Yki induces expression of E2F1, a transcription factor in-
volved in cell cycle regulation and G1-S transition (75, 76).
Consistently, we observed increased E2F1 protein levels in lkbI*
MARCM (mosaic analysis with a repressible cell marker) clones
(Fig. S1 C and D).

We wished to determine whether Yki target up-regulation

upon lkb1 loss occurs in both the CB NBs and their progeny. We
therefore generated MARCM mutant clones positively marked
with GFP (Fig. 3 A-H). Most CB NBs are type I NBs and divide
asymmetrically to self-renew and produce a smaller ganglion
mother cell, which divides once more to give rise to two neurons
or glial cells. Eight type II NBs, which have a different lineage,
are located in the posterior side of the CB. Type II NBs give rise
to intermediate neural progenitors, which, after a maturation
phase, divide asymmetrically three to five times to produce an-
other intermediate neural progenitor and a ganglion mother cell
(58). In control MARCM clones, the Yki targets Kib and DIAP1
were expressed uniformly in the NBs (marked by Dpn) and their
progeny (Fig. 3 4, C, E, and G). Kib protein levels were clearly
increased in both IkbI*> mutant NBs and their progeny (Fig. 3 B
and F). Interestingly, DIAP1 levels were increased in the prog-
eny of both type I and type II NBs, but only type I NBs up-
regulated DIAP1 (Fig. 3D), whereas type II NBs maintained
wild-type DIAP1 levels (Fig. 3H). The difference in DIAP1 ex-
pression between type I and type II NBs might be caused by
differences in gene expression between these cell types (67, 77,
78). Finally, we observed a dramatic increase in Yki nuclear
localization in lkbI™ mutant NBs (92.2%) in comparison with
control NBs (9.1%; Fig. 3I), correlating with increased expres-
sion of Yki target genes.
Ikb1 Loss Accelerates Cell Division and Tissue Growth. Because Ikb ™
whole mutant brains exhibited an increase in the total number of
Dpn-positive cells, we analyzed the number of Dpn-expressing
cells in MARCM clones of type I NBs (Fig. 3/). In agreement
with the previously described role of LKB1 in regulating NB
asymmetric cell divisions (66), kbI> MARCM clones had an
increased incidence of clones containing two Dpn-positive cells
(21.8%) compared with 2.5% in control clones, possibly caused
by asymmetric NB division defect or a failure in ganglion mother
cell differentiation. To investigate whether excess Yki activity is
responsible for the increased NB number in /kbI mutants, we
depleted yki by RNAI in IkbI*> MARCM clones. yki knockdown
had no effect on NB numbers in kbI* clones: 23.5% of clones
contained two Dpn-positive cells. In addition, yki depletion alone
did not significantly affect NB numbers, as 95.7% of clones
had a single Dpn-positive cell. These results suggest that
LKBI1 regulates Yki activity independent of its role in asym-
metric cell division.

Yki activation leads to increased cell proliferation in a variety
of tissues (79). To test whether the rate of cell division is
accelerated by kb1 loss in the larval CNS, we analyzed PH3
staining in the third instar larval VNC. MARCM clones mutant
for Ikb1*™ (Fig. 3K) exhibited a larger proportion of clones with at
least one dividing cell, as well as an increased mean number of
dividing cells per clone (1.46 in lkbI*> clones vs. 1.12 in the
control clones). Extending our analysis to individual cell types,
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Fig. 3. Ykitarget gene expression in /kb7 mutant NBs and their progeny. Expression of Yki target genes in MARCM clones of type | NBs (A-D’’) and type Il NBs
(E-H""). anti-Dpn staining marks type | NBs in A-D’) and type Il NBs and mature intermediate neural progenitors in E-H’. Type Il NBs are marked by arrowheads
in E-H'. Kib (A and E) and DIAP1 (C and G) are uniformly expressed both in NBs and their progeny in control MARCM clones. Protein levels of Kib (B and F) are
increased both in type | and type Il NBs and their progeny in lkb7*> MARCM clones. (D and H) In Ikb1** mutant clones, DIAP1 protein levels are increased in
type | NBs and in the type | and type Il NB progeny, but not in the type Il NBs (H). Clones are marked by GFP expression. (Scale bars, 10 um.) (/) Quantification of
Yki localization in NBs of MARCM clones of the indicated genotypes in third instar larval CB. C, cytoplasmic Yki; N/C, cytoplasmic and nuclear Yki. n = 66
(FRT82B), 64 (Ikb1*°). (J) Quantification of Dpn-positive cells in type | NB MARCM clones of the indicated genotypes 48 h after clone induction in the CB of
third instar larvae. n = 46 (FRT82B and yki RNAI), 57 (Ikb1*°), 51 (Ikb1*° yki RNAI). (K) Quantification of PH3-positive cells in MARCM clones of the indicated
genotypes in type | NB lineages in the third instar larval VNC. n = 78 (FRT82B), 69 (Ikb1*®), 71 (lkb1*° yki RNAI), 51 (yki RNAI). (L) Quantification of the volume
of MARCM clones of the indicated genotypes 72 h after induction in the third instar larval VNC. n = 52 (FRT82B), 42 (lkb1*®), 33 (Ikb1** yki RNAI), 38 (yki RNA).
*P < 0.05; **P < 0.01. Statistical significance was analyzed using X? test in J and Student’s t test in K and L.

we observed an increased incidence of dividing NBs in /kb*>  with both NB proliferation (0.6 dividing NBs per clone) and NB
clones (0.79 in comparison with 0.63 in control clones), as well ~ progeny (0.37 dividing cells per clone) mitotic indices being re-
as an increased number of dividing NB progeny in /kbI* clones  duced. Expression of yki RNAi alone decreased the average
(0.72 vs. 0.53 in control clones). yki depletion rescued the number of dividing cells per clone to 0.63, with 0.33 dividing NBs
increased cell division of IkbI™ cells (1.0 dividing cell per clone),  and 0.29 dividing NB progeny per clone. Therefore, loss of lkb1

E5172 | www.pnas.org/cgi/doi/10.1073/pnas.1505512112 Gailite et al.
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increases the number of mitotic cells in a Yki-dependent manner
in the VNC.

Next, we assessed whether the increased mitotic index in kb1
clones resulted in increased clone growth. We measured clone
volume in MARCM clones in the third instar VNC 72 h after
clone induction. In line with the mitotic indices, we observed a
significant increase in the mean volume of /kbI* clones com-
pared with controls (Fig. 3L). Knockdown of yki in IkbI*> clones
reduced the clone volume back to control levels (Fig. 3L). To-
gether, these results show that loss of /kb1 function in the larval
CNS leads to increased YKki target gene expression, increased cell
division rates, and tissue growth.

LKB1 Gain of Function Inhibits Yki Activity and Proliferation in the CB.
To analyze the effect of LKB1 overexpression on Yki activity in
the CB, we used the optix-Gal4 driver line that drives gene ex-
pression in a subset of type II NBs and their progeny in the CB,
as well as in a subset of OL cells (80, 81). LKB1 overexpression
alone resulted in cell death; therefore, we coexpressed caspase
inhibitor p35 in the compartment. LKB1 overexpression reduced
Ex protein levels in the opfix compartment (Fig. 4 A-D). Ac-
cordingly, we observed a decreased number of PH3-positive
mitotic cells upon LKB1 overexpression (Fig. 4 E-G), suggesting
decreased proliferation. To test the effects of LKB1 over-

expression in the whole CB, we used a P-element insertion car-
rying the Gal4 coding sequence [P(GawB)NP5443] that is
expressed specifically in the CB compartment and the VNC, as
well as in the lamina (Fig. 4H). Overexpression of LKB1 under
the control of P(GawB)NP5443 led to a significant reduction in
CB volume in comparison with GFP overexpression (Fig. 4 H-J).
Similarly, overexpression of LKB1 in the OL with the ¢855a-
Gal4 driver line reduced OL volume (Fig. 4 K-M). Thus, in-
creasing LKB1 levels is sufficient to cause a reduction in Yki
activity and tissue growth in the larval CB.

Loss of Hpo/Wts Activity Does Not Affect Yki Target Gene Expression
in the CB. Because Yki upstream regulation in the larval CB has
not previously been examined, we analyzed the effects of Hpo
core kinase cascade inhibition in the third instar larval CB. We
analyzed expression levels of Yki target genes in wts mutant
clones and clones expressing Yki®'®**, which cannot be inhibited
by Wts phosphorylation (Fig. 5). In both cases, we observed a
clear increase in expression of ex-lacZ transcriptional reporter
(Fig. 5 B and B"’) and Ex protein levels in the OL (Fig. 5 C and C"’)
in comparison with the control situation (Fig. 5 4 and 4”). Sur-
prisingly, no changes in Yki target expression were observed in
CB clones (Fig. 5 B’ and C’). These results are consistent with

previous observations that YkiS1o84 activates target genes only in

optix>p35 optix>p35, Ikb1

Fig. 4.
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and their progeny reduces protein levels of Kib and Ex. The caspase inhibitor p35 was coexpressed to prevent cell death upon LKB1 over-expression.
(E-G) Overexpression of LKB1 reduces the number of PH3-labeled mitotic cells in the optix compartment of the CB. The optix compartment is marked by GFP
expression in A-F. (H) Expression pattern of P(GawB)NP5443 in the CB of white prepupae. (/ and J) Overexpression of LKB1 in the CB reduces its volume. Pros
staining labels neuronal cells in the CB. (K-M) Overexpression of LKB1 in the OL using c855a-GAL4 reduces its volume. The OL compartment in K and L is
marked with a bracket. (Scale bars, 50 um.) Statistical significance was analyzed using a Student’s t test in G, J, and M.
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Fig. 5. Wts is dispensable for Yki inhibition in the CB. (A and B) Expression of ex-lacZ transcriptional reporter in control (A-A") or wts*’ (B-B'") mutant clones.
Loss of wts function increases expression of ex-lacZ transcriptional reporter in the OL (B”) in comparison with the control clones (A”), but not in the CB (B').
ex-lacZ expression in the control clones in the CB is shown in (A’). Clones are marked by absence of RFP. MARCM clones overexpressing Yki®'684 (C-C"") induce
accumulation of Ex protein in the OL (C”’), but not in the CB (C’). Clones are marked by GFP expression. OL and CB areas are separated by a dashed line in A, B,

C, and D. Insets show magnifications of the boxed areas. (Scale bars, 50 pm.)

the NE (23) and suggest that Yki is repressed by a Hpo/Wts-
independent mechanism in the CB. In addition, overexpression
of the activated YkiS!''A S1684 S230A (yi3SA__mutant for all
three Wts sites) induced Kib accumulation and overgrowth in the
OL, but not in the CB (Fig. S2 4 and C). Ex has been shown to
inhibit Yki independent of Wts by sequestering it at the plasma
membrane (82, 83). However, we did not observe changes of Kib
protein levels in ex”” mutant clones in the brain (Fig. S34),
suggesting Ex does not restrain Yki activity in the CB.

LKB1 Regulates Yki Activity Downstream from, or Parallel to, Wts.
Next, we sought to position LKB1 activity in Yki regulation in
the context of known Yki regulators. Overexpression of UAS-hpo
in IkbI> MARCM clones did not rescue the increase of Ex levels
in the cells (Fig. 6 A-C), suggesting lkb1 acts downstream or in
parallel to Hpo. As expected, yki RNAI expression prevented Ex
up-regulation upon /kbI loss in the CB (Fig. 6D). Finally, UAS-
wits overexpression reduced Ex levels in IkbI*> clones (Fig. 6E),
showing that ectopically expressed Wts is able to repress Yki
activation induced by the loss of lkb! function in the CB. To-
gether with the wts loss of function data (Fig. 5 B and B”’), this
suggests that Wts may not be expressed in the CB, although Apo
and wts transcripts are detectable in NBs (84). Alternatively, Wts
could be inactive in the larval CB in late developmental stages,
or its Yki-repressing activity may be overridden by that of LKB1,
which acts in parallel to restrain Yki. Moreover, we observed
that in the NE, where loss of wts results in increased Ex protein
levels, overexpression of LKB1 can restore Ex expression to wild-
type levels (Fig. S2 E and F). This suggests that LKB1 inhibits
Yki independent of Wts. LKB1 overexpression can reduce Kib
levels in the CB even when activated Yki*>* is expressed (Fig.
S2B). Furthermore, Yki*>*-V5 nuclear localization in CB NBs is
increased from 23.9% to 82.4% of NBs when /kbI is mutated
(Fig. S2G), indicating that LKB1 can inhibit Yki independent of
Wts in the CB. However, overexpression of LKB1 together with
Yki*$* is not sufficient to restore Kib levels to normal in the OL
(Fig. S2 C and D). This result suggests that the ability of LKB1 to
inhibit Yki activity may vary in different tissues. Alternatively, it
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may be a result of the high levels of Yki*>*

MARCM clones in the optic lobe.

expression in

AMPK Acts Downstream of LKB1 in the CB. To further probe the
function of LKBI1 in the CB, we analyzed the role of known
downstream targets of LKB1. LKB1 has been described to reg-
ulate YAP in mammals via the basolateral cell polarity proteins
Par-1 and Scrib (53). However, we did not observe any changes
of Ex protein levels in mutant clones for the par-1"? and scrib?
loss-of-function alleles in the CB (Fig. S3 B and C). In addition,
it has previously been observed that Scrib localization in NBs is
not affected by /kb1I loss (85). LKB1 has been shown to regulate
the asymmetric NB division via suppressor-of-G2-allele-of-skp1
(Sgt1) (85), but we did not observe any changes in Ex protein
levels in sgt75%*%3 mutant clones (Fig. S3D).

AMPK is one of the best characterized downstream targets of
LKBI in regulation of a variety of processes, including the reg-
ulation of energy metabolism and cell division (86). Indeed,
ampk loss-of-function clones exhibited accumulation of the Yki
targets Ex and Kib (Fig. 74 and B). Although mild depletion of
ampk using RNAI in the optix compartment was not sufficient to
visibly affect DIAP1 levels (Fig. 7E and Fig. S44), ampk RNAi
rescued the reduction in DIAPI levels caused by LKB1 over-
expression (Fig. 7 C—F and Fig. S4B). These results suggest that
AMPK acts downstream of LKB1 in regulating Yki activity in
the CB.

AMPK activates a range of downstream targets involved in
regulation of protein synthesis, metabolism, cytoskeleton regu-
lation, and autophagy (86). However, genetic manipulation of
previously characterized downstream targets of AMPK, in-
cluding dTORC, TSC1/2, ACC, FOXO, Raptor, Atgl, CREB,
Sgh, SREBP, HDAC4, dCBP, and Rheb, did not induce de-
tectable changes in Yki target expression in CB (Fig. S4 C and
D). Very recently, AMPK was shown to phosphorylate YAP
directly in mammalian cells (56, 57). We performed an in vitro
kinase assay with purified Yki and human AMPK and LKBI1
(Fig. S4E). Yki phosphorylation was increased in samples
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Fig. 6. kb1 regulates Yki target genes downstream of wts. (A—F) MARCM
clones in third instar larval CBs. (A) Ex protein levels in control clones.
(B) Ikb1*> mutant clones accumulate Ex. (C) Overexpression of UAS-hpo does
not rescue up-regulation of Yki targets. Expression of UAS-yki RNAi (D) or
UAS-wts (E) rescues Ex accumulation caused by loss of /kb7 function. Clones
are marked by GFP expression. (Scale bars, 50 um.)

containing AMPK, suggesting the direct regulation of Yki by
AMPK might be conserved between flies and mammals.

Discussion

Hpo Kinase Cascade-Dependent or Independent Yki/YAP Regulation
by LKB1/AMPK. Here, we identify a function for the energy-sensing
module LKB1/AMPK in restraining the activity of the Hpo
pathway effector Yki in the larval neuronal stem cells of the CB
and VNC. Although several recent reports suggest that mam-
malian YAP also responds to LKB1 and/or AMPK, a number of
distinct Hpo/Wts-dependent and independent mechanisms have
been proposed. Although Nguyen et al. describe an AMPK-
independent and partially LATS-independent pathway for YAP
inhibition by LKB1 (54), Mohseni et al. show that LKB1 acts
via microtubule affinity-regulating kinase 1 (MARKI1)/Par-1 to
promote the localization of the polarity determinant Scrib, which
in turn has been proposed to scaffold the Hpo core kinase cas-
cade (19, 53). In contrast, three recent studies suggest that
AMPK may be a key YAP regulator downstream of LKB1 (55—
57). First, AMPK can inhibit YAP by phosphorylating and sta-
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bilizing the junctional protein angiomotin-like 1 (AMOTL1),
thereby promoting YAP inhibitory phosphorylation by LATS1
(55). Second, energy stress reduced YAP activity both via AMPK-
mediated induction of Lats1/2 activity and also through direct
phosphorylation of YAP by AMPK (55-57). The outcome of YAP
phosphorylation by AMPK [reduced binding to TEAD (TEA-
domain) transcription factors or a distinct mechanism], as well
as the sites involved, vary between the two studies (56, 57).
Our data suggest that, at least in the Drosophila CNS, LKB1/
AMPK act in parallel to Hpo/Wts to repress Yki transcriptional
activity, according to several lines of evidence. First, loss of
LKB1/AMPK strongly de-repressed Yki targets in the CB/VNC
(Fig. 2), whereas loss of Wts had no such effect (Fig. 5). Second,
increasing Wts expression in /kbI mutant tissue in the CB sup-
pressed Yki activity (Fig. 6F), and vice versa, LKB1 over-
expression suppressed Yki activity in wts mutant tissue in the OL
(Fig. S2 E and F). Finallsy, misexpression of Yki mutants for the
inhibitory Wts sites (Yki®'®** and Yki*>*), which potently induce
Yki target genes in the OL, are transcriptionally inert in CB NBs
(ref. 23 and Fig. 5C and Fig. S2C). This suggests that an al-
ternative Wts-independent Yki inhibitory influence acts in the

Fig. 7. Loss of ampk function up-regulates Yki target genes. (A and B)
Protein levels of Kib and Ex are increased in hsFLP/FRT-generated ampk®
clones. Clones are marked by the absence of GFP expression. (C—F) RNAi
against ampk rescues inhibition of Yki target gene expression by LKB1.
LKB1 overexpression in the optix compartment (D) reduces DIAP1 protein
levels in comparison with the control (C). The caspase inhibitor p35 was
coexpressed to prevent cell death upon LKB1 over-expression in (C and D).
(E) Expression of UAS-ampk RNAi®®73¢ alone does not modify DIAP1 levels.
(F) Expression of UAS-ampk RNAi®273¢ together with UAS-Ikb1 rescues the
reduction of DIAP1 levels. The optix compartment is marked by GFP ex-
pression in C-E. (Scale bars, 50 pm.)
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CB/VNC, mediated by LKB1/AMPK. Our in vitro phosphory-
lation data are consistent with a direct role for AMPK in
repressing Yki through phosphorylation (Fig. S4E), although
further work will be required to establish in vivo relevance of this
phosphorylation in NBs and whether the phosphorylation sites
are conserved in mammals.

Energy-Dependent Regulation of Yki/'YAP. AMPK acts as a sensor
of intracellular energy levels and acts to inhibit anabolic pro-
cesses with a high energy cost and promoting energy-generating
catabolic processes. For example, AMPK inhibits protein and
lipid synthesis and gluconeogenesis while promoting glucose
transport, glycolysis, fatty acid oxidation, and autophagy (87).
Interestingly, energy stress elicited by glucose withdrawal/
2-deoxy-glucose treatment or the AMPK activator metformin
led to YAP inactivation and reduced tumor cell growth both in
cell culture and in xenograft experiments, even in cells lacking
LATS1/2 (55-57). A tissue-specific role of AMPK in regulation
of Yki activity in the CB/VNC may therefore reflect the need
for adjustment of proliferation rates of different tissues under
low energy conditions, although the Drosophila larval nervous
system is also buffered from systemic nutrient restrictions
during late larval development through a process known as
sparing (88). In mammals, YAP promotes the expression of the
glucose transporter GLUT3 (57), suggesting it can in turn af-
fect energy metabolism.

Yki Regulation in Epithelia and Asymmetrically Dividing Neuronal
Stem Cells. An important aspect of this work is the demonstra-
tion that two related, but developmentally distinct, populations
of neural stem cells use dramatically different strategies to
restrict Yki activity during their larval proliferative phase.
Although both Hpo/Wts and LKBI1 restrict Yki activity in the
OL, LKB1/AMPK play the major role in CB/VNC neuroblasts.
Although both the CB/VNC and the OL NBs ultimately orig-
inate from neuroepithelia, the former delaminate during em-
bryonic development, whereas the latter remain neuroepithelial
until the larval stages, when Hpo and Notch pathways regulate
the epithelial to neuroblast transition (23). This behavioral
difference may therefore form the basis for a fundamental
difference in the regulation of Yki/YAP in epithelial cells
versus nonepithelial asymmetrically dividing stem cells. In-
deed, much evidence indicates that epithelial cell-cell junc-
tions act as an important site for Yki/YAP regulation (89). It
will therefore be interesting to examine the interplay between
LKB1/AMPK and Hpo/Wts in Yki/YAP regulation in other
stem cell populations such as vertebrate adult neural stem
cells or intestinal stem cells. Is the LKB1/AMPK module
generally important in epithelia to restrict Yki/YAP activity?
Although /kb1 mutant clones in epithelial cells generally do
not overgrow (90), this may be a result of disruption of apico-
basal polarity in these cells, which is a well-characterized
consequence of LKB1 loss that may mask overproliferation
phenotypes (74, 91-93).

Experimental Procedures

Immunohistochemistry. For clonal analysis with either FRT/FLP or MARCM
systems, clones were induced by a 1-h or 30-min heat shock at 37 °Cin 24-48 h
after-egg-laying larvae. Brains of third instar larvae or white prepupae were
dissected, fixed for 20 min in 4% (wt/vol) formaldehyde in PBS supple-
mented with 0.1% Triton-X (PBS-T), washed three times in PBS-T, and then
preblocked for 2-3 h in PBS supplemented with 0.3% Triton-X and 10%
(vol/vol) normal goat serum. Brains were incubated overnight in the primary
antibody diluted in PBS-T containing 10% (vol/vol) normal goat serum,

1. Yu FX, Guan KL (2013) The Hippo pathway: Regulators and regulations. Genes Dev
27(4):355-371.

2. Lin JI, Poon CL, Harvey KF (2013) The Hippo size control pathway-ever expanding. Sci
Signal 6(259):peA4.
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washed three times with PBS-T, and then incubated with a secondary anti-
body in PBS-T/10% normal goat serum for 2 h at room temperature. After
three further washes in PBS-T, brains were mounted in Vectashield
mounting medium containing DAPI (Vectorlabs). The primary antibodies
used were mouse anti-p-galactosidase (Promega Z278B, 1:500), rabbit anti-
phospho-histone H3 (Cell Signaling Technology 9701, 1:500), mouse anti-
V5 (Invitrogen 46-0705, 1:500), mouse anti-DIAP1 (1:400; a gift from Bruce
Hay, California Institute of Technology, Pasadena, CA), rabbit anti-Kib
[1:100 (8)], guinea pig anti-E2F1 (1:200, a gift from Stefan Thor, Linkoping
University, Linkoping, Sweden), rabbit anti-Ex (a gift from Allen Laughon,
University of Wisconsin-Madison, Madison, WI; 1:200), rabbit anti-Yki
(1:100; a gift from Duojia Pan, Johns Hopkins University, Baltimore), mouse
anti-Pros [MR1A, The Developmental Studies Hybridoma Bank (DSHB)],
mouse anti-DI (C594.9B, DSHB) at 1:20, guinea pig anti-Dpn (1:1,000; a gift
from James B. Skeath, Washington University School of Medicine, St.
Louis), and rat anti-Dpn (1:1; a gift from Cheng-Yu Lee, University of
Michigan Medical School, Ann Arbor, MI). The secondary antibodies were
goat anti-rat Alexa 647; Alexa 568 goat anti-rabbit, anti-guinea pig, anti-
rat, and anti-mouse; and Alexa 488 goat anti-rabbit and anti-mouse
(Molecular Probes), all at 1:400.

Image Acquisition and Brain Volume Measurements. Confocal images were
acquired on a Zeiss LSM710 confocal laser-scanning microscope using a 40x oil
immersion objective lens. A 10x lens was used for whole-brain images. For
volume measurements, 3D stacks were acquired at 0.44-0.8-um intervals.
Volume measurements were performed using ImageJ.

Genotypes. Stocks used in this study were FRT82B Ikb1*°/TM6B, a gift from
Jongkyeong Chung, Seoul National University, Seoul, Republic of Korea (65);
UAS-lkb1, a gift from Bingwei Lu, Stanford School of Medicine, Stanford, CA
(94); FRT82B Ikb1*/*2|TM3 (74) and FRT42D par-1"?/CyO (95), gifts from
Daniel St. Johnston, University of Cambridge, Cambridge, UK; FRT82B scrib?,
a gift from Scott Goode, Baylor College of Medicine, Houston; fj*"" (fj-lacZ)
and UAS-ykjS''A ST68A S250A_y5  gifts from Ken Irvine, Rutgers University,
Piscataway, NJ (39); ex®’ FRT40A/CyO, a gift from Richard Fehon, University
of Chicago, Chicago (96); ex®®” (ex-lacZ), a gift from Georg Halder, Vlaams
Instituut voor Biotechnologie, Leuven, Belgium; FRT42D hpo?>*7/Cy0, a gift
from Duojia Pan, Johns Hopkins University, Baltimore; E(spl)m8-lacZ/CyO, a
gift from Sarah Bray, University of Cambridge, Cambridge, UK; optix-Gal4, a
gift from Iris Salecker, Medical Research Council National Institute for
Medical Research, London; MARCM maker stocks yw tubGal4 hsFLP122 UAS-
nuc-GFP-myc;; FRT82B CD21 y+ tubG80.LL3 and yw tubGal4 hsFLP122 UAS-
nuc-GFP-myc; FRT42D CD21 y+ tubG80.LL3, gifts from Gary Struhl, Columbia
University, New York; and UAS-yki RNAIXK79%523 yAS-ampk RNAi°P7%¢, and
UAS-ampk RNAiK79%684 from the Vienna Drosophila RNAi Centre. Stocks
obtained from the Bloomington Drosophila Stock Centre are y w hsFLP;;
FRT82B ubi-mRFPnls; FRT101 ampk3; y w hsFlp FRT101 ubi-GFP; P(GawB)
NP5443; P(GawB)C855a; sqt1°°*83/TM3. Other stocks used are FRT82B UAS-
yki®'®8A-V5/TM6B (generated by Pedro Gaspar, Francis Crick Institute,
London), UAS-hpo (30), and FRT82B wts*'/TM6B (97).

Generation of UAS-wts Transgenic Flies. The wts ORF was transferred from the
pEntrD-Topo vector (98) into the Gateway-compatible pUASt-attB vector
(99), using a LR recombination reaction. Transgenic flies were generated by
a site-specific integration at the attP site on the third chromosome in the
stock y' w''’8; PBac(y*-attP-9)VK00027 (100).
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