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Book I

Functional characterization of Lkb1 in zebrafish





Chapter 1

Insights from model organisms on the functions 
of the tumor suppressor protein LKB1: zebrafish 

chips in
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regulator” of energy homeostasis, cell 
polarity, DNA damage and cell cycle 
control (Hezel and Bardeesy, 2008). 
Genetic analyses of LKB1 deficiency 
in higher eukaryotes have provided a 
framework to further dissect the functions 
of LKB1. However, the biology of LKB1 
signaling appears to be highly complex, 
as loss of LKB1 function in invertebrates 
and vertebrates have generated divergent 
results in different tissues and contexts. In 
this research perspective, we review the 
current understanding of LKB1 function 
in cellular polarity and energy metabolism 
derived from loss-of-function studies 
performed in different model organisms. 
For a more comprehensive overview of 
LKB1 function, we refer the reader to 
these recent excellent reviews (Alessi et 
al., 2006; Jansen et al., 2009; Mirouse and 
Billaud, 2010; Shackelford and Shaw, 2009; 
Shelly and Poo, 2011; van Veelen et al., 
2011). In the last section we will discuss 
how the recently generated Lkb1-deficient 
zebrafish can provide a new tool to gain 
important insight into the function of this 
tumor suppressor protein.

LKB1 function during early development: 
polarization of the oocyte
Ten years before the human LKB1 gene 
was cloned, the C. elegans LKB1 homolog, 
abnormal embryonic PARtitioning of 

Introduction

In 1998, the gene responsible for the 
rare dominantly inherited disorder 
Peutz-Jeghers syndrome (Jeghers et al., 
1949), characterized by gastrointestinal 
hamartomatous polyposis and an 
increased predisposition to cancer 
(Hemminki et al., 1998), was identified as 
LKB1, which encodes a serine/threonine 
protein kinase. In addition to the familial 
syndrome, somatic mutations in LKB1 
were later found in over 30% of lung 
adenocarcinomas (Sanchez-Cespedes et 
al., 2002) and as recurrent mutation in 
endometrial cancer (Contreras et al., 2008). 
However, clues as to its function were first 
discovered only in 2003, when LKB1 was 
identified as the long sought-after kinase 
that activates the alpha subunit of AMP-
activated protein kinase (AMPK) (Hawley 
et al., 2003; Woods et al., 2003), linking 
LKB1 signaling to energy metabolism 
control. Since then, LKB1 has been found 
to phosphorylate 12 other AMPK-related 
kinases including the microtubule affinity-
regulating kinase 1-4 (MARK1-4), brain 
specific kinase  1-2 (BRSK1-2), nuclear 
AMPK-related kinase  1-2 (NUAK1-2), 
salt-inducible kinase  1-3 (SIK1-3) and 
SNF-related kinase (SNRK) (Jaleel et al., 
2005; Lizcano et al., 2004). These results 
suggest that LKB1 is an upstream “master 
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conditions. Similar results were obtained 
for AMPKα-mutant follicle cells (Mirouse 
et al., 2007). Indeed, many aspects of the 
polarity defects in LKB1-deficient follicle 
cells were rescued by introduction of a 
phosphomimetic AMPKα, demonstrating 
the involvement of the LKB1-AMPK axis 
in polarization during early development 
(Lee et al., 2007).
Together, this illustrates the high 
conservation of LKB1 function in the 
earliest polarization processes in both 
worms and flies. Although it remains to be 
determined whether this function is also 
conserved in vertebrates, it is interesting to 
note that LKB1 is asymmetrically localized 
to the animal pole in the mouse oocyte 
(Szczepanska and Maleszewski, 2005).

LKB1 and cell polarization in later stages 
of development 
LKB1 also has a conserved role in 
polarization during later stages of 
development. For example, loss of LKB1 
signaling leads to impaired neuronal 
polarity in both invertebrates and 
vertebrates. In C. elegans, temperature-
sensitive par-4 mutants showed neuronal 
polarity defects in ventral cord neurons 
(Kim et al., 2010). This function was 
thought to be regulated by PAR-4-
dependent phosphorylation of PAR-1, 
which is the homolog of human MAP/
microtubule affinity-regulating kinases, 
MARK. In Drosophila, depletion of LKB1 
in neuroblasts caused polyploidism in 
larval brains, but via a PAR-1-independent 
mechanism (Bonaccorsi et al., 2007). Instead, 
defects in mitotic spindle formation and 
mislocalization of the Baz/PAR-6/aPKC 
complex, a protein complex involved in 
cellular polarity, likely contributed to the 
reported phenotype (Bonaccorsi et al., 
2007). In mice, conditional Lkb1 deletion in 
telencephalic progenitors led to impaired 
polarization of cortical neurons through 
impaired activation of the AMPK-related 
kinases SAD-A/B. Thus, LKB1 is required 

cytoplasm family member 4 (par-4), was 
retrieved from a maternal-effect-lethal 
screen for genes required for proper 
segregation of cytoplasmic factors in 
the first cell cycles of embryogenesis 
(Kemphues et al., 1988). par-4-mutant 
embryos had defects in several aspects of 
cell polarity and asymmetric cell division, 
which resulted in the formation of an 
amorphous mass of cells without distinct 
morphogenesis (Morton et al., 1992).
This function for LKB1 in polarization 
during early embryogenesis was 
subsequently found to be conserved, at least 
in Drosophila melanogaster. The Drosophila 
egg is a highly polarized structure well 
before fertilization and the origin of this 
polarization might even be traced back 
to the first cell division of the cytoblast 
in the fly ovary (Huynh and St Johnston, 
2004). Differentiation of germline cells 
into oocytes coincides with asymmetric 
localization of proteins and mRNAs that 
set up the anterior-posterior (A-P) and 
dorsal-ventral (D-V) axes within the oocyte 
(Huynh and St Johnston, 2004). lkb1-
mutant germline clones showed disrupted 
localization of various mRNAs resulting 
in defective oocyte polarity (Martin and 
St Johnston, 2003). LKB1 deficiency in 
follicle cells also led to polarization defects 
including disorganization of the epithelial 
monolayer (Martin and St Johnston, 
2003). These polarity defects were not 
fully penetrant and it was suggested that 
LKB1 is essential for the establishment 
of epithelial polarity in the follicle, but 
not for its maintenance (Mirouse et al., 
2007). However, polarity defects were 
observed in all examined follicle cells 
under conditions of glucose starvation, 
indicating that LKB1 is critical also for 
the maintenance of epithelial polarity in 
follicle cells upon energetic stress. As LKB1 
is known to regulate energy homeostasis, 
as outlined in more detail below, this 
suggests that diverse LKB1 functions are 
connected under certain physiological 
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particularly through AMPK activation and 
the target of rapamycin (TOR) pathway 
(Shaw, 2009; Shaw et al., 2004). Upon 
energetic stress induced by a variety of 
stimuli such as food-deprivation, exercise, 
osmotic stress and hypoxia, AMPK is 
phosphorylated and activated by LKB1. 
AMPK then phosphorylates tuberous 
sclerosis complex 2 (TSC2), which leads 
to inhibition of TOR complex 1 (TORC1) 
activity (Shaw et al., 2004). TORC1 activity 
is associated with cell growth and viability, 
since TORC1 stimulates anabolic processes 
such as protein synthesis while inhibiting 
catabolic processes like the degradation 
of cellular components by autophagy 
(Wullschleger et al., 2006). Thus, upon 
LKB1-dependent activation of AMPK, 
TORC1 signaling is inhibited, which 
promotes energy conservation under 
conditions of energetic stress. 
Given the embryonic lethal phenotype 
of the knockout mouse, the role of LKB1 
in energy homeostasis at the whole 
organism level in animals has only been 
studied in C. elegans and, more recently, 
in the zebrafish. These studies, which are 
described in detail below, have revealed a 
far more complex role for LKB1 in energy 
homeostasis beyond only the regulation 
of TORC1 signaling via AMPK. Indeed, in 
addition to TSC2, AMPK has a multitude 
of direct substrates, many of which are 
also involved in metabolism control 
(Shackelford and Shaw, 2009; van Veelen 
et al., 2011).
In C. elegans, larvae developmentally 
arrest and enter the so-called “dauer” 
phase under unfavorable environmental 
conditions. Dauer larvae do not feed, 
become stress-resistant, are extremely 
long-lived and “non-aging” (Klass and 
Hirsh, 1976). In order to ensure long-term 
survival, fat is stored in the hypodermis, 
which is an organ akin to the skin of higher 
organisms (Burnell et al., 2005).  Dauer 
larvae with compromised LKB1/AMPK 
signaling rapidly depleted hypodermic fat 

for polarization also in the vertebrate 
brain, although the molecular mechanisms 
involved are to a certain extent organism-
specific (Barnes et al., 2007).
In addition to neuronal polarization, LKB1 
has been implicated in the polarization of 
epithelial structures, such as photoreceptors 
in the Drosophila eye. The Drosophila retina 
is derived from the eye imaginal disc, 
which is an epithelial structure. Eye-
specific inactivation of LKB1 led to severe 
loss of polarity in photoreceptors at pupal 
stages (Amin et al., 2009). Importantly, 
AMPK was not the primary LKB1 target 
in Drosophila eye development, but rather 
other AMPK-related kinases, including 
SIK, NUAK and PAR-1 (Amin et al., 
2009). In vertebrates, activation of LKB1 
induced complete polarization of single 
intestinal epithelial cells in culture (Baas et 
al., 2004). Furthermore, AMPK activation 
is required for tight-junction formation 
and polarization in the Madin-Darby 
Canine Kidney (MDCK) epithelial cell 
line, although this may not be exclusively 
dependent on LKB1 (Zhang et al., 2006; 
Zheng and Cantley, 2007). Lkb1 null mice 
do not survive beyond E10.5 and show 
several defects including mesenchymal cell 
death as well as neural tube and vascular 
abnormalities associated with increased 
VEGF signaling (Ylikorkala et al., 2001). 
Somewhat unexpectedly, inactivation of 
Lkb1 in several mouse tissues did not lead 
to gross epithelial polarity defects, with the 
notable exception of the pancreas (Granot 
et al., 2009; Hezel et al., 2008).
Thus, it appears that LKB1 regulates 
polarization during development 
throughout the animal kingdom in a tissue- 
and context-dependent manner, and via 
phosphorylation of distinct substrates.

LKB1: a master regulator of energy 
homeostasis
Probably the best-studied function of 
LKB1 to date, at least in vertebrates, is 
the regulation of energy homeostasis, 
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decreased ATP levels and became energy-
depleted much sooner that food-deprived 
wild-type animals. Thus, in both worms 
and zebrafish, Lkb1 is essential for control 
of whole-body energy homeostasis and 
adaptation of metabolism to changes in 
energy availability, which is essential for 
long-term viability of the organism.
Zebrafish lkb1 mutants die two days 
after yolk absorption, which is in stark 
contrast to wild-type larvae that can 
survive food deprivation for more than 
six days. Interestingly, two days of food 
deprivation did not lead to detectable 
AMPK phosphorylation in wild-type 
larvae, suggesting that deregulated AMPK 
signaling may not be the sole cause for 
impaired energy metabolism control in lkb1 

storages and died prematurely due to vital 
organ failure (Narbonne and Roy, 2009). 
This inappropriate fat depletion was found 
to be due to increased activity of adipose 
triglyceride lipase (ATGL-1), a proposed 
direct target of AMPK.
Similar to this result in C. elegans, we recently 
reported that lkb1-mutant zebrafish are 
also unable to cope with energetic stress 
(van der Velden et al., 2011). Although 
Lkb1 deficiency in zebrafish did not lead to 
overt developmental defects, lkb1 mutants 
did fail to downregulate metabolism once 
the yolk, which provides energy in the 
first days of development, was consumed. 
These lkb1 mutants exhibited hallmarks of 
a starvation response at the cellular and 
biochemical level, displayed profoundly 

Fig. 1. Studies of LKB1 deficiency in flies, mice, worms and zebrafish have revealed that the tumor suppressor 
LKB1 has conserved and divergent roles in the regulation of cell polarization and energy metabolism processes.
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labeled reporters, this allows real-time, 
in vivo visualization of various processes 
such as cell migration and organogenesis. 
Thus, questions pertaining to the biology 
of tissue physiology in a setting of Lkb1 
deficiency can be addressed. 
Although addressing whether neuronal 
polarity was impaired was beyond 
the scope of our previous study, it is 
still possible that Lkb1 is required for 
polarization or asymmetric cell division 
in neuronal tissues in zebrafish, given that 
this function is conserved in C. elegans and 
Drosophila. Should this be the case, the ease 
of performing forward genetic screens in 
zebrafish could help to dissect the pathway 
of neuronal polarization in vertebrates by 
identification of new proteins involved in 
this process.
Interestingly, we did not observe polarity 
defects in either the gut or the eye of 
zebrafish lkb1 mutants, in contrast to 
studies in human cell lines and Drosophila 
respectively, again highlighting the cell-
type specificity and context dependency of 
LKB1 function.
Since Lkb1 deficiency leads to impaired 
metabolic control upon energetic stress, it 
will be interesting to determine whether 
lkb1 mutants are hypersensitive to other 
types of stress, such as osmotic stress 
and DNA damage. Our preliminary 
results showed that lkb1 mutants are 
hypersensitive to mechanical stress, 
but only when they are under energetic 
stress, again illustrating that the metabolic 
functions of Lkb1 are tightly linked with 
other Lkb1-dependent processes. 
Finally, since zebrafish lkb1 mutants are 
embryonic viable, they provide an excellent 
platform to conduct chemical genetic 
screens to identify molecular pathways that 
are regulated and/or cooperate with Lkb1 
and lead to deregulation of metabolism. 
These types of screens could also identify 

larvae. Furthermore, TORC1 signaling was 
not severely deregulated in lkb1 mutants. 
Thus, we proposed that the AMPK-TORC1 
axis might not be the critical or only 
effector of Lkb1-mediated maintenance of 
whole-organism energy homeostasis, at 
least in this setting. Interestingly, recent 
work on the effect of Lkb1 inactivation in 
mouse hematopoietic stem cells showed 
that, while LKB1 was critically required to 
regulate energy metabolism and maintain 
cell survival, the effects were again largely 
independent of AMPK and TORC1 
signaling (Gan et al. 2010; Gurumurthy 
et al. 2010; Nakada et al. 2010). Together, 
these findings illustrate that LKB1 controls 
metabolism in vivo through several 
pathways in addition to TORC1 signaling 
and showcase the complexity of LKB1 
biology. 

A zebrafish perspective on Lkb1
As zebrafish lkb1 mutants survive 
embryonic development, unlike mice, 
they provide the first embryonic viable 
vertebrate model of homozygous lkb1 
deletion. This, combined with the many 
advantages of using zebrafish as a model 
organism, some of which are described 
below, should rapidly advance our 
understanding of LKB1 function. 
One of the advantages of zebrafish is that 
the oocyte is externally fertilized, allowing 
early developmental processes, from 
fertilization onwards, to be easily analyzed. 
In addition, germline replacement methods 
are available in zebrafish (Ciruna et al., 
2002), which means that an animal lacking 
both maternal and zygotic LKB1 can be 
generated. Maternal-zygotic zebrafish lkb1 
mutants will provide a system to address 
whether and how Lkb1 functions in the 
first cleavage stages in vertebrates.
Another attractive feature of the zebrafish 
is their small size and transparency during 
development. In combination with the 
availability of numerous transgenic lines 
expressing tissue-specific fluorescently-
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compounds that can modulate metabolism 
and may prove to be useful for inhibiting 
growth of LKB1-deficient tumors.

Conclusion

LKB1 is a tumor suppressor gene and 
is mutated in a wide variety of human 
cancers. Thus, deciphering its function 
could have direct clinical implications. 
Given the complexity of LKB1 function, 
which is illustrated by the diversity of its 
mutant phenotypes in a variety of model 
organisms and contexts, lkb1-mutant 
zebrafish offer a powerful new tool for 
unraveling the numerous mechanisms 
and pathways regulated by LKB1. It also 
provides the unique opportunity to study 
LKB1 function at the whole organism level 
in vertebrates. 
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Introduction

Germline mutations in the serine-threonine 
kinase LKB1 (also known as STK11) cause 
the cancer-predisposition syndrome 
Peutz-Jeghers Syndrome (PJS) (Hemminki 
et al., 1998). PJS is an autosomal dominant 
disorder that is characterized by multiple 
hamartomas of the gastrointestinal tract 
and abnormal pigmentation of the mucus 
membranes (Jeghers et al., 1949). PJS 
patients are prone to develop cancer in 
the gastrointestinal tract and other types 
of tumors (Giardiello et al., 1987). Somatic 
mutations in LKB1 have been identified 
in ~30% of lung adenocarcinomas (Ji et 
al., 2007). Furthermore, somatic recurrent 
LKB1 mutations are found in endometrial 
cancer (Contreras et al., 2008).
LKB1 phosphorylates and activates AMP-

activated protein kinase (AMPK) as well 
as 12 AMPK-related kinases (Lizcano et 
al., 2004; Shaw et al., 2004). Because AMPK 
acts as a central energy checkpoint in the 
cell (Hardie, 2007), these findings linked 
LKB1 signaling to energy metabolism 
control. Upon energetic stress, LKB1 
phosphorylates and activates AMPK, 
which, in turn, leads to the phosphorylation 
of several targets, including the tuberous 
sclerosis complex component 2 (TSC2). 
Phosphorylation of TSC2 then leads to 
inhibition of the TOR signaling pathway 
with subsequent suppression of protein 
synthesis and translation, which are major 
energy consuming processes in the cell. In 
addition, an important role in establishing 
cell polarity has been demonstrated for 
LKB1 (Baas et al., 2004). 
The LKB1 homolog in Caenorhabditis 
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Germline mutations in the serine-threonine kinase LKB1 lead to a gastrointestinal 
hamartomatous polyposis disorder with increased predisposition to cancer (Peutz-
Jeghers Syndrome). LKB1 has many targets, including the AMP-activated protein 
kinase (AMPK) that is phosphorylated and activated under low energy conditions. 
AMPK targets several signaling pathways, including the Target of Rapamycin 
(TOR) pathway, which collectively leads to a down-regulation of energy-consuming 
processes in order to restore the energy balance. To gain insight into how LKB1 
mediates its effects during development, we have generated zebrafish mutants in the 
single Lkb1 ortholog. We show that Lkb1 in zebrafish is dispensable for embryonic 
survival but becomes essential under conditions of energetic stress. Following yolk 
absorption, lkb1 mutants rapidly exhaust their energy resources and die prematurely 
from starvation. Notably, intestinal epithelial cells are polarized properly in the 
lkb1 mutants. We show that attenuation of metabolic rate in lkb1 mutants, either by 
application of the TOR inhibitor rapamycin, or by crossing with vhl-mutant zebrafish 
(in which constitutive hypoxia signaling results in reduced metabolic rate), suppresses 
key aspects of the lkb1 phenotype. Together, we demonstrate a critical role for Lkb1 
in the regulation of energy homeostasis at the whole-organism level in a vertebrate.



Lkb1 is essential for survival under energetic stress in zebrafish

23

     2

elegans, PAR-4, was originally identified 
as part of the partitioning-defective (PAR) 
proteins that control polarity (Wodarz, 
2002). Recent analysis showed that C. 
elegans par-4 mutants also display metabolic 
defects, as par-4 mutants rapidly consume 
their energy after entering Dauer, a kind 
of stasis that allow C. elegans larvae to 
survive under harsh conditions (Narbonne 
and Roy, 2009).  Drosophila Lkb1 is required 
for early anterior-posterior polarization of 
the oocyte (Martin and St Johnston, 2003), 
whereas homozygous deletion of Lkb1 in 
mice causes vascular and neuronal defects 
that culminate in embryonic death of the 
mutants (Ylikorkala et al., 2001). Perhaps 
surprisingly, tissue-specific inactivation of 
Lkb1 in several mouse tissues does not lead 
to polarity defects except in the pancreas 
(Granot et al., 2009; Hezel et al., 2008). 
Thus, the study of several LKB1-mutant 
model organisms has lead to the proposal 
that LKB1 functions are often cell–type-
specific and context-dependent. To 
investigate the effects of homozygous loss 
of function of Lkb1 during development, 
energy homeostasis and physiology in 
vertebrates, we turned to the zebrafish. 
We show that lkb1-mutant zebrafish 
survive gastrulation, unlike their mouse 
counterparts. Lkb1 is dispensable for 
embryonic development while the 
embryo consumes nutrients from the yolk. 
However, as soon as the yolk is absorbed, 
the lkb1 mutants deteriorate rapidly and 
die at 7 or 8 days post fertilization (dpf). We 
observe hallmarks of a starvation response 
in lkb1 mutants, such as premature 
depletion of liver glycogen and precocious 
lipid accumulation in the liver (hepatic 
steatosis). The lkb1 mutants exhibit an 
accelerated metabolic rate, exhaust their 
energy resources abnormally early and die 
from organ failure caused by starvation.

Materials and Methods

Zebrafish strains
Zebrafish were maintained at 28 °C. 
Fish were cared for in accordance with 
institutional guidelines and approved by 
the Animal Experimentation Committee 
of the Royal Netherlands Academy of Arts 
and Sciences. Details of the ENU screening 
and identification of the mutations are 
described in SI Materials and Methods.

Western Blot Analyses 
Larvae were lysed in Brye buffer for 30 
min followed by sonication for 5 min. 
Protein extracts were separated on 4 to 
12% bis-Tris precast gels (NuPAGE) and 
transferred to Immobilon-P membranes 
(Amersham Biosciences). Primary 
antibodies were diluted in PBS with 
Triton-X (PBT) containing 1% BSA and 
4% Western blot blocking reagent (Roche). 
Primary antibodies used are described in 
SI Materials and Methods. 

Metabolic rate assay
The assay was performed essentially as 
described in Makky et al., 2008, with some 
modifications, listed in SI Materials and 
Methods.

Results
 
Generation of lkb1-mutant zebrafish
To study the effects of loss of Lkb1 in 
zebrafish development, we screened a 
library of N-ethyl-N-nitrosourea (ENU)-
mutagenized zebrafish by TILLING 
(Wienholds et al., 2003) and identified 
two independent lines carrying germline 
nonsense mutations in zebrafish lkb1. Both 
mutations are nucleotide substitutions 
resulting in premature stop codons in 
the kinase domain (Fig. S1A,B). The 
mutations correspond to position Y246 
and Y261 in human LKB1 (Y245X and 
Y260X in zebrafish). Notably, the Y246X 
mutation has also been found in human 
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AMPK phosphorylation in response to 
anoxia, induced by potassium cyanide 
(KCN) treatment (Mendelsohn et al., 
2008). We treated wild-type and lkb1-
mutant embryos at 3 dpf with KCN and 
assessed phosphorylation of AMPK and 
its downstream substrate acetyl CoA 
carboxylase (ACC). KCN treatment led to 
AMPK and ACC phosphorylation in wild-
type embryos whereas this response was 
severely impaired in lkb1 mutants (Fig. 1B). 
These data indicate that the mutation is a 
functional null.

Lkb1 is dispensable for embryonic 
survival in zebrafish
lkb1 mutants were indistinguishable 
from wild-type larvae for the first 5 days 
of development. However, at 7 dpf, lkb1 
mutants were emaciated, displayed an 
abrupt loss of intestinal folding, and 
had a small, dark liver (Fig. 2C,D). 
The phenotype was identical for both 
mutations and transheterozygote animals 
demonstrated no allelic complementation. 
The flattened intestinal epithelia and a 
dark liver were also observed in wild-type 
larvae after prolonged food deprivation (at 
11 dpf, Fig. 2E,F). The lkb1 mutants died 
at 7-8 dpf whereas wild-type larvae could 
survive without food for up to two weeks. 
The abrupt loss of intestinal folding in the 
lkb1 mutants and the reported role of LKB1 
in controling epithelial polarity prompted 
us to investigate whether intestinal 
epithelial cells were polarized properly in 
lkb1 mutants.

No intestinal polarity defects in lkb1 
mutants
The intestinal epithelium initiates folding 
at around 3-4 dpf in wild-type embryos 
and extensive folding occurs at subsequent 
developmental stages (Horne-Badovinac 
et al., 2001). In lkb1 mutants, the intestinal 
epithelium initiated folding normally and 
the villi were visible at 5 dpf. However, at 7 
dpf, an abrupt loss of folding characterized 

PJS patients (Nakagawa et al., 1998). We 
studied lkb1 mRNA expression pattern 
during embryonic development by whole-
mount in situ hybridization. lkb1 mRNA 
was maternally deposited and expression 
was uniform across the embryo in the 
first two days of development. At 3 dpf, 
we detected strong lkb1 expression in 
the head region in wild-type larvae (Fig. 
1A). lkb1 mRNA expression was severely 
reduced in lkb1 mutants, indicating 
nonsense mediated decay of the mutant 
mRNA.  To assess whether any remaining 
Lkb1 was functional, we addressed 

Fig. 1. Characterization of zebrafish lkb1 mutations. 
(A) Whole-mount in situ hybridizations show 
decreased lkb1 mRNA expression in 3 dpf lkb1 larvae. 
(B) Western-blot analysis of AMPK and ACC upon 
KCN treatment. KCN treatment results in activation 
of the AMPK pathway in 3 dpf wild-type larvae, but 
not in 3 dpf lkb1 larvae.
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a flattened intestinal epithelium. Sections 
along the intestinal tract of wild-type and 
mutant larvae harvested at 5 and 7 dpf were 
stained with polarity markers. We did not 
observe any polarity defects in the intestine 
of the lkb1-mutant larvae. Specifically, the 
apical markers atypical protein kinase 
C (aPKC) and F-actin were expressed at 
normal levels and were correctly localized 
(Fig. S2A-D). Similarly, stainings with 
β-catenin, E-cadherin and NA+/K+-ATPase 
revealed normal basolateral localization 
(Fig. S2E-J). Transmission electron 
microscopy confirmed normal distribution 
and morphology of tight junctions and the 

presence of an apical brush border in the 
intestinal cells of the lkb1 mutants (Fig. S3). 
These results showed that epithelial cell 
polarity is intact in zebrafish lkb1 mutants 
and that the observed phenotype must be 
attributed to other functions of Lkb1. 

lkb1 mutants resemble starved wild-type 
larvae 
We observed that 7 dpf lkb1 larvae 
phenotypically resembled starving wild-
type animals at 11 dpf. We also noted that 
lkb1 mutants did not feed at 5 dpf, as expected 
for wild-type larvae. We established that 
lack of feeding was not caused by any 

Fig. 2. The intestinal architecture of lkb1 mutants resembles that of starved wild-type larvae. (A,C,E) High-
power images depicting the liver and intestine of live larvae of the indicated genotypes; anterior is to the left. 
Red brackets demarcate the thickness of the intestinal wall, and livers are outlined. At 7 dpf, lkb1 larvae (C) and 
starved 11 dpf wild-type larvae (E) exhibit a small dark liver and flattened intestine (asterisks). (B, D, F) H&E 
staining of saggital sections of the intestine. Note loss of intestinal folding in 7 dpf lkb1 larvae and in starved 
wild-type larvae. L: liver; sb: swim bladder.
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structural abnormalities in the jaw or 
any occlusions in the digestive tract that 
would prevent lkb1 mutants from eating. 
We showed that lkb1 mutants were capable 
of ingestion and digestion using N-{[6-
(2,4-dinitrophenyl)amino]hexanoyl}-1-
palmitoyl-2-BODIPY-FL-pentanoyl-sn-
glycero-3-phosphoethanolamine (PED6), 
a phospholipase A2 (PLA2) substrate 
that exhibits increased fluorescence upon 
cleavage by PLA2 in the intestine. In lkb1 
larvae, fluorescence in both intestinal 
lumen and gall bladder was detected at 
levels equivalent to those in wild-type 
larvae (Fig. S4). These results show that 
lkb1 mutants are capable of ingestion and 
digestion, but do not feed, which may 
suggest a failure to sense energy stress.
 
lkb1 mutants exhibit accelerated energy 
depletion and high metabolic rate 
One of the major LKB1 substrates is 
AMPK, a critical energy “checkpoint”. 
The observation that the lkb1 mutants 
morphologically resembled starving wild-
type animals prompted us to investigate 
whether the lkb1 mutants are experiencing 
prematurely severe energetic stress. We 
first addressed glycogen consumption. 
Zebrafish (like other vertebrates) consume 
glycogen stored in the liver in order 
to generate energy. The zebrafish liver 
contains high amounts of glycogen that is 
gradually used during the first few days of 
development (Pack et al., 1996). Glycogen 

Fig. 3. lkb1 mutants exhibit hallmarks of a starvation 
response and high metabolic rate. (A) Transverse 
vibratome sections of PAS-stained wild-type and 
lkb1 livers at 5 and 7 dpf. The wild-type liver at 7 dpf 
contains still a moderate amount of glycogen whereas 
glycogen is depleted in the lkb1 liver at 7 dpf. (B) 
Transverse vibratome sections of ORO-stained wild-
type and lkb1 livers on indicated days. Note strong lipid 
accumulation in the lkb1 liver at 7 dpf and in starved 
wild-type liver at 11 dpf. (C) lkb1 mutants exhibit high 
metabolic rate. Histograms depict acid production 
rates of wild-type and lkb1 larvae at different days of 
development. The rate of acid production correlates 
with metabolic rate and was calculated as described in 
the SI Materials and Methods.
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phosphorylation triggers a signaling 
cascade to enable an organism to cope 
with limited nutrient supply (Hardie, 
2007). We assessed the levels of AMPK and 
its phosphorylation in wild-type and lkb1 
larvae at 5 and 7 dpf and in starved wild-
type larvae at 11 dpf. As expected, AMPK 
was not phosphorylated in lkb1 larvae at 
any point. AMPK was not phosphorylated 
in 7 dpf wild-type larvae either, indicating 
that at 7 dpf any energetic stress in wild-
type is not sufficient to induce detectable 
phosphorylation of AMPK. Only 
prolonged food deprivation led to high 
levels of AMPK and ACC phosphorylation 
in starved wild-type larvae at 11 dpf (Fig 
4A). 
These data suggest that the observed 
down-regulation of metabolic rate in wild-
type larvae is mediated by additional 
mechanisms and that the inability to 
activate AMPK might not be the primary 
reason for the rapid deterioration of 
lkb1 mutants once the yolk is consumed. 
Interestingly, total levels of AMPK were 
increased in lkb1 larvae at 7 dpf. This 
finding suggested that LKB1 function is 
implicated in the turnover of the AMPK 
pool. 
We next investigated the status of the 
TOR complex 1 (TORC1) pathway in lkb1 
mutants. We evaluated the phosphorylation 
status of ribosomal p70S6 kinase (p70S6K), 
ribosomal S6 protein (RS6) and factor 4E 
binding protein 1 (4EBP1), well-established 
effectors of TORC1 signaling (Inoki et al., 
2002). TORC1 activity exhibited a dynamic 
pattern of regulation during development. 
p70S6K, RS6 and 4EBP1 were highly 
expressed and phosphorylated at 2 dpf in 
both wild-type and lkb1 larvae, concomitant 
with rapid growth and organ expansion 
(Fig. 4B). During the course of subsequent 
development (5 dpf), the activity of the 
TORC1 was down-regulated as judged 
by lower levels of p70S6K, RS6, and, to 
a lesser extent 4EBP1 phosphorylation. 
Presumably, energetic demand following 

content of the liver was assessed by periodic 
acid-Schiff (PAS) staining before and after 
yolk absorption (5 and 7 dpf, respectively). 
At 5 dpf, high amounts of glycogen were 
detected in the liver of wild-type and 
lkb1 larvae (Fig. 3A). In contrast, at 7 dpf, 
the lkb1 livers were already depleted of 
glycogen whereas the wild-type liver still 
contained a moderate amount of glycogen 
(Fig. 3A). These results demonstrated 
premature glycogen depletion from the 
liver of lkb1 larvae. 
Starvation induces accumulation of 
triglycerides and lipids in the liver because 
of transport of free fatty acids from 
peripheral adipose tissue to the liver (Lee 
et al., 2010). These lipids can be visualized 
by staining with the Oil Red O (ORO) dye. 
ORO staining of wild-type and lkb1 larvae 
revealed increased lipid accumulation 
in the liver (hepatic steatosis) of lkb1 
mutants at 7 dpf (Fig. 3B). Starved wild-
type larvae at 11 dpf also showed a high 
degree of hepatic steatosis (Fig. 3B). 
Thus, the lkb1 larvae exhibit a response 
to starvation long before wild-type larvae 
do, suggesting accelerated exhaustion of 
energy reserves. To measure this process, 
we performed a whole-animal colorimetric 
assay measuring metabolic rate in 
zebrafish (Makky et al., 2008). This assay 
is based on the direct correlation of acid 
production with metabolic rate. We found 
that although the lkb1 larvae had a similar 
metabolic rate as wild-type larvae for the 
first 5 days of development, they had an 
increased metabolic rate starting at 6 dpf, 
and at 7 dpf the exacerbation was more 
pronounced (Fig. 3C). We concluded that 
lkb1 mutant zebrafish exhibit accelerated 
morphological and cellular hallmarks of 
starvation. We next examined whether lkb1 
mutants display a response to starvation 
also at the molecular level.

lkb1 mutants display a response to 
starvation at the molecular level
Under energetic stress, AMPK 
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organogenesis is diminished. In 7 dpf 
wild-type larvae, we observed remarkable 
down-regulation of p70S6K and 4EBP1 
total levels. In lkb1 mutants at 7 dpf, we 
observed high expression of p70S6K 

and 4EBP1 accompanied by moderate 
levels of phosphorylation (Fig. 4B). 
Prolonged fasting induced re-expression 
and phosphorylation of p70S6K and 
4EBP1 in 11 dpf wild-type larvae. Thus, 

Fig. 4. Analysis of AMPK and TORC1 signaling. (A) Western-blot analysis with antibodies against phospho-
AMPK, AMPK, phospho-ACC and ACC of total protein lysates from embryos at the indicated days and 
genotypes. AMPK and ACC are not phosphorylated in wild-type or lkb1 larvae at 5 or 7 dpf. Prolonged fasting 
induces phosphorylation of AMPK and ACC in 11 dpf wild-type larvae. Elevated expression of AMPK in 7 dpf 
lkb1 larvae is detected. (B) Western-blot analysis using antibodies against phospho-p70S6K, p70S6K, phospho-
RS6, RS6, phospho-4EBP1 and 4EBP1 antibodies of total protein lysates from embryos at the indicated days and 
genotypes. (C) Sections of livers obtained from wild-type and lkb1 embryos at the indicated days stained with 
anti-phospho-RS6 and anti-phospho-4EBP1.
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the lkb1 mutants displayed an identical 
p70S6K phosphorylation status to that 
in starved wild-type larvae, whereas 
phosphorylation of 4EBP1 was higher in 
starved wild-type larvae. We next sought 
to determine regulation of these markers 
in a time- and organ-specific manner. 
Immunohistochemistry (IHC) on larvae 
with antibodies specific to phospho-
RS6 and phospho-4EBP1 showed that 
expression was strong in the liver (Fig. 
4C) and intestine (Fig. S5) of 5 dpf wild-
type and lkb1 larvae. Expression of these 
markers was weaker in both wild-type 
and lkb1 larvae at 7 dpf. Consistent 
with the Western-blot results, phospho-
4EBP1 expression was increased in the 
liver of starved wild-type animals (Fig. 
4C). We noted that although phospho-
RS6 and phospho-4EBP1 expression 
were regulated over time in the liver and 
intestine, expression of these markers in 
the pancreas remained strong throughout 
development (Fig. S5). Interestingly, we 
observed that TORC1 activity is high 
in starved wild-type animals despite 
significant phosphorylation of AMPK 
at this stage. It is plausible that under 
severe energetic stress other pathways (in 
addition to or independently of AMPK 
signaling) regulate TORC1 activity. These 
results showed that 7 dpf lkb1 mutants 
display a TORC1 status more similar to 
starved wild-type larvae than to age-
matched wild-types. 
It was reported that treatment with 
rapamycin, a specific TOR inhibitor 
(Wullschleger et al., 2006), lowers 
metabolism in fish (Makky et al., 2007). 
To investigate the effects of rapamycin 
treatment in the lkb1 phenotype, we treated 
lkb1 larvae from fertilization onwards. 
Rapamycin treatment initiated at this very 
early stage prolonged survival of lkb1 
mutants. At 7 dpf, treated lkb1 larvae did 
not manifest the lkb1 phenotype (Fig. S6B). 
However, at 10 dpf, the lkb1 larvae exhibited 
a dark liver and flattened intestine (Fig. 

S6C). This showed that pharmacological 
retardation of metabolism leads to 

Fig. 5.  Analysis of the PI3K-AKT signaling pathway. 
(A) Transverse sections of wild-type and lkb1 livers at 
the indicated days of development stained with an 
antibody against phospho-AKT. Strong phospho-
AKT staining is detected in wild-type and lkb1 livers 
at 5 dpf. Wild-type liver is strongly stained at 7 dpf, 
whereas phospho-AKT staining is barely detectable in 
the liver of 7 dpf lkb1 mutants and in starved wild-
type larvae at 11 dpf. (B) Inhibition of PI3K signaling 
leads to a starvation-like phenotype in wild-type 
larvae. Wild-type larvae at 7 dpf treated for 3 days 
with either LY294002 or its inactive analog LY303511. 
LY294002 treatment of wild-type larvae from 4 dpf 
onwards leads to dark liver (arrowheads) and hepatic 
steatosis as revealed by ORO staining. Treatment with 
the inactive analog LY303511 has no effect on the 
morphology of the larvae.
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prolonged survival of the lkb1 mutants, 
but rapamycin treatment is not sufficient 
to rescue the lkb1 phenotype.

Analysis of IGF and PI3K-AKT signaling 
in lkb1 mutants 
It is known that starvation in several 
models leads to reduction of Insulin 
Growth Factor (IGF) and up-regulation of 
the expression of the inhibitory molecule 
IGF-binding protein 1 (IGFBP1) (Lee et al., 
2010; Raffaghello et al., 2008). A reduction 
in growth factor signaling leads to reduced 
PI3K signaling, and, via protein kinase B 
(PKB)/AKT and TSC2, to an inhibition 
of TOR signaling. A feedback loop also 
exists in which phosphorylated p70S6K in 
turn leads to inhibition of PI3K signaling 
(Manning, 2004). 
Given the intimate link between the two 
signaling pathways, we next addressed 
the status of PI3K-AKT signaling in 
lkb1 mutants. First, we studied igfbp1 
expression in lkb1 mutants by in situ 
hybridization. In 7 dpf wild-type embryos, 
igfbp1 is expressed exclusively in the liver. 
In lkb1 mutants, igfbp1 expression was 
high in the liver and was also found in the 
intestine (Fig. S7B), as observed in 11 dpf 
starved wild-type larvae (Fig. S7C). 
We next evaluated the status of 
phosphorylated AKT at different time-
points in wild-type and lkb1 larvae by 
IHC. Strong phospho-AKT expression 
was detected in the liver of wild-type and 
lkb1 larvae at 5 dpf (Fig. 5A). In contrast, 
phospho-AKT was no longer detected in 
the liver of 7 dpf lkb1 larvae, but expression 
persisted in the liver of 7 dpf wild-type 
larvae (Fig. 5A).  Phospho-AKT expression 
was barely detectable in the liver of starved 
wild-type at 11 dpf (Fig. 5A). We obtained 
an identical pattern of phospho-AKT 
regulation in the intestine (Fig. S8). These 
results show that under energetic stress 
the PI3K pathway is switched-off and that 
in lkb1 mutants this happens prematurely. 
We next investigated the effects of PI3K 

inhibition in wild-type larvae. Remarkably, 
we found that treatment of wild-type 
larvae with LY294002, an inhibitor of 
PI3K signaling, phenocopied the lkb1 liver 
phenotype in wild-type larvae. LY294002-
treated wild-type animals exhibited a 
dark liver and abnormal hepatic steatosis 
at 7 dpf (Fig 5B). Treatment with the 
inactive analog LY303511 had no effect 
on the morphology of the larvae (Fig. 5B). 
These results show that PI3K signaling 
is prematurely downregulated in lkb1 
larvae and that inhibition of this pathway, 
even after organogenesis is completed, 
can phenocopy certain aspects of the lkb1 
phenotype.

Genetic interaction between VHL and 
Lkb1
In several settings, lkb1 inactivation 
leads to increased sensitivity to stress 
states including hypoxia; furthermore, 
hypoxia causes attenuation of metabolism. 
Biochemically, hypoxia leads to activation 
of TSC1/2 complex and thus TOR inhibition. 
To determine whether the lkb1 mutants 
are hypoxic, we studied expression of 
hypoxia inducible factor 1 subunit alpha 
(HIF1α) target genes. Expression of HIF1α 
target genes lactate dehydrogenase a (ldha1) 
and NADH dehydrogenase (ubiquinone) 1 
α subcomplex 4 (ndufa4) was not altered 
in 7 dpf lkb1 larvae as compared to wild-
type larvae, indicating that the HIF1α 
transcription program was not activated 
in lkb1 larvae (Fig. S9). These data appear 
somewhat contradictory to recent studies 
reporting that LKB1-deficient polyps in 
mice and human PJS patients manifested 
markedly upregulated activity of HIF1α 
and its downstream transcriptional targets 
(Shackelford et al., 2009). However, in 
that setting, HIF1α is a target of increased 
TORC1 activity, which is not significantly 
up-regulated in lkb1 zebrafish mutants. 
To simulate a situation of constitutive 
hypoxia signaling in the context of 
Lkb1 homozygous loss of function, we 
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crossed the lkb1 mutants with von Hippel-
Lindau (vhl)-mutant zebrafish. The tumor 
suppressor VHL is an E3 ubiquitin ligase 
that triggers degradation of HIF1α in the 
presence of oxygen. Zebrafish vhl mutants 
exhibit a systemic hypoxia response, 
including up-regulation of hypoxia-
induced genes (van Rooijen et al., 2009). 
Remarkably, we found that the lkb1/
vhl double mutants morphologically 
resembled the vhl mutant alone; no 
characteristics of the lkb1 phenotype such 
as the flattened intestine and the dark 

liver were evident (Fig. 6A). Thus, loss of 
vhl suppressed manifestation of the lkb1 
phenotype. The lkb1/vhl larvae still died at 
8 dpf (as do the vhl mutants). The observed 
suppression of the lkb1 phenotype in the 
lkb1/vhl mutants made us wonder whether 
metabolic changes induced by VHL loss-
of-function could account for this effect. To 
address this possibility, we first measured 
cellular ATP levels of 7 dpf larvae. We 
found that 7 dpf lkb1 larvae exhibit, as 
expected, profoundly decreased ATP levels 
(Fig. 6B). Interestingly, 7dpf vhl and lkb1/
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Fig. 6.  Loss of vhl suppresses manifestation of the lkb1 phenotype. (A) High power images depicting the liver 
and intestine of live larvae of the indicated genotypes at 7 dpf; anterior is to the left. Note that some yolk is still 
present. The intestine is folded and the liver is clear in the lkb1/vhl larvae. L: liver; Y: yolk. (B) Graph showing 
ATP levels as measured in relative light units (RLU). The lkb1 embryos have very low ATP levels; ATP levels are 
also decreased in vhl and lkb1/vhl larvae. (C) Graph representing the metabolic rate of larvae of the indicated 
genotypes at 3 dpf. The lkb1 larvae have a normal metabolic rate as compared to wild-type larvae at 3 dpf. The 
vhl and lkb1/vhl larvae display a dramatically low metabolic rate.
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vhl mutants also displayed reduced ATP 
levels as compared to wild-type larvae.
We noted that some 7 dpf vhl and vhl/lkb1 
mutants had retained some yolk at this late 
stage. This suggested that the vhl mutants 
have a slower metabolic rate. Indeed, we 
observed that at 3 dpf, the vhl mutants 
displayed a dramatically decreased 
metabolic rate compared to wild-type 
larvae (Fig. 6C). We propose that the 
rewired overall slow metabolism caused 
by VHL loss-of-function is sufficient to 
suppress the lkb1 ”starvation” phenotype. 

Discussion

We describe here the role of Lkb1 during 
vertebrate development and physiology. 
We uncovered that Lkb1 deficiency in 
zebrafish leads to a broad inability to 
maintain energy homeostasis at the 
whole-organism level and that Lkb1 is 
critically required for the adaptation of 
energy metabolism in anticipation of 
scarce nutrient conditions. lkb1 mutants 
fail to down-regulate their metabolism at 
the transition between endonutrition and 
ectonutrition states; thus, Lkb1 function 
becomes critically essential once the 
yolk is consumed. lkb1 mutants exhibit 
hallmarks of a starvation response at the 
cellular and biochemical level, display 
profoundly decreased ATP levels and 
become energy depleted much sooner 
than food-deprived wild-type animals. 
We do not observe an overt upregulation 
of TORC1 activity in the lkb1 mutants, and 
although rapamycin treatment prolongs 
survival, it fails to rescue the mutant 
phenotype. LKB1 activates several AMPK-
related kinases, some of which are also 
involved in energy-metabolism control, 
and AMPK regulates cell metabolism 
through multiple pathways in addition 
to TORC1. We propose that the AMPK-
TORC1 axis may not be the only or critical 
effector of Lkb1-mediated maintenance 
of whole-organism energy homeostasis 

in this setting. Indeed, very recently the 
effects of Lkb1 inactivation in mouse 
hematopoietic stem cells were reported 
(Gan et al., 2010; Gurumurthy et al., 2010; 
Nakada et al., 20101). Although LKB1 
is critically required to regulate energy 
metabolism in mouse hematopoietic stem 
cells and to maintain their survival, the 
effects were largely independent of LKB1-
mediated regulation of AMPK and TORC1 
signaling in this setting (Gan et al., 2010; 
Gurumurthy et al., 2010; Nakada et al., 
2010).
We demonstrate that the intestinal 
epithelial cells in lkb1 zebrafish mutants 
were properly polarized. Despite 
flattening of the intestinal epithelium in 
7 dpf lkb1 mutants, polarity markers are 
localized properly and are expressed at 
levels comparable to those in wild-type 
larvae. The lkb1 intestinal epithelial cells 
show a normal microvilli network and 
normal distribution of tight junctions. No 
malformations in other polarized organs, 
such as the eye, were observed either. The 
Drosophila lkb1 mutant exhibits polarity 
defects (Martin and St Johnston, 2003; 
Mirouse et al., 2007), but Lkb1 deficiency 
in mice does not lead to polarity defects 
with the exception of the pancreas (Granot 
et al., 2009; Hezel et al., 2008). Our data 
and those of others (Shackelford and 
Shaw, 2009) suggest that in vertebrates the 
function of LKB1 in epithelial polarity may 
be compensated by other pathways. 
lkb1 in zebrafish is a larval-lethal mutation, 
and homozygous mutant embryos do not 
display gross morphological abnormalities 
during early embryonic development. It is 
plausible that Lkb1 protein is maternally 
provided in zebrafish and is sufficient 
to enable the embryos to complete 
gastrulation. This is in alignment with a 
recent study reporting the effects of Lkb1 
knockdown by morpholinos in zebrafish 
(Marshall et al., 2010). In this study, no 
gastrulation defects were observed, and 
the analysis focused on the role of Lkb1 
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in intestinal differentiation. Our analysis 
focuses on later larval stages and indicates 
that the essential function of Lkb1 in 
zebrafish is to regulate energy metabolism. 
We found that Lkb1 has a critical role in 
the ability to maintain energy homeostasis 
in response to changing conditions in 
the environment in zebrafish. The lkb1 
mutant larvae will serve as valuable tools 
in chemical genetic screens aimed at 
identifying compounds that can suppress 
their high metabolic rate.
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SI Materials and Methods

Zebrafish strains and screening methods
Zebrafish were maintained as previously 
described (Westerfield, 2000). An N-ethyl-
N-nitrosourea (ENU) mutation library was 
used to screen for mutations in zebrafish 
lkb1. Sequence analysis identified two 
mutant alleles in exon 7; lkb1Y245X and lkb1 
Y260X. F1 founder fish were out-crossed to 
AB and TL genetic backgrounds. In all 
experiments, lkb1Y245X/Y245X, lkb1Y260X/Y260X, 
and lkb1Y245X/Y260X were used with identical 
results. Genotype analysis for lkb1Y245X and 
lkb1Y260X was performed by PCR using primer 
set: lkb1_F: GATGCGATTTATCTTTGCAC, 
lkb1_R: GGAAGAGCAGAAAGGCTATG, 
followed by sequence analysis for allele 
lkb1Y245X. Digestion of the PCR product 
with restriction enzyme XbaI identified 
allele lkb1Y260X.

Histology, immunohistochemistry and 
immunofluorescence
Larvae were fixed in 40% ethanol, 5% 
acetic acid, 10% formalin (EAF) for 2 h at 
room temperature, followed by 3 washes 
in PBS with Triton-X (PBT) before being 
embedded in 1.5% low melting agarose. 
Agarose pellets were dehydrated in 
ethanol, cleared in xylene and processed 
into paraffin. Four-micrometer sections 
were stained with H&E.
For Immunohistochemical stainings, 
sections were deparaffinized and 
hydrated, followed by 15 min microwave 
antigen retrieval in 10 mM Tris, 1 mM 
EDTA, pH 9.0. Endogenous peroxidase 
activity was blocked in 3% H2O2 for 10 
min. Sections were blocked in 5% goat 
serum (DakoCytomation) for 30 minutes 
at room temperature and incubated 
overnight at 4 °C in rabbit anti-phospho-
AKT (Ser473) (1:50; Cell Signaling #4060), 
rabbit anti-phospho-4EBP1 (Thr 37/46) 
(1:50 Cell Signaling #2855), and rabbit anti-

phospho-S6 ribosomal protein (Ser240/244) 
(1:50 Cell signaling #2215). Secondary 
antibody was biotinylated goat anti-rabbit 
IgG (1:800; DakoCytomation). Sections 
were incubated with StreptABComplex/
HRP (DakoCytomation) for 30 
min followed by detection with 
3,3’-diaminobenzidine (DAB) substrate-
chromagen (DakoCytomation) and 
counterstaining with hematoxylin.
For Immunofluorescence analysis, sections 
were deparaffinized and hydrated, 
followed by microwave antigen retrieval 
for 15 min in pre-heated 1.9 mM citric acid, 
8.2 mM sodium citrate, pH 6.0, or in pre-
heated 10 mM Tris, 1 mM EDTA, pH 9.0. 
Sections were blocked in PBS containing 
5% normal goat serum for 30 min at room 
temperature and incubated in primary 
antibody overnight at 4 °C. Primary 
antibodies used were: rabbit anti-PKC ζ 
(1:200; Santa Cruz), mouse anti β-catenin 
(1:100; BD Biosciences), mouse anti-E-
cadherin (1:100; BD, Biosciences), rabbit 
anti-ZO-1 (1:200; Zymed laboratories) 
and rabbit NA+/K+-ATPase (1:100; 
Developmental Studies Hybridoma Bank). 
Secondary antibodies were: anti-rabbit 
Alexa 568 and anti-mouse Alexa 568 (1:200, 
Molecular probes).  Nuclei were stained 
with DAPI.

Antibodies used for Western Blot 
Analyses
Primary antibodies used were: rabbit 
anti-Acetyl-CoA Carboxylase (1:500; Cell 
Signaling #3662), rabbit anti-phospho-
Acetyl-CoA Carboxylase (Ser79) (1:500; 
Cell Signaling #3661), rabbit anti-AMPK 
(1:500; Cell Signaling #2532), rabbit anti-
phospho-AMPKα (Thr 172) (1:500; Cell 
Signaling #2531), rabbit anti-p70 S6 Kinase 
(1:500; Cell Signaling #9202), mouse 
anti-phospho-p70 S6 Kinase (Thr389) 
(1:500; Cell Signaling #9206), mouse anti-
ribosomal S6 protein (1:500 Cell signaling 
#2317), rabbit anti-phospho-S6 ribosomal 
protein (Ser240/244) (1:50 Cell signaling 
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#2215), rabbit anti-4EBP1 (1:500 Cell 
Signaling #9644), rabbit anti-phospho-S6 
ribosomal protein (Ser240/244) (1:500 
Cell signaling #2215), mouse anti-β-actin 
(1:5000 Abcam #ab6276), mouse anti-
tubulin (1:5000; Sigma Aldrich #T9026). 
Secondary antibodies used were goat anti-
mouse IgG (1:10.000; Zymed), goat anti-
rabbit IgG (1:10.000; Bioscource). Proteins 
were detected using ECL (Amersham) 
followed by exposure to high performance 
autoradiography films (Amersham).

Oil red O staining
Larvae were fixed in 4% paraformaldehyde 
(PFA) overnight at 4 °C. After three 
washings in PBS, larvae were infiltrated 
with a graded series of propylene glycol. 
Staining with freshly filtered 0.5% Oil 
Red O in 100% propylene glycol was 
performed overnight at room temperature 
on an orbital shaker (GFL-3016). Stained 
larvae were embedded in 4% low melting 
agarose and 50-µm sections were obtained 
by vibratome sectioning (Microm HM 650 
V).

Periodic Acid-Schiff staining
Larvae were fixed in 4% PFA overnight at 
4 °C. After three washings in PBT, larvae 
were permeabilized in 40 µg/ml proteinase 
K for 30 minutes at room temperature. 
Specimens were washed three times in 
PBT, rinsed in mili-Q (MQ) water, and 
oxidized in periodic acid for 30 min at room 
temperature.  After three 20-min washings, 
larvae were stained with Schiff reagent for 
30 s followed by immediate rinsing in tap 
water. Stained larvae were sectioned by 
vibratome as described above.

Whole-mount in situ hybridization
Whole-mount in situ hybridizations 
were carried out as described previously 
(Westerfield, 2000) with the following 
modifications: larvae were permeabilized 
with 10 µg/ml proteinase K for 90 minutes 
at room temperature. Riboprobes for lkb1 

(MDR1734-97029820; Open Biosystems), 
insulin-like growth factor (IGF)-binding 
protein 1 (igfbp1) (amplified from genomic 
DNA; forward: cggaattcctgggtggcagcattcag 
reverse: gctctagactgtctcgctttggctgtg), 
lactate dehydrogenase a (ldha1) (van Rooijen 
et al., 2009), and NADH dehydrogenase 
(ubiquinone) 1 α subcomplex 4  (ndufa4) (van 
Rooijen et al., 2009) were synthesized by 
in vitro transcription. Hybridization was 
performed overnight at 68-70 °C with 500 
ng anti-sense RNA probe per 500 µl. Larvae 
were developed in nitro blue tetrazolium/ 
5-bromo-4-chloro-3-indolyl phosphate 
(NBT/BCIP) (Roche) by incubation at room 
temperature for a few hours or overnight 
incubation at 4 °C. 

Metabolic rate assay
The metabolic rate assay was performed 
essentially as described in Makky et al., 
2008, with the following modifications: 
larvae were raised in assay medium that 
consisted of reverse osmosis-purified 
water with added mineral salts (Sera 
mineral salts) to obtain a conductivity of 
350 µS/cm. Larvae were rinsed 3 times 
with pH 8.5-adjusted assay medium to 
which 0.01% wt/vol phenol red was added. 
Larvae then were transferred manually 
into wells of a 96-well flat-bottomed plate 
(Fluka) in 50 µl assay medium. Wells were 
covered with 100 µl mineral oil to limit gas 
exchange, and absorbance of phenol red 
at 570 nm was measured on a microplate 
reader (Tecan Infinite M200) after 1 h 
incubation. A modified Henderson-
Hasselbach equation: A570 = [K*(A570(max))/
(H++K)]+A570(min) was used to convert 
absorbance to moles of acid. A570(min) and 
A570(max) were determined using an empiric 
titration curve. A570(min)=0.05; A570(max)=0.90. 
Calculated parameter K= 1.20.10-08.

ATP measurements
Total ATP was measured with the 
ENLITEN luciferase ATP assay kit 
(Promega) following manufacturer’s 
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instructions. Individual embryos (eight 
per genotype) were homogenized in 1% 
tricholoroacetic acid (TCA), the lysate 
was diluted 200 times in acetate buffer pH 
7.75 and luminescence was measured in a 
Berthold luminometer. The amount of light 
produced is proportional to the amount 
of ATP in the sample. Measurements are 
given in Relative Light Units (RLU).
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SI Figures

Fig. S1. Identification of zebrafish lkb1 alleles. 
(A) Schematic representation of the zebrafish Lkb1 
protein depicting the location of the two recovered 
lkb1 mutations. (B) Sequence peaks at the sites of the 
lkb1 mutations. In the Y245 allele, a C-to-A substitution 
leads to a premature stop codon (TAA). In the Y260 
allele, a T-to-G substitution leads to a premature stop 
codon (TAG).
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Fig. S2. No polarity defects in the intestine of lkb1 
larvae. Immunofluorescent analysis of transverse 
sections of intestinal bulb in wild-type larvae 
(A,C,E,G,I) and lkb1 larvae (B,D,F,H,J) at 7 dpf. 
Apical localization and levels of F-actin (A,B) and 
atypical protein kinase C (aPKC) (C,D)  are normal 
in lkb1 larvae. Basolateral localization of β-catenin 
(E, F), E-cadherin (G, H) and Na/K ATPase (I, J) is not 
affected in lkb1 larvae.
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Fig. S3. Intact apical brush border and tight junctions in lkb1-mutant intestines. Transmission Electron 
Microscope micrographs of wild-type and lkb1 intestinal cells at 7 dpf. The microvilli constituting the apical 
brush border are depicted in the intestinal cells. lkb1 intestinal cell also have microvilli and an apical brush 
border in their apical surface. Magnifications show hemidesmosomes (black arrows) and tight junctions (red 
arrows) in wild-type and lkb1 intestinal cells. 

wt 7 dpf lkb1 7 dpf
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Fig. S4. Intestinal lipid processing is intact in lkb1 larvae. Fluorescent live image of wild-type larvae (A,C) and 
lkb1 larvae (B,D) incubated with 0.3 mg/l N-{[6-(2,4-dinitrophenyl)amino]hexanoyl}-1-palmitoyl-2-BODIPY-FL-
pentanoyl-sn-glycero-3-phosphoethanolamine (PED6) for two h. Lateral views, anterior to the right. Cleavage 
of PED6 by PLA2 relieves intramolar quenching and results in increased fluorescence. Gall bladder fluorescence 
(arrow in all panels) is observed because of rapid transport through the intestine and hepatobillary systems. In 
lkb1 larvae, fluorescence in both intestinal lumen and gall bladder was detected at levels equivalent to those in 
wild-type larvae.
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Fig. S5. Analysis of intestinal TORC1 signaling. Transverse sections of wild-type and lkb1 intestines at indicated 
days of development were stained with an antibody against phospho-RS6 (Ser240/244) (A-E) and phospho-
4EBP1 (Thr 37/46) (F-J). Strong phospho-RS6 staining is detected in wild-type and lkb1 intestines at 5 dpf. (A,B). 
Food-deprived wild-type larvae show moderate staining at 7 and 11 dpf (C,E). Staining in lkb1 mutants (B,D) 
is not overtly different in age-matched wild-type larvae (A,C). Moderate phospho-4EBP1 stating is detected in 
wild-type and lkb1 intestines at 5 dpf. (F,G). Food-deprived wild-type larvae show decreased staining at 7 and 11 
dpf (H,J). Staining in lkb1 mutants (G,I) is similar to in age-matched wild-type larvae (F,H). Red arrows indicate 
expression in the pancreas.
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Fig. S6.  Rapamycin treatment prolongs survival but is not sufficient to rescue the lkb1 phenotype. Untreated 
lkb1 larva at 7 dpf (A). Note the black liver (L) and flat intestine (arrow). Rapamycin-treated lkb1 larva at 7 dpf 
shows a clear liver and some folding of the intestine (B). Rapamycin-treated  lkb1 larva at 10 dpf (C). Note the 
dark liver (L) and flat intestine (arrow).
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Fig. S7.  Starvation induces intestinal igfbp1 expression. Whole-mount RNA in situ hybridization with a probe 
against igfbp1. Lateral views, anterior to the left. igfbp1 is expressed in the liver of 7 dpf wild-type larvae (A). In 7 
dpf lkb1 larvae, igfbp1 is expressed in the liver and intestine (arrow) (B). Starved wild-type larvae at 11 dpf show 
a staining pattern similar to that in 7 dpf lkb1 larvae (C).
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Fig. S9. lkb1 larvae are not hypoxic. Whole-mount in situ hybridization for expression of the HIF1α target genes 
ldha1 and ndufa4 in wild-type (A, D), lkb1 (B,E) and vhl embryos (C,F). Lateral views, anterior to the left. Wild-
type embryo at 7 dpf stained for ldha1; expression is detected in the brain (A). The same pattern is observed in 
lkb1 embryos at 7 dpf (B), whereas vhl embryos that exhibit constitutive activation of the hypoxia program show 
up-regulation of ldha1 expression throughout the embryo (C). Wild-type embryo at 7 dpf showing expression 
of ndufa4 in the brain (D). The same pattern is observed in lkb1 embryos at day 7 (E), whereas vhl embryos show 
widespread up-regulation of ndufa4 expression (F).

Fig. S8. Analysis of intestinal AKT signaling. Transverse sections of wild-type and lkb1 intestines at indicated 
days of development were stained with an antibody against phosphorylated AKT. Strong phospho-AKT staining 
is detected in wild-type and lkb1 intestines at 5 dpf (A,B). Wild-type intestine at 7 dpf is strongly stained (C), 
whereas in lkb1 intestine at 7 dpf phospho-AKT staining is barely detectable (D). Starved wild-type larvae at 11 
dpf also show very little phospho-AKT staining in the intestine (E). 
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         3 essential for early embryonic development 
in lower organisms. For example, in 
Caenorhabditis elegans, maternal deletion 
of the Lkb1 homolog PARtitioning of 
cytoplasm family member 4 (par-4) causes 
cell polarity and cell division defects, 
resulting in an amorphous early embryo 
without distinct morphology (Kemphues 
et al., 1988; Morton et al., 1992). Cell 
polarity defects are also observed upon 
maternal deletion of Lkb1 in the Drosophila 
oocyte (Martin and St Johnston, 2003). 
Although knockdown of maternally 
provided lkb1 mRNA does not seem to 
cause an overt early embryonic phenotype 
in zebrafish (our preliminary results and 
Marshall et al., 2010), maternally provided 
Lkb1 protein might be sufficient to mask 
developmental defects, which should be 
taken in account in the analysis of Lkb1 
function at early embryogenesis.
Zygotic LKB1 is essential for normal 
embryonic development in higher 
vertebrates. For instance, Lkb1 deficiency 
in mice causes a developmental arrest at 
mid-gestation. Homozygous Lkb1 mice 
display severe developmental defects, 
including defects in neural tube closure, 
abnormal development of the aorta and 
abnormal vasculature (Jishage et al., 2002; 
Miyoshi et al., 2002; Ylikorkala et al., 

The function of Lkb1 in development
To study how Lkb1 function relates to 
energy metabolism and polarity control 
at the whole-organism level, we generated 
lkb1-mutant zebrafish. Homozygous 
deletion of genes that are essential for 
embryonic development in mice often do 
not cause such an early developmental 
arrest in zebrafish, thus allowing the study 
of such proteins at later embryonic stages. 
Although the underlying mechanisms 
are not fully understood, it is generally 
appreciated that maternal mRNA and/or 
protein deposition in the oocyte together 
with the rapid development of the zebrafish 
embryo often enables completion of the 
first developmental stages and delays the 
developmental arrest. We indeed observed 
that lkb1 mutants normally completed 
early embryonic development. In Chapter 
two, we therefore stated that “Lkb1 is 
dispensable for embryonic survival”. 
However, a more correct statement would 
be that zygotic Lkb1 is dispensable for 
embryonic survival, as lkb1 mRNA is 
maternally provided. In addition, because 
phosphorylation of AMPK can be induced 
by KCN treatment in unfertilized eggs 
(Mendelsohn et al., 2008), it is also likely 
that Lkb1 protein is maternally provided. 
Maternal Lkb1 has indeed been shown to be 

General discussion Lkb1
Germline mutations in LKB1 result in Peutz-Jeghers syndrome (PJS), an autosomal 
dominant disorder that is characterized by intestinal hamartomatous polyps, 
abnormal pigmentation of mucous membranes and an increased predisposition to 
several sporadic tumors. LKB1 encodes a serine/threonine kinase and functions as 
the long-sought upstream kinase of AMP-activated protein kinase, in addition to 12 
AMPK-related kinases. LKB1 has emerged as a master upstream kinase that controls 
and connects energy metabolism to growth and cell polarity. LKB1 function has 
also been implicated in DNA-damage control, proliferation, apoptosis, embryonic 
development, longevity and sporadic cancers.
In Chapter two, we focused on the identification of defects that arise upon Lkb1 
deficiency in zebrafish. We observed that loss of Lkb1 did not result in an overt 
embryonic phenotype. However, upon yolk absorption, lkb1 mutants do not adapt 
their metabolism accordingly. This causes premature starvation and death of the lkb1 
larvae only two days later.
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epithelium.

Intestinal polarity 
It was already shown in 2004 that forced 
expression of LKB1 and its binding partner 
STRADα in the goblet cell-like colorectal 
cancer LS174T cell line induced complete 
polarization, including the formation of 
an apical brush border and sorting of 
basolateral proteins (Baas et al., 2004). 
Later, it was proposed that LKB1-induced 
formation of brush borders, but not other 
aspects of epithelial polarity, depended 
upon binding of the kinase MST4 to 
MO25, another binding partner of LKB1 
in LS174T cells (ten Klooster et al., 2009). 
This caused subsequent translocation of 
MST4 to the subapical domain, which 
led to the phosphorylation and activation 
of the cytoskeletal linker protein Ezrin. 
Lee and colleagues showed that energy 
deprivation-induced activation of AMPK 
was sufficient to promote polarization 
in LS174T cells, implicating that LKB1 
orchestrates cellular polarity in this cell 
line at least through two mechanisms (Lee 
et al., 2007). Furthermore, knockdown of 
LKB1 in Caco2 enterocyte-like cell line 
has been shown to inhibit spontaneous 
polarization (Baas et al., 2004), whereas 
another study showed that LKB1-depleted 
Caco2 cells were largely unaffected, even 
though E-cadherin and villin staining 
appeared somewhat irregular (Sebbagh et 
al., 2009). 
Although LKB1 regulates epithelial 
polarity in cell culture systems, it seems 
that LKB1 does not function as critical 
regulator of vertebrate intestinal polarity 
in vivo, since our and other studies indicate 
that Lkb1 deficiency does not cause overt 
intestinal polarity defects. The Alan Clarke 
lab showed that conditional deletion of 
Lkb1 in the mouse intestine did not cause 
epithelial polarity defects (Shorning et 
al., 2009). We demonstrated that Lkb1 
deficiency in zebrafish did not lead to gross 
polarity defects in enterocytes neither, since 

2001). In addition, conditional deletion 
of Lkb1 in mice results in differentiation 
defects of several tissues, including the 
intestine, pancreas, adipose tissue, muscle, 
neurons, lymphocytes and germ cells 
(Udd and Makela, 2011). It was therefore 
surprising that lkb1 zebrafish mutants were 
phenotypically indistinguishable from 
wild-type siblings, even up to day five 
post fertilization. This suggests that loss 
of Lkb1 function does not grossly disrupt 
organogenesis, or, since we did not study 
every organ in detail, that the defects are 
relatively mild (as will be discussed for the 
intestine later on). 
In addition to the differentiation defects 
that arise upon LKB1 deficiency, it is also 
well established that LKB1 has a critical 
role in vertebrate neuronal polarization. 
Lkb1 deletion from the developing cortex 
impairs axon specification due to the 
inability to activate the AMPK-related 
kinases BRSK1 and BRSK2, whereas 
overexpression of Lkb1 promotes the 
formation of multiple axons (Barnes et al., 
2007). However, a general role for LKB1 in 
non-neuronal cellular polarization is less 
clear than would be expected from the 
studies in lower organisms. Although Lkb1 
does control the polarity of pancreatic beta 
cells and perhaps of hepatic bile ducts, 
it has not unambiguously been shown 
that LKB1 controls vertebrate epithelial 
polarity in vivo (Granot et al., 2009; Woods 
et al., 2011). It was therefore of interest to 
address whether Lkb1 has a critical role in 
cellular polarization in the zebrafish. Our 
study was focused on addressing a possible 
role of Lkb1 in the regulation of intestinal 
polarity, but did not extend to other tissues. 
Our interest in the role of Lkb1 in zebrafish 
intestinal development was two-fold. First, 
the abrupt loss of intestinal folding at 7 dpf 
represented one of the most severe lkb1 
phenotypes and second, because of the 
hamartomatous polyps in PJS patients, it 
is of general interest to get a better insight 
into how Lkb1 functions in the intestinal 
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developed parallel mechanisms in order to 
ensure the robustness of the polarization 
system.

Intestinal differentiation
Preliminary experiments indicated that 
intestinal differentiation might be affected 
in lkb1 mutants. Alcian blue stainings, 
which reveal acid mucins, showed that 
goblet cells were increased in number and/
or in size in 5 and 7 dpf lkb1 mutants (data 
not shown). Although we did not quantify 
these findings, similar results have been 
reported. For example, knockdown of Lkb1 
in zebrafish led to a transient increase in 
goblet cell-specific Rhodamine-conjugated 
wheat germ agglutinin staining intensity 
in lkb1 morphants (Marshall et al., 2010). 
The defect in goblet cell differentiation was 
studied in more detail in mice (Shorning 
et al., 2009). Here, it was shown that in 
mice in which Lkb1 was conditionally 
deleted in the intestinal epithelium, the 
average surface of goblet cells in crypts 
and villi was increased at least three 
times compared to controls. Moreover, 
terminal differentiation of goblet cells was 
also impaired as so-called “intermediate 
cells”, which bear features of both goblet 
and Paneth cells, were more frequently 
observed. The authors showed that delta 
1 ligand was downregulated upon Lkb1 
deletion and they speculated that impaired 
Microtubule affinity-regulating kinase 1 
(MARK1)-dependent localization of delta 
1 ligand would provide a mechanistical 
explanation. Delta-Notch signaling directs 
differentiation towards a secretory cell 
type and loss of deltaD was shown to 
cause increased intestinal secretory cell 
numbers in zebrafish (Crosnier et al., 
2005). Moreover, given the results from 
the LS174T cell line, which is a goblet cell-
like cell line, it is interesting to speculate 
that perhaps a defect in goblet cell polarity 
may underlie the defect in goblet cell 
differentiation. 

several polarity markers were correctly 
localized and normal apical brush borders, 
tight junctions and hemidesmosomes 
were formed. One note of caution is here 
in place; intestinal polarization in the 
zebrafish commences at around 2 days post 
fertilization with the formation of a lumen. 
Intestinal cells change their morphology 
at this developmental stage, from cuboid 
to columnar, nuclei relocate to the basal 
side of the cell and adherens junctions are 
formed (Ng et al., 2005). We determined 
that Lkb1 function is lost in 72 hpf lkb1 
mutants, but did not extent our analysis 
to earlier developmental time points, due 
to time limitations. Therefore, we cannot 
formally state that Lkb1 is dispensable for 
the initiation of intestinal polarization in 
zebrafish development. 
It has recently been suggested that 
LKB1 may regulate intestinal polarity 
in mammals in the context of energetic 
stress (Sebbagh et al., 2011). In Drosophila, 
loss of Lkb1 indeed disrupts epithelial 
polarity in follicle cells, only upon 
energetic stress (Mirouse et al., 2007) and 
a similar mechanism can be envisaged 
in the vertebrate intestine. Our study, 
however, clearly showed that 7 dpf lkb1 
mutants are under severe energetic stress, 
while retaining intestinal polarity, which 
shows that Lkb1 function in zebrafish is 
not required for maintenance of intestinal 
polarity under energetic stress. 
The absence of an overt polarity defect 
upon Lkb1 loss in zebrafish suggests 
that Lkb1 is not, or perhaps only to a 
limited extent, involved in the vertebrate 
intestinal polarization process. On 
the other hand, Lkb1 may orchestrate 
intestinal polarization in a redundant 
fashion. Acquisition and maintenance 
of cell polarity is critical for normal 
epithelial physiology and homeostasis 
and even exerts a tumor suppressive 
function through prevention of epithelial 
to mesenchymal transition. It is therefore 
expected that evolutionary mechanisms 
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esophagus that would prohibit feeding. 
Because we also showed that lkb1 mutants 
can absorb and process lipids normally, 
a normal swim bladder might alleviate 
the absence of feeding behavior in lkb1 
mutants. 

Appetite control and food intake
The lack of feeding behavior and food 
intake may prove to be a mere secondary 
defect due to defective swim bladder 
development. However, Lkb1 deficiency 
might also be more directly involved in 
this process.
In vertebrates, it is well established that 
the hypothalamus is the primary centre 
for appetite control through integration 
of signals that are derived from the 
gastrointestinal tract (e.g. the orexigenic 
peptide hormone ghrelin) and adipose 
tissue (e.g. the anorexigenic peptide 
hormone leptin) (Schwartz et al., 2000). 
In a simplified view, feeding behavior 
is primarily controlled by two distinct 
sets of neurons in the hypothalamus: 
neuropeptide Y / agouti-related protein-
expressing neurons (NPY/AgRP neurons) 
and pro-opiomelanocortin neurons 
(POMC neurons). Feeding is induced by 
increased activity of NPY/AgRP neurons, 
whereas feeding is inhibited by increased 
activity of POMC neurons. 
Both LKB1 and AMPK have been 
implicated in the hypothalamic modulation 
of appetite control. Several studies show 
that AMPK acts as an important player in 
this process. In agreement with its function 
as cellular energy sensor, hypothalamic 
AMPK activity is increased upon fasting 
and decreased after refeeding (Minokoshi 
et al., 2004). Moreover, pharmacological 
activation of hypothalamic AMPK 
increases food intake, whereas deletion of 
the AMPKα2 subunit in POMC neurons 
impairs the ability to sense a reduction in 
extracellular glucose levels (Andersson et 
al., 2004; Claret et al., 2007; Claret et al., 
2011). One molecular mechanism by which 

The Lkb1 “starvation” phenotype
In Chapter two, we showed that lkb1 
mutants display a premature starvation 
phenotype that is manifested after the 
embryos have completed yolk absorption 
and become dependent upon external 
energy sources. We showed that lkb1 
mutants do not feed, rapidly deplete their 
energy resources and fail to adjust their 
metabolic rate in response to changes in 
nutrition status. However, the precise 
mechanism of how Lkb1 deficiency 
causes these phenotypes remains elusive. 
Hereafter, we will discuss possible 
mechanisms and thoughts relating to the 
observation that lkb1 mutants do not display 
feeding behavior and, subsequently, the 
defects in energy metabolism control that 
arise upon energetic stress.

The swim bladder
A thought that comes to mind is how the 
absence of feeding behavior relates to the 
lkb1 starvation phenotype. If lkb1 mutants 
would eat, or if it was possible to force-
feed the mutants, would there still be a 
phenotype? Or is Lkb1 dispensable for 
larval development under such conditions 
of non-energetic stress? 
One mechanism by which feeding behavior 
and food intake could be impaired in lkb1 
mutants is their defect in swim bladder 
development. The majority of lkb1 mutants 
do not inflate their swim bladder, whereas 
in some mutants the swim bladder is 
hyperinflated, which leads to the larvae 
floating at the surface. Of note, defective 
swim bladder development is in fact the 
first phenotypical difference between 
wild-types and lkb1 mutants. 
Defective swim bladder development is a 
very common defect in zebrafish mutants 
that interferes with food intake and 
correlates with larval lethality (Driever 
et al., 1996; Kim et al., 2011; McCune 
and Carlson, 2004). In Chapter two, we 
showed that lkb1 mutants do not display 
any structural abnormalities in the jaw or 
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and obtain more insight into the possible 
hypothalamic functions of Lkb1. 

What is the underlying mechanism of 
premature starvation in lkb1 mutants?
Regardless of the molecular mechanism 
that underlies the lack of feeding behavior 
and food intake, our study demonstrated 
that lkb1 mutants exhibit prematurely 
hallmarks of starvation, at the organismal, 
organ, as well as at the cellular and 
molecular level.  However, the outstanding 
question of which Lkb1 substrates are 
critically involved in this premature 
starvation phenotype remains unresolved. 

The role of AMPK in the lkb1 “starvation” 
phenotype
Because of its function as cellular energy 
sensor, we considered impaired AMPK 
activation as the prime mechanism by 
which loss of Lkb1 could result in defective 
energy metabolism control. AMPK was 
indeed, as expected, not phosphorylated 
at detectable levels in lkb1 mutants at 7 
dpf, but neither in food-deprived wild-
type larvae at this developmental stage. 
This latter result was unexpected and begs 
the question whether the loss of AMPK 
is causally involved in the perturbed 
metabolism control under energy-limiting 
conditions in lkb1 mutants. 
Because AMPK is such a central player 
in the sensing of energetic stress, it was 
to be expected that two days of food 
deprivation, which did result in decreased 
hepatic glycogen and low level steatosis 
in 7 dpf food-deprived wild-type larvae, 
would promote AMPK phosphorylation. 
It is plausible that AMPK phosphorylation 
is only moderately increased in wild-
type larvae in response to two days of 
food deprivation and that, because of 
technical limitations, low levels of AMPK 
phosphorylation were not detected. It is 
also possible that AMPK is only robustly 
phosphorylated in a subset of tissues and 
since we used whole embryos as input 

hypothalamic AMPK activation stimulates 
food intake has recently been reported 
(Yang et al., 2011). The authors proposed 
that binding of ghrelin to its receptor 
causes an increase in intracellular Calcium 
concentration in presynaptic neurons 
that act upstream of NPY/AgRP neurons. 
In response to the increased calcium 
concentration, AMPK is phosphorylated 
in a CaMKKβ-dependent manner, 
which ultimately results in a release 
of neurotransmitters onto NPY/AgRP 
neurons, thereby triggering an increase in 
promoting appetite. 
The role of LKB1 in the modulation 
of appetite control is less studied. 
Nevertheless, it has been shown that Lkb1 
deletion both in pancreatic beta-cells and 
in a diverse set of hypothalamic neurons, 
caused diminished food intake and a 
reduced body weight under fed conditions 
(Sun et al., 2011). The authors argued that 
this phenotype was caused by disruption 
of the Lkb1 function in the hypothalamus, 
because mice in which Lkb1 was 
specifically deleted from the pancreas 
did not show a change in body weight. 
Another recent study demonstrated that 
specific deletion of Lkb1 in POMC neurons 
did not affect POMC neuron glucose 
sensing, food intake or body weight, but 
did alter peripheral glucose homeostasis 
(Claret et al., 2011). Together, these studies 
imply that although both LKB1 and AMPK 
function in the hypothalamus to control 
aspects of appetite control, their functions 
are, at least partially, distinct.
The genetic framework in lkb1 zebrafish 
mutants is clearly different from the mouse 
models described above, since lkb1 is 
deleted in the whole organism. Therefore, 
it can be envisaged that hypothalamic 
modulation of food intake and appetite 
control is deregulated to a greater extent 
in Lkb1-deficient zebrafish larvae than 
in mice in which Lkb1 is deleted in only 
a subset of hypothalamic neurons. It 
would be of interest to address this point 
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a critical splicing site. Thus, generation 
and analysis of prkaa1/prkaa2 double 
mutants would reveal whether or to which 
extent loss of AMPK phosphorylation is 
implicated in the lkb1 phenotype. 

TORC1 signaling in zebrafish
It is well established that LKB1, via AMPK, 
can inhibit TOR Complex 1 (TORC1)  
signaling in order to ensure a general 
downregulation of anabolic processes and 
upregulation of catabolic processes upon 
energetic stress (Gwinn et al., 2008; Inoki et 
al., 2003; Shaw et al., 2004a). Loss of Lkb1 
has indeed been associated with increased 
activation of TORC1 signaling (Corradetti 
et al., 2004; Shackelford et al., 2009; Shaw et 
al., 2004a). Moreover, inhibition of TORC1 
signaling by rapamycin reduces polyp 
burden and polyp size in Lkb1+/- mice, 
which demonstrates the physiological 
relevance of the LKB1-AMPK-TORC1 axis 
(Robinson et al., 2009; Wei et al., 2009). 
Our study did not reveal a similar function 
for Lkb1 in the regulation of TORC1 
signaling in zebrafish. Lkb1 deficiency does 
not promote increased TORC1 signaling 
during embryogenesis and the defect in 
energy metabolism control upon energetic 
stress may be largely TORC1 independent. 
Although somewhat surprising, it is not 
without precedent. LKB1 deficiency in the 
hematopoietic system has also been shown 
to perturb energy metabolism control in 
a largely mTORC1 independent fashion 
(Gan et al., 2010; Gurumurthy et al., 2010; 
Nakada et al., 2010).
The lack of increased TORC1 signaling in 
lkb1 mutants before the onset of energetic 
stress indicates that loss of LKB1 does not 
intrinsically promote increased TORC1 
signaling in zebrafish. The situation in 7 
dpf lkb1 mutants is however more complex. 
TORC1 signaling in 7 dpf lkb1 mutants 
is clearly increased compared to food-
deprived age-matched siblings, but very 
similar to larvae at 5 dpf as well as to 11 
dpf starved wild-types. This could indicate 

material, AMPK phosphorylation may 
be masked. Together, we do not exclude 
that impaired AMPK phosphorylation 
contributes to the premature starvation 
phenotype in lkb1 mutants. 
It remains therefore of interest to address 
whether impaired AMPK phosphorylation 
is causing the premature starvation 
phenotype. In the course of experiments, 
we tried to activate AMPK through 
pharmacological means, including 
incubation of larvae in AICAR, metformin, 
phenphormin, berberine, H2O2 and 
osmotic stress. Although these compounds 
have been shown to require LKB1 for 
AMPK phosphorylation in certain cell 
types (Sakamoto et al., 2005; Shaw et al., 
2004b; Xie et al., 2008), several other reports 
have shown that these pharmacological 
compounds and treatments can result in 
AMPK phosphorylation also in an LKB1-
independent manner (Emerling et al., 2009; 
Imai et al., 2006; Sun et al., 2007; Turner et 
al., 2008; Xie et al., 2006). However, because 
these treatments did not cause AMPK 
phosphorylation in 7 dpf wild-type larvae 
and did not rescue the lkb1 phenotype, we 
were unable to address whether impaired 
AMPK phosphorylation causes premature 
starvation. 
To address directly the role of AMPK in the 
starvation response in a genetic manner, 
zebrafish carrying mutations in the 
catalytic subunits of AMPK would be an 
excellent genetic tool. Interestingly, such 
mutants may become available within 2012 
through the Zebrafish Mutation Project, 
which aims to create a knockout allele in 
every protein coding gene in the zebrafish 
genome (http://www.sanger.ac.uk/
Projects/D_rerio/zmp/). Mutant alleles 
in prkaa1 and prkaa2, the genes encoding 
AMPKα1 and AMPKα2, respectively, 
have been identified. Both mutations are 
expected to disrupt the function of the 
respective AMPK protein. The mutation in 
prkaa1 results in a premature stop codon, 
whereas the mutation in prkaa2 affects 
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A possible role of AMPK-related kinases 
in the premature starvation phenotype
Our study focused on a possible role for 
AMPK and TORC1 signaling in causing 
the premature starvation phenotype 
because of their well established function 
in the regulation of energy metabolism. 
Nevertheless, this does not necessarily 
mean that AMPK is the sole physiologically 
relevant substrate that exerts the effects of 
LKB1 function on metabolism, since LKB1 
also phosphorylates 12 AMPK-related 
kinases (Lizcano et al., 2004). Of particular 
interest are NUAK2 and SIK2, because both 
have been reported to be activated upon 
energetic stress (Du et al., 2008; Lefebvre 
and Rosen, 2005). A detailed  disquisition  
goes beyond the scope of this discussion, 
but the few studies that addressed NUAK2 
and SIK2 function indeed showed a role 
for these proteins in energy metabolism 
control (Du et al., 2008; Ichinoseki-Sekine 
et al., 2009; Tsuchihara et al., 2008).  
Finally, LKB1 has also been shown to 
interact with a number of other proteins, 
including LKB1 interacting protein 1 
(LIP1), brahma-related gene 1 (BRG1), 
Phosphatase and tensin homolog (PTEN) 
as well as transcription factors (Marignani 
et al., 2001; Mehenni et al., 2005; Setogawa 
et al., 2006; Smith et al., 2001; Upadhyay 
et al., 2006). Although this further 
highlights the multifunctional role of 
LKB1, it is currently unclear whether these 
interactions are of physiological relevance 
under energetic stress.

Concluding remarks
In this part of the thesis, we revealed 
that Lkb1 functions as critical regulator 
of metabolism control upon energy 
limiting conditions at the organismal 
level in vertebrates. Although our study 
confirms and highlights the conserved 
role of Lkb1 in metabolism control, 
further studies are required to identify 
the critical Lkb1 substrates and precise 
molecular mechanisms underlying the lkb1 

that lkb1 mutants fail to downregulate 
TORC1 signaling in response to energetic 
stress. Another possibility is that TORC1 
signaling remains active due to the 
extreme energetic stress that lkb1 mutants 
experience. It seems counterintuitive that 
severe energetic stress promotes TORC1 
signaling, but it is, in fact, a described 
phenomenon (Anand and Gruppuso, 2005; 
Yu et al., 2010). A mechanism by which 
prolonged energetic stress promotes 
increased TORC1 signaling has been 
proposed a few years ago (Anand and 
Gruppuso, 2005). In this study, the authors 
suggested that the observed increase 
in TORC1 signaling upon prolonged 
starvation might be caused by an increase 
in circulating branched amino acids. It is 
known that circulating branched amino 
acid concentrations increase upon fasting 
due to skeletal muscle catabolism (Adibi, 
1976; Hutson and Harper, 1981) and that 
branched amino acids, including leucine, 
potently induce TORC1 signaling (Kim and 
Guan, 2011). Although correlation does not 
always mean causation, this view has been 
supported by a more recent publication. 
In this study, the authors showed that 
autophagy, a conserved catabolic process 
critical for survival upon energetic stress, 
is essential for reactivation of TORC1 
signaling upon prolonged starvation (Yu et 
al., 2010). During autophagy, a membrane 
is formed around a specific targeted 
region of the cytoplasm, generating an 
autophagosome. Fusion with a lysosome, 
forming an autolysosome, then promotes 
lysosomal degradation of cytoplasmic 
components in order to reuse and replenish 
nutrients. This renewed availability of 
nutrients then supposedly triggers the 
reactivation of TORC1 signaling. In light of 
these findings, we favor the view that the 
TORC1 status in 7 dpf lkb1 mutants reflects 
a response to starvation, as seen in 11 dpf 
starved wild types, but that this happens 
prematurely.
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phenotype. 
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balance, ATP is converted to adenosine 
monophosphate in order to free the energy 
locked in the energy-rich phosphate bond. 
As consequence, AMP can now bind to 
AMPK because of the increase in AMP:ATP 
ratio. For complete activation, AMPK 
must also be phosphorylated. Although 
several kinases can phosphorylate AMPK, 
LKB1 is by far the most physiologically 
relevant kinase during energetic stress. 
Activation of AMPK then ensures that 
energy-consuming anabolic processes 
are inhibited and energy-generating 
catabolic processes become activated, 
to further restore the energy balance. 
To gain more insight into how LKB1 
regulates energy metabolism and cell 
polarity in vertebrates, we examined the 
role of Lkb1 in zebrafish. We were able to 
investigate the consequence of loss of Lkb1 
function in the zebrafish as mutations in 
zebrafish lkb1 were identified previously. 
We showed that Lkb1 deficiency does not 
cause visible morphological defects during 
embryonic development in the zebrafish. 
In more detail, we examined whether Lkb1 
deficiency results in polarization defects 
of the intestinal epithelium. Our research 
indicated that this was not the case.
However, we did reveal a metabolic 
defect caused by loss of Lkb1. At day 5 
post fertilization, the yolk is absorbed and 
zebrafish larvae become dependent on 
external energy sources. We observed that 
lkb1 mutants did not eat and died within 
3 days, at day 7 or 8 post fertilization. We 
showed lkb1 mutants rapidly exhausted 
their energy resources and failed to down-
regulate their metabolic rate. 7 dpf lkb1 
mutants looked phenotypically similar 
to 11 days old wild-type larvae that were 
food-deprived for 6 days: the larvae were 
emaciated, obtained a “dark” liver as 
well as a flattened epithelium without 
visible villi. This “starvation” phenotype 
of lkb1 mutants could be suppressed 

Germline mutations in the serine-
threonine kinase LKB1 cause Peutz-Jeghers 
syndrome (PJS). PJS is a dominantly 
inherited disorder that causes polyps in 
the gastrointestinal tract, pigmentation 
of mucous membranes and an increased 
risk for sporadic cancers. At the molecular 
level, LKB1 functions as kinase, a protein 
that regulates the function of other proteins 
by the addition of a phosphate group 
(phosphorylation). LKB1 is the kinase for 
AMP-activated protein kinase (AMPK) as 
well as 12 AMPK-related kinases. LKB1 is, 
through phosphorylation of these proteins, 
involved in a variety of cellular processes, 
including metabolism and cell polarity. 
Cell polarity is a term used to describe 
the spatial differences of a cell in form, 
structure and function. The role of LKB1 
in regulating cell polarity is complex and 
depending on the organ, organism and 
even energetic state of the cell. However, 
LKB1 function is in general often required 
for the induction and/or maintenance 
of cell polarity. More is known about 
the defects in cell polarity due to loss of 
LKB1 function in lower organisms, such 
as the roundworm Caenorhabditis elegans 
and the fruit fly (Drosophila melanogaster), 
than in vertebrates. Although it is clear 
that LKB1 regulates polarity of neuronal 
cells in vertebrates, it remains to be 
determined whether LKB1 is generally 
involved in the regulation of cell 
polarity of non-neural tissues in vivo. 
It is therefore also not clear whether a 
defect in cell polarity is directly causing 
the formation of polyps in PJS patients. 
The other well-established function 
of LKB1 is the regulation of energy 
homeostasis via activation of AMPK, a 
protein which is considered as the “energy 
sensor” of the cell. Energy deprivation 
causes a reduction of adenosine 
triphosphate (ATP), the universal energy 
carrier of cells. To restore the energy 
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by attenuation of metabolism through 
both genetic and pharmacological ways, 
suggesting that severe energetic stress is 
causing the lkb1 “starvation” phenotype.
In summary, our research has shown that 
loss of Lkb1 function in zebrafish does not 
lead to polarity defects in the intestinal 
epithelium, but that Lkb1 function is 
essential for energy metabolism control 
during energetic stress in vivo.



62

eiwit wat wordt gezien als de “energie 
sensor” van de cel. Energie tekort leidt 
tot een afname van adenosine trifosfaat 
(ATP), de universele energiedrager 
van cellen. ATP wordt omgezet naar 
adenosine monofosfaat om de energie 
die is vastgelegd in ATP vrij te maken en 
daarmee de energie balans te herstellen. 
Een gevolg van deze reactie is dat AMP nu 
kan binden aan AMPK door de stijging in 
AMP:ATP verhouding. Voor activatie moet 
AMPK echter ook worden gefosforyleerd. 
Ofschoon verschillende kinasen AMPK 
kunnen fosforyleren, is LKB1 veruit 
de belangrijkste bij energetische stress. 
Activatie van AMPK zorgt er vervolgens 
voor dat energie verbruikende anabole 
processen worden geremd en dat energie 
genererende katabole processen worden 
geactiveerd om de energiebalans verder te 
herstellen. 
Om meer inzicht te krijgen in hoe LKB1 
energie metabolisme en cel polariteit 
reguleert in gewervelde dieren hebben 
we gekeken naar de rol van Lkb1 in 
zebravissen. Een gebruikelijke methode 
om meer over de functie van een eiwit te 
weten te komen is om het DNA wat codeert 
voor het desbetreffende eiwit zodanig te 
muteren dat er geen functioneel eiwit meer 
wordt gevormd. Doordat in een eerder 
stadium van het onderzoek zebravissen 
met mutaties in lkb1 waren geïdentificeerd, 
konden wij bestuderen wat het gevolg is 
van verlies van Lkb1 functie in dit model 
organisme. We observeerden dat verlies 
van LKB1 functie niet leidt tot zichtbare 
morfologische defecten tijdens de 
embryonale ontwikkeling in de zebravis. 
In meer detail hebben we bekeken of 
verlies van Lkb1 functie resulteert in cel 
polarisatie defecten van het darmepitheel. 
Dit bleek niet het geval te zijn. 
Echter, nadat de dooier is geabsorbeerd 
(op dag 5 na bevruchting) en de zebravis 
larven afhankelijk worden van externe 

Kiembaan mutaties in de serine-threonine 
kinase LKB1 veroorzaken Peutz-Jeghers 
Syndroom (PJS). PJS is een dominant 
overervende aandoening die poliepen in 
het maag-darm stelsel, pigmentvlekken 
op de lippen en een verhoogde kans op 
sporadische kankers veroorzaakt. Op 
moleculair niveau functioneert LKB1 
als kinase, een eiwit dat de functie van 
andere eiwitten reguleert door middel 
van het aanbrengen van een fosfaatgroep 
(fosforylering). LKB1 is de kinase voor 
AMP geactiveerd proteïne kinase (AMPK) 
alsmede 12 AMPK gerelateerde kinasen. 
Door de fosforylatie van deze eiwitten is 
LKB1 betrokken bij een verscheidenheid 
aan cellulaire processen, waarvan cel 
metabolisme en cel polariteit wellicht de 
belangrijkste zijn.
Cel polariteit is een term die wordt 
gebruikt om de ruimtelijke verschillen 
van een cel in vorm, structuur en functie 
aan te duiden. De rol van LKB1 in de 
regulering van cel polariteit is complex 
en afhankelijk van het orgaan, organisme 
en zelfs energetische toestand van de cel. 
Over het algemeen kan worden gesteld 
dat LKB1 vaak nodig is om cel polariteit 
te induceren en/of te handhaven. Er is 
meer bekend over de defecten in cel 
polariteit die optreden door verlies van 
LKB1 functie in lagere organismen, zoals 
de rondworm Caenorhabditis elegans en de 
fruitvlieg (Drosophila melanogaster), dan in 
gewervelde dieren. Ofschoon het duidelijk 
is dat LKB1 polariteit van neuronale cellen 
in gewervelde dieren reguleert, moet nog 
worden vastgesteld of LKB1 algemeen 
betrokken bij de regulatie van cel polariteit 
van niet-neurale weefsels in vivo. Het is 
dus ook niet duidelijk of een defect in cel 
polariteit direct ten grondslag ligt aan de 
darmpoliepen in PJS patiënten.
De andere veel onderzochte functie 
van LKB1 is de regulering van energie 
homeostase via activatie van AMPK, een 
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energielbronnen, zagen we dat lkb1 
mutanten niet aten en vervolgens binnen 3 
dagen, op dag 7 of 8 na bevruchting, dood 
gingen. Ons onderzoek heeft aangetoond 
dat de energievoorraad van lkb1 mutanten 
in slechts twee dagen raakt uitgeput en dat 
lkb1 mutanten hun stofwisseling niet goed 
kunnen aanpassen aan de energetische 
stress die ontstaat vanaf het moment dat de 
dooierzak is geabsorbeerd. lkb1 mutanten 
zien er fenotypisch dan ook hetzelfde uit 
als 11 dagen oude wild-type larven die 6 
dagen geen voedsel hebben gekregen: de 
larvaen zijn dun en hebben een “donkere” 
lever en afgevlakt darmepitheel zonder 
zichtbare darmvlokken. Dit fenotype 
kon worden onderdrukt door attenuatie 
van het energie metabolisme op zowel 
pharmacologische als genetische wijze, 
wat suggereert dat energetische stress het 
lkb1 fenotype veroorzaakt.
Samenvattend heeft ons onderzoek 
aangetoond dat verlies van Lkb1 functie in 
zebravissen niet leidt tot polariteit defecten 
in het darm epitheel, maar dat Lkb1 functie 
wel essentieel is voor het aanpassen van de 
stofwisseling bij energetische stress. 


