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C. elegans PTEN and AMPK block neuroblast divisions by
inhibiting a BMP-insulin-PP2A-MAPK pathway

Shanging Zheng, Zhi Qu, Michael Zanetti, Brandon Lam and lan Chin-Sang*

ABSTRACT

Caenorhabditis elegans that hatch in the absence of food stop
their postembryonic development in a process called L1 arrest.
Intriguingly, we find that the postembryonic Q neuroblasts divide and
migrate during L1 arrest in mutants that have lost the energy sensor
AMP-activated protein kinase (AMPK) or the insulin/IGF-1 signaling
(IIS) negative regulator DAF-18/PTEN. We report that DBL-1/BMP
works upstream of 1IS to promote agonistic insulin-like peptides
during L1 arrest. However, the abnormal Q cell divisions that occur
during L1 arrest use a novel branch of the IIS pathway that is
independent of the terminal transcription factor DAF-16/FOXO. Using
genetic epistasis and drug interactions we show that AMPK functions
downstream of, or in parallel with DAF-18/PTEN and IIS to inhibit
PP2A function. Further, we show that PP2A regulates the abnormal Q
cell divisions by activating the MPK-1/ERK signaling pathway via
LIN-45/RAF, independently of LET-60/RAS. PP2A acts as a tumor
suppressor in many oncogenic signaling cascades. Our work
demonstrates a new role for PP2A that is needed to induce
neuroblast divisions during starvation and is regulated by both
insulin and AMPK.

KEY WORDS: C. elegans, Starvation, Q neuroblast divisions, BMP,
DAF-18/PTEN, AMPK, PP2A, MPK-1

INTRODUCTION

Nutrition and energy homeostasis are crucial for proper animal
development. Studies investigating the effects of nutrients on
developmental physiology have made substantial contributions
towards improving overall human health. However, how
developmental arrest is regulated by nutritional availability and
the associated signaling pathways have not been well studied.
Caenorhabditis elegans that hatch in the absence of food will stop
their development until food becomes available; this quiescent state
is termed L1 arrest. L1 arrest is a survival strategy and L1-arrested
worms can live up to 21 days without food. L1 arrest provides a
model in which to study the coordination of postembryonic
developmental events and gene regulatory circuits influenced by
food (Baugh, 2013; Fukuyama et al., 2015, 2012). The insulin/
IGF-1 signaling (IIS) pathway plays a key role in regulating L1
arrest (Fukuyama et al., 2012; Kaplan et al., 2015). The insulin-like
peptides (INS) act through the IIS receptor, DAF-2/IR, activating a
conserved AGE-1/PI3K-AKT signal transduction to suppress the
function of the Forkhead Box O (FOXO) transcription factor
DAF-16/FOXO (Ogg et al.,, 1997). A very important negative
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regulator of IIS is DAF-18/PTEN. PTEN is a potent human tumor
suppressor, and mutations that cause the loss of PTEN result in
many cancers (Chalhoub and Baker, 2009). The C. elegans PTEN
homolog DAF-18 also possesses tumor suppressor-like properties;
in this study, we show that the neuronal Q cell lineage continues to
divide and move in L 1-arrested daf-/8 mutants. We determined that
Q cell quiescence requires DAF-18 lipid phosphatase activity, and,
surprisingly, the terminal transcription factor in the IIS pathway,
DAF-16, is not required to block the abnormal Q cell divisions
that occur during L1 arrest. Furthermore, the human PTEN can
functionally replace DAF-18 to block Q cell divisions during L1
arrest. The loss of daf-18 leads to activated IIS and, consistent with
this, we showed that the overexpression of agonistic insulin/insulin-
like peptides (INS) could cause abnormal Q cell divisions during L1
arrest. We provide evidence that DBL-1, a member of the
transforming growth factor B (TGFp) superfamily (Savage-Dunn,
2005), promotes Q cell divisions upstream of IIS by inducing
insulin peptides during L1 arrest.

AMP-activated protein kinase (AMPK) detects shifts in AMP/
ATP and ADP/ATP ratios to regulate developmental events
(Salminen and Kaarniranta, 2012). Recent studies suggest that
AMPK is a tumor suppressor and plays a crucial role in cellular
processes (Zadra et al., 2015). Our chemical and genetic epistasis
analyses show that AAK-2, which encodes one of two C. elegans
homologs of the catalytic o-subunit of AMPK, works downstream
of or in parallel with DAF-18 and AGE-1 to block Q cell divisions
during L1 arrest. Further, we show that protein phosphatase 2A
(PP2A) inhibitor and PP2A holoenzyme regulatory subunit mutants
can suppress these abnormal cell divisions. Our study demonstrates
that the PP2A family is regulated by AMPK and IIS. PP2A is known
to regulate the RAF-MEK-ERK/MAPK pathway in mammals and
C. elegans, and MPK-1 plays an important role in many cellular
processes (Lee et al., 2007; Miiller et al., 2001; Narbonne et al.,
2017; Sundaram, 2013). We report here that in the absence of
DAF-18 or AAK-2, L1-arrested animals have abnormal activation
of PP2As, which in turn activate MPK-1 via the RAF ortholog
LIN-45 in the MAP kinase pathway to promote Q cell divisions
during L1 arrest.

RESULTS

Loss of daf-18 causes Q cells to divide during L1 arrest
During the first larval stage, two embryonic neuroblasts, QL and
QR, move and divide to form six neurons, AVM/PVM, SDQR/
SDQL and AQR/PQR (Fig. 1A) (Chalfie and Sulston, 1981;
Middelkoop and Korswagen, 2014). If C. elegans hatch in the
absence of food, worms enter an Ll-arrested state and do not
proceed through postembryonic development (Johnson et al.,
1984), and this L1-arrested state can be visualized by observing
only two Q cells (QL/QR) (Fig. 1A,E). Using the mechanosensory
reporter Pmec-4::gfp (zdls5) (Clark and Chiu, 2003), we found that
the Q cell descendants AVM and PVM were consistently present in
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Fig. 1. daf-18 mutants show Q cell divisions during L1 arrest. (A) The Q
neuroblast cell lineage in L1 arrest and under normal feeding conditions. The
two Q neuroblasts, QL (left) and QR (right) normally do not divide under L1
starvation arrest (top). During L1 feeding, the Q cells divide and move to form
six neurons, AQR/PQR, AVM/PVM and SDQR/SDQL, and four programmed
cell deaths, indicated by red crosses. (B) daf-18 mutants show Q cell
descendants AVYM/PVM during L1 arrest. Data are the average of at least three
independent experiments, with a sample size of at least 70 animals; error bars
represent s.d.; also see details in Table S2. (C) Touch neurons (zd/s5 Pmec-4::
GFP) in L1-arrested wild-type worms show only two ALMs and two PLMs.
(D) Touch neurons in L1-arrested daf-18 (0k480) mutants show two ALMs, two
PLMs and two postembryonic touch neurons, AVM and PVM (Q cell
descendants). (E) Q cells (rvdls1 Pegl-17::mCherry) in L1-arrested wild-type
worms show only QL and QR. (F) Q cells in L1-arrested daf-18 (0k480) mutants
show all the Q cell descendants: AQR/PQR, AVM/PVM and SDQR/SDAQL.
Also see Fig. S2 for AVM/PVM (zdls5) colocalization with Q cell (rdv/s?) in
L1-arrested daf-18 (0k480) worms. Scale bars: 50 ym.

mutant animals bearing three daf-18 alleles tested during L1 arrest
(Fig. 1B-D). The daf-18 (0k480) allele, which is a strong loss-of-
function allele (Zheng and Chin-Sang, 2016), showed 100%
penetrance for these cell divisions during L1 arrest. Next, we
wanted to know whether all Q cell descendants were dividing in
daf-18 mutants during L1 arrest. We used the Q cell lineage marker
Pegl-17::mCherry (rdvisl) (Chai et al., 2012). In wild-type
L1-arrested worms, only QL/QR are visible (Fig. 1E). In contrast,
all six postembryonic Q cells were present and migrated to their
correct locations in L1-arrested daf-18 (0k480) worms (Fig. 1F).
The inappropriate Q cell divisions are postembryonic and divisions
occur 12-18 h after egg preparation (Fig. S2E). Thus, daf-18 mutant
worms do not block the Q cell lineage during L1 arrest and these
cells divide as if the worms were under fed conditions. For the
remainder of our studies, we used the Pmec-4::gfp (zdls5)
mechanosensory neuron marker as it allows us to easily visualize
AVM and PVM in Ll-arrested worms, which are the final
descendants of QR and QL, respectively (Fig. 1A,D).

DAF-18 functions cell-autonomously and its lipid
phosphatase activity is required for Q cell quiescence

To determine whether daf-18 regulates the Q cell divisions cell-
autonomously or non-cell-autonomously during L1 arrest, we used
tissue-specific rescue of daf-18 (0k480) mutant worms. We found
that the Q cell division phenotype in L1-arrested daf-18 mutants was

rescued by the expression of genomic daf-18 or daf-18 cDNA
driven by its native promoter, and the human PTEN cDNA
expressed from a C. elegans daf-18 promoter could fully rescue the
Q cell division phenotype in L1-arrested daf-18 (0k480) (Fig. 2A).
We show that daf-18 expressed from the pan-neuronal promoter
Prgef-1 or the Q cell-specific promoter Pegl-17 could also rescue
the Q cell division phenotype in Ll-arrested daf-18 (0k480). In
contrast, intestinal Pges-1, germline Ppie-I or muscle-specific
Pmyo-3 did not rescue the Q cell division phenotype in L1-arrested
daf-18 (0k480) (Fig. 2B). As the lack of rescue is a negative result,
we tested the functionality of these constructs and showed that the
germ cell-specific daf~-18 transgene can rescue the germ cell
proliferation in daf-18 mutants, the intestine specific daf-18 can
rescue the dauer-defective phenotype, and, more importantly, all
these rescue strains could partially rescue the daf~-18 longevity
during L1 arrest (data not shown). Thus, we confirm all these rescue
strains have DAF-18 functionality and that DAF-18 inhibits Q cell
divisions in a cell-autonomous manner.

The DAF-18/PTEN tumor suppressor is best known for its lipid
phosphatase activity, which dephosphorylates the 3’ position of
phosphatidylinositol 3, 4, 5-trisphosphate (PIP3) (Mihaylova et al.,
1999; Ogg and Ruvkun, 1998). However, DAF-18/PTEN has been
reported to also have protein phosphatase activity, which can control
cell migration and cell development independently of the PI3K/
AKT pathway (Brisbin et al., 2009; Dey et al., 2008; Shinde and
Maddika, 2016; Stumpf and den Hertog, 2016). To identify which
phosphatase activity of DAF-18 was required for blocking Q cell
divisions during L1 arrest, we made three variants of DAF-18 that
correspond to known human PTEN variants and tested them for
their rescuing activity. DAF-18 (D137A) is protein phosphatase
defective, DAF-18 (G174E) is lipid phosphatase defective, and
DAF-18 (C169S) abolishes both lipid and protein phosphatase
activity (Fig. 2C) (Solari et al., 2005; Zheng and Chin-Sang, 2016).
We found that only the DAF-18 (D137A) protein phosphatase-
deficient variant was able to rescue the Q cell division phenotype
(Fig. 2D), whereas DAF-18 (G174E) and DAF-18 (C169S) lost
their ability to suppress the abnormal Q cell divisions that occur
during L1 arrest (Fig. 2D). These results confirm that the lipid
phosphatase activity of DAF-18 plays the primary role in blocking
Q cell divisions during L1 arrest.

11S regulates Q cell divisions independently of DAF-16
Because the loss of DAF-18 leads to activated IIS, we investigated
whether we could induce Q cell divisions by overexpressing
potential agonistic INS during L1 arrest. The INS are primarily
expressed in the nervous system (Pierce et al., 2001), so we
overexpressed candidate INS genes in neurons using the Prgef-/
pan-neuronal promoter (Altun-Gultekin et al., 2001). ins-3, -4, -6,
-9 and daf-28 have been reported to be strong agonists (Chen and
Baugh, 2014; Hung et al., 2014), and overexpressing these INS
caused penetrant Q cell divisions during L1 arrest (Fig. 2E).

To identify the role of the IIS pathway in Q cell divisions, we
tested all the major components of the IIS pathway. DAF-18/PTEN
and AGE-1/PI3K antagonize each other’s activity (Morris et al.,
1996). We found that age-1 (m333) almost fully suppressed the Q
cell divisions in Ll-arrested daf-18 mutants (Fig. 2F). We also
found that akt-1/2 and pdk- 1 mutants all significantly suppressed the
Q cell divisions in L1-arrested daf-18 mutants (Fig. 2F). C. elegans
has one INS receptor called DAF-2. The daf-2 (e979) allele has been
reported to be a temperature-sensitive null allele (Patel et al., 2008).
We made a daf-2 (€979); daf-18 (0k480) double mutant, and
showed that daf-2 (e979) fully suppressed the Q cell divisions in
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Fig. 2. The DAF-18 lipid phosphatase is required cell-autonomously to
keep Q cells from dividing during L1 arrest, and Q cell divisions are
independent of DAF-16. (A) Genomic daf-18, daf-18 cDNA and human PTEN
cDNA rescue the Q cell division phenotype in L1-arrested daf-18 (0k480).
(B) daf-18 functions cell-autonomously in the Q cells. Tissue-specific daf-18
rescue experiments show only pan-neuronal (Prgef-1) and Q cell-specific
(Pegl-17) daf-18 expression rescue the Q cell division phenotype in L1-
arrested daf-18 (0k480). Muscle (Pmyo3), gut (Pges-1) or germline (Ppie-1)
daf-18 expression show no rescue. (C) The DAF-18 phosphatase domain is
encoded by amino acids 51-230. The active site of DAF-18 with three
conserved phosphatase loss-of-function mutations are shown. (D) Lipid
phosphatase activity is required for DAF-18 Q cell quiescence. Only the protein
phosphatase deficient DAF-18 (D137A) rescued the Q cell division phenotype.
(E) Pan-neuronal INS expression can induce Q cell divisions during L1 arrest.
(F) The major components of IIS are required for Q cell divisions in L1-arrested
daf-18 mutants. daf-2, age-1, akt-1/2 and pdk-1 all suppress the Q cell
divisions in L1-arrested daf-18 (0k480). (G) Three daf-16 alleles were tested
and they do not show Q cell divisions during L1 arrest. daf-18 is epistatic to
daf-16 and overexpression of daf-16 (+) does not rescue the daf-18 Q cell
division phenotype. Data were collected from the double mutants and represent
the averages of at least three independent experiments. For transgenic worms,
data are the average of at least three independent experiments from at least
three independent stable transgenic lines for each rescue strain. Error bars
represent s.d.; ***P<0.001 (Student’s t-test). See details in Tables S1-S3.

Ll-arrested daf-18 (0k480) at the restrictive temperature (25°C)
(Fig. 2F). These results show that the insulin receptor DAF-2
and downstream components are required for Q cell divisions in
L1-arrested daf-18 mutants.

Because daf-18 is a negative regulator of IIS, then loss of daf-18
should cause overactive insulin signaling. Overactive insulin
signaling should result in the inhibition of the final transcription
factor DAF-16/FOXO (Ogg et al., 1997). Therefore, we predicted
daf-16 mutants should also show abnormal Q cell divisions during
L1 arrest. However, we found that three different daf-16 alleles
tested did not display any Q cell divisions during L1 arrest
(Fig. 2G). Furthermore, we overexpressed the daf-16 gene in daf-18
(0k480) worms and found that these daf-18 (0k480); daf-16 (+)
worms still displayed 100% Q cell divisions during L1 arrest
(Fig. 2G). We also showed that the daf-18; daf-16 double mutants
behaved like the daf-18 (0k480) single mutant (Fig. 2G). Thus, our
results demonstrate that hyperactive insulin signaling induces Q cell
divisions during L1 arrest, but this pathway branches at AKT-1/2
and is independent of DAF-16/FOXO.

DBL-1/BMP Smal/Mab pathway controls Q cell divisions
through regulating insulin peptides

In a candidate gene approach, we found that daf-4 mutants
significantly suppressed the Q cell divisions in L1-arrested daf-18
mutants. daf~4 mutants cause a dauer-constitutive phenotype and
the daf-4 gene encodes a type II receptor for two important TGF
family signaling pathways: DAF-7/TGFp dauer, which regulates
dauer development, and DBL-1/BMP Sma/Mab, which regulates
body size and male tail development (Savage-Dunn, 2005).

We showed that mutations in DBL-1 and not DAF-7 suppressed
the Q cell divisions in L1-arrested daf-18 (0k480). Genes tested in
the DBL-1 pathway included dbl-1 (BMP ligand), sma-9 and lin-31
(transcription factors). Loss-of-function mutants in these genes all
significantly suppressed the Q cell divisions in L1-arrested daf-18
(0k480). (Fig. 3A). In contrast, daf-7 mutants did not show any
suppression (Fig. 3A). Furthermore, daf-3 and daf-5 mutants, which
are predicted to be inhibited by DAF-7 signaling, did not display Q
cell divisions during L1 arrest (data not shown).

To assess whether DBL-1 functions upstream or downstream of
IIS, we tested whether dbl-1 mutants could suppress the Q cell
divisions in L1-arrested INS overexpression worms. In contrast to
suppressing daf-18 (0k480) mutants, we found that neither daf-4 nor
sma-9 mutations could suppress Q cell divisions in our INS-4
overexpressing lines (Fig. 3B). The fact that INS overexpression is
epistatic to daf~4 and sma-9 is consistent with the INS peptides
functioning downstream of DBL-1 signaling pathway (Fig. 3B).
Our results suggest that the DBL-1 signaling pathway is upstream of
IIS and may regulate the insulins to promote the Q cell divisions in
L1-arrested worms. To test this hypothesis, we tested the expression
level of two strong agonistic insulin ligands (INS-3 and INS-4) in
dbl-1 and sma-9 mutants. We found that the transcriptional reporters
Pins-3::gfp and Pins-4.:gfp were significantly reduced in these two
mutants (Fig. 3C). Furthermore, we predicted that if DBL-1 was
inducing INS, overexpression of dbl-I may also induce Q cell
divisions during L1 arrest. Indeed, when we pan-neuronally
overexpressed dbl-1, it was sufficient to induce penetrant Q cell
divisions, and these cell divisions were dependent on the DAF-2
insulin receptor (Fig. 3D). Our combined results show that DBL-1
induces INS peptides to promote Q cell divisions during L1 arrest.

AAK-2 is required to block Q cell divisions during L1 arrest

Previous studies have reported that loss of AMPK also causes defects
in L1 arrest and reduces starvation survival (Baugh and Sternberg,
2006; Fukuyama et al., 2012). The C. elegans genome encodes two
AMPK catalytic o-subunits. aak-1; aak-2 double mutants were
reported to undergo germ cell divisions during L1 arrest (Demoinet
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Fig. 3. DBL-1 signaling pathway regulates insulin level to control Q cell
divisions. (A) DBL-1 and not DAF-7 mutants suppress the Q cell divisions in
L1-arrested daf-18. dbl-1 (BMP), daf-4 (type Il receptor), lin-31 and sma-9
(DBL-1 downstream transcription factors) can suppress the Q cell divisions in
L1-arrested daf-18 (0k480). In contrast, daf-7 (TGFp) does not. (B) INS-4
overexpression mutants are epistatic to db/-1. Although daf-4 and sma-9
mutants can suppress daf-18 (0k480) mutants, they do not suppress INS-4
overexpression. (C) DBL-1 regulates agonistic insulin level. Two important
agonistic insulins, INS-3 and INS-4, are primarily expressed in the head
neurons. The expression levels of these two insulin peptides in dbl-1 and
sma-9 mutants were significantly reduced. (D) Pan-neuronally overexpressed
dbl-1 caused Q cell divisions in L1-arrested worms and was suppressed by the
mutation of daf-2. Data represent the average of at least three independent
experiments for each strain; error bars represent s.d.; ***P<0.001 (Student’s
t-test); see details in Tables S1 and S4. Scale bars: 50 pm.

et al, 2017), and AAK-1 is likely to play the primary role in
maintaining germ cell quiescence, as aak-I but not aak-2 induce
germ cell divisions in L1-arrested and adult worms (Fukuyama et al.,
2012; Narbonne et al., 2017). We found that approximately 80% of
aak-2 mutant worms showed Q cell divisions during L1 arrest; in
contrast, aak-1 mutants did not display any Q cell divisions during L1
arrest (Fig. 4A). aak-1; aak-2 double mutants had a slightly higher
frequency of Q cell divisions relative to the aak-2 single mutants but
this was not statistically significant (Fig. 4A). par-4 encodes a serine-
threonine kinase that is homologous to the human LKB1 (STK11)
kinase and activates AMPK by phosphorylation (Lee et al., 2008;
Narbonne et al., 2010). We tested Q cell divisions in L1-arrested
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(A) AAK-2 is the main AMPK o subunit required to block Q cell divisions. Q cell
divisions in L1-arrested aak-1, aak-2 and aak-1; aak-2 double mutants.

(B) AICAR, an AMPK activator, suppresses Q cell divisions in L1-arrested
daf-18 and ins-4 (oe) worms. (C) aak-2 is epistatic to age-1 (i.e. age-1 does not
suppress aak-2 Q cell divisions) and daf-18 (+) overexpression also does not
suppress aak-2 Q cell divisions. The BMP pathway mutants sma-9 or daf-4
failed to suppress aak-2 (0k524), consistent with AAK-2 acting in parallel with
or downstream of DBL-1 and IIS. (D) AICAR works on both AAK-1 and AAK-2
to suppress Q cell divisions in aak-2 and daf-18 mutants. AICAR can suppress
Q cell divisions in L1-arrested aak-2, daf-18; aak-2 or aak-1; daf-18 mutants
but fails to suppress aak-1, aak-2 double mutants. Data represent the average
of at least three independent experiments for each strain and drug treatment;
error bars represent s.d.; ***P<0.001 (Student'’s t-test). See details in

Tables S4 and S5.

par-4 (it47) worms and, surprisingly, par-4 mutants did not show Q
cell divisions (Table S4) (Narbonne et al., 2010). These results
suggest that AMPK, like DAF-18, is required in L1-arrested animals
to prevent Q cell divisions, and of the two AMPK subunits, AAK-2
plays the main role in blocking Q cell divisions during L1 arrest;
however, because par-4 mutants did not show Q cell divisions during
L1 arrest, it suggests that AAK-2 is not regulated by canonical
LKB1-AMPK signaling.

AMPK activation can suppress Q cell divisions in the daf-18
mutant during L1 arrest

AAK-2 and the IIS pathway are reported to regulate the lifespan of C.
elegans (Apfeld et al., 2004), and AAK-1 is also suggested to act
downstream of DAF-18 to regulate germ cell divisions in adult
worms (Narbonne et al., 2017). Our results showed that both AAK-2
and DAF-18 are needed during L1 arrest to block Q cell divisions. We
provide four experiments to show that AMPK works downstream of;
or in parallel with IIS to block Q cell divisions during L1 arrest. First,
we predicted that if AMPK works in parallel and acts on the same
target with IIS, then activation of the AMPK pathway should bypass
the requirement for daf-18 (0k480) or suppress the Q cell divisions
in L1-arrested INS overexpression worms. To test this, we found
that treatment with 2.5 mM 5-aminoimidazole-4-carboxamide
ribonucleotide AICAR), an activator of AMPK, significantly
suppressed the Q cell divisions in daf-18 mutants as well as INS
overexpression strains (Fig. 4B). Second, if AMPK acts downstream
of IIS then IIS mutants, like age-1 mutants, should not suppress the Q
cell divisions in L1-arrested aak-2 mutants and, indeed we showed

4

DEVELOPMENT


http://dev.biologists.org/lookup/doi/10.1242/dev.166876.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.166876.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.166876.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.166876.supplemental

RESEARCH ARTICLE

Development (2018) 145, dev166876. doi:10.1242/dev.166876

*k%

== daf-18(ok480) maak-2(0k524) _ |IF

Eaak-1(tm1994);aak-2(0k524)

*k%k

-3
S
L

=

o

o
1

-3
S
L

*k%k

*k%k

o]
o
1

T
a5

(2]

o

P
N S
S S
L L

Q cell divisions (%) 0

*kk Fig. 5. PP2A functions downstream of

*kk

AMPK. (A) The PP2A inhibitor okadaic acid
—I— suppresses Q cell divisions in L1-arrested
daf-18, aak-2 and aak-1; aak-2 mutants.

L (B) The PP2As pptr-1, pptr-2 and sur-6
suppress the Q cell divisions in L1-arrested
ins-4 (oe), daf-18 and aak-2. Data represent
the average of at least three independent
experiments for each strain and drug
treatment; error bars represent s.d.;

N
o
1

°Koe\ By

Q cell divisions (%)

+

| A A |Sv°9°|

o

03\ ,) 61\ RER 03\ ah 61\ rp\ )
D \0“«\\‘“ «%\° k°“ 6\“«\““31@ o 6\“«\&
l |" )

***P<0.001 (Student’s t-test); also see
detailed data in Tables S6 and S7.

4 ug/mL Okadaic Acid

ins-4(oe)

that aak-2 is epistatic to age-I mutants (Fig. 4C). Third, we
overexpressed daf-18 (+) in an aak-2 mutant and this was not able to
suppress Q cell divisions (Fig. 4C). Finally, we showed DBL-1
mutants could suppress daf-18 mutants but they failed to suppress
aak-2 mutants (Fig. 3A and Fig. 4C). These results suggest that
AMPK functions downstream of DAF-18 or that these two pathways
work in parallel and converge on a common pathway to block Q cell
divisions during L1 arrest.

Of the two AMPK « subunits in C. elegans, only aak-2 mutants
exhibit Q cell divisions during L1 arrest (Fig. 4A). We predicted that
AICAR should not suppress aak-2 mutants, but when we treated
with AICAR, we found that AICAR significantly suppressed the Q
cell divisions (Fig. 4D). We reasoned that the AICAR could also
activate the AAK-1 o subunit and this increased AAK-1 activity
was bypassing the requirement for the loss of aak-2. This notion was
confirmed, as AICAR suppressed Q cell divisions in aak-1; daf-18
and aak-2; daf-18 double mutants but failed to suppress aak-1;
aak-2 double mutants (Fig. 4D). Together, our results show that
AAK-2 appears to be the main AMPK o subunit responsible for
blocking Q cell divisions during L1 arrest; however, AICAR can
activate either AAK-1 or AAK-2 to block Q cell divisions (Fig. 4D).

PP2A and MPK-1 function downstream of AMPK to promote

Q cell divisions during L1 arrest

A previous study indicated that the protein phosphatase 2A (PP2A)
regulatory subunit PPTR-1 negatively regulates the IIS pathway
through AKT-1 (Padmanabhan et al., 2009). As such, disruption of
pptr-1 was expected to increase IIS signaling and therefore induce Q
cell divisions during L1 arrest. However, we found that pptr-1
mutants showed no Q cell divisions during L1 arrest. We thought
this could be due to redundancy as there are several PP2A genes in
C. elegans. To address this, we used a potent PP2A inhibitor,
okadaic acid (Dounay and Forsyth, 2002), to block all PP2A
function. Surprisingly, we did not see Q cell divisions, but instead
okadaic acid could significantly suppress Q cell divisions in
L1-arrested daf-18, aak-2 and aak-1; aak-2 mutants (Fig. 5A) in a
dose-dependent manner (Fig. S4). These results suggested that PP2A
may function downstream of DAF-18 and AMPK. To test this, we
tested three PP2 A mutants: pptr-1, pptr-2 and sur-6. All three of these
PP2A mutants could suppress Q cell divisions in daf-18 mutants as
well as in agonist INS overexpression lines (Fig. SB). We also tested
functions of these three PP2A mutants on aak-2 mutants, and found
that only pptr-2 and sur-6 mutations could significantly suppress Q
cell divisions in aak-2 mutants (Fig. 5B). These results suggest that
aak-2 may not work through pptr-1, or that pptr-1 functions
redundantly with other PP2As. Together, our results show that the

daf-18(ok480) aak-2(0k524)

AMPK pathway and IIS function on a common target and that the
PP2A proteins SUR-6 and PPTR-2 function downstream of AMPK
to promote Q cell divisions during L1 arrest.

PP2A has been reported to work with the RAF-MEK-ERK/
MAPK signal pathway in mammals and C. elegans (Galbo et al.,
2013; Padmanabhan et al., 2009; Ruvolo, 2016; Sundaram, 2013).
In C. elegans, the PP2A homolog SUR-6 positively regulates the
RAS-ERK/MAPK pathway (Sieburth et al., 1999). A recent study
has also suggested that germline divisions in adult aak-1 and daf-18
mutants require MPK-1 (Narbonne et al., 2017). Considering these
studies and our previous results, we speculated that the Q cell
divisions would require MPK-1 in Ll-arrested daf-18 or aak-2
mutants. Our results showed that mutations in mpk-1 significantly
suppressed the daf-18 and aak-2 Q cell division phenotypes
(Fig. 6A). Next, we tested the function of major components within
the RAS-ERK/MAPK pathway. We found that loss-of-function
mutations in /in-45 and mek-2 also significantly suppressed the Q
cell divisions in daf-18 and aak-2 mutants (Fig. 6B). However,
let-23 (EGFR), egl-15 (FGFR) and let-60 (RAS) loss-of-function
mutations could not suppress daf-18 and aak-2 Q cell divisions
(Table S8). Our results suggest that Q cell divisions occur via
activated MAPK in a RAS-independent manner during L1 arrest.
However, because LIN-45 can be activated by LET-60 gain-of-
function mutants, and let-60 (ga89) has been reported to activate
MPK-1 function (Lopez et al., 2013), we tested whether let-60
(ga89) gain-of-function mutants displayed Q cell divisions and
found that this mutant did show some (20%) Q cell divisions during
L1 arrest. Furthermore, the Q cell divisions in L1-arrested let-60
(ga89) mutants were not suppressed by AICAR or okadaic acid
treatment, consistent with MAPK functioning downstream of
AMPK and PP2A (Fig. S5).

Our results suggest that MPK-1 should be activated in aak-2 and
daf-18 mutants during L1 arrest. To test this, we looked for the
activated form of MPK-1, dual phosphorylated MPK-1 (dpMPK-
1) (Lopez et al., 2013) in daf-18 and aak-2 mutants. We observed
that activated dpMPK-1 was present in Q cells of daf-18 and aak-2
L1-arrested mutants during migration and division from two cells
(QR/QL) to final Q cell lineage (Fig. 6C-F). dpMPK-1 levels in
sur-6, daf-18, pptr-2; daf-18 and sur-6, aak-2 mutants were
significantly reduced (Fig. 6F and Table S9). We also found that
dpMPK-1 was barely detected in okadaic acid (PP2A inhibitor)
and AICAR (AMPK activator) treated daf-18 and aak-2 L1-
arrested mutants (Fig. 6G). Together, these results support our
model in which PP2A and MPK-1 work downstream of AMPK
and DAF-18 in the IIS pathway to control Q cell divisions during
L1 arrest.
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Fig. 6. AMPK and DAF-18 inhibit Q cell divisions by blocking MPK-1
activity during L1 arrest. (A,B) lin-45, mek-2 and mpk-1 mutants can
suppress daf-18 and aak-2 Q cell divisions during L1 arrest. (C-E) dpMPK-1
antibody staining in Q cells of L1-arrested worms. (C) Wild-type L1-arrested
worms show no activated dpMPK-1. (D) Activated dpMPK-1 is observed in the
early Q cell divisions in daf-18 L1-arrested worms. (E) Activated dpMPK-1 is
observed at the four-cell Q cell divisions in daf-18. (F) PP2A mutants reduce
activated dpMPK-1 in aak-2 and daf-18 L1-arrested worms. (G) Activated
dpMPK-1 is abolished with AICAR or okadaic acid in L1-arrested aak-2 and
daf-18 worms. Data represent the average of at least three independent
experiments for each strain and drug treatment; error bars represent s.d.;
***P<0.001 (t-test) versus control. Also see detailed data presented in
Tables S8 and S9.

DISCUSSION

Our results show that DAF-18 keeps Q cells from dividing in a non-
canonical IIS signaling pathway. We provide evidence that the
DBL-1 pathway works upstream of DAF-18 to induce agonistic INS
ligands. We show that PP2A and MAP kinase act downstream of
both IIS and AMPK to promote Q cell divisions during L1 arrest.

Cell quiescence is a survival strategy in L1-arrested worms
and requires DAF-18 and AMPK tumor suppressors

What is the consequence of the abnormal cell divisions in L1-arrested
worms? daf-18 and aak-2 Ll-arrested mutants only live for a
maximum of about 5-12 days at 20°C compared with 21 days for
wild-type worms (Fukuyama et al., 2012). We hypothesize that the
inappropriate divisions that occur in daf-18 mutants may contribute to
the shortened L1 survival, as we found that L1 longevity of daf~-18
and aak-2 mutants could be extended by blocking cell divisions using
hydroxyurea (Fig. S8). Thus, DAF-18 and AAK-2 have properties of
tumor suppressors in C. elegans as they are required to stop
unscheduled cell divisions. Germ cell-specific expression of daf-18
has been reported to suppress the germ cell divisions during L1 arrest;
however, is not sufficient to fully rescue the daf~/8 L1 survival

(Fukuyama et al., 2012). Similarly, we found that neuronal-specific
expression of daf-18 and Q cell-specific expression of daf-18 strongly
suppressed Q cell divisions in L1-arrested daf-18 mutants, but did not
fully restore the longevity of L1-arrested daf-/8 mutants. It is likely
that daf-18 is required both in the soma and germline to fully rescue
the L1-arrested daf-18 longevity.

Unique roles for AMPK o subunits

Mutations in the aak-I AMPK o subunit induces germ cell
proliferation, and is suggested to play the main role in keeping
germline quiescence (Fukuyama et al., 2012; Narbonne et al., 2017).
Our work shows that aak-2 and not aak-1 is the main AMPK o
subunit controlling Q cell divisions during L1 arrest and, thus, the two
AMPKSs in C. elegans play different roles to block cell divisions in
different tissues during L1 arrest. During L1 arrest, AMPK and
DAF-18 are required to keep germ cells arrested at the G2/M stage of
the cell cycle (Fukuyama et al., 2006, 2012). In contrast, we found
that the somatic Q neuroblasts arrested at the G1/S phase of the cell
cycle during L1 arrest. If the arrested Q cells had completed S phase
then they should be capable of undergoing mitosis when cell division
is re-initiated upon feeding, even when DNA replication is halted.
Treatment of L1-arrested worms with hydroxyurea, which blocks
DNA synthesis (S phase), blocked Q cell divisions when the
L1-arrested animals were returned to food, consistent with the Q
cells arresting at G1/S stage of the cell cycle (Fig. S6). In addition,
AAK-2 is not likely to be regulated by canonical LKB1/AMPK
signaling as we did not detect Q cell divisions in par-4 mutants
(Table S4). How does AMPK and DAF-18 control cell divisions
differently in different tissues? We show that AAK-2 and DAF-18
regulate PP2A and MAPK in the somatic Q cells, whereas AAK-1
and DAF-18 appear to work through the TOR pathway in germline
cells. The TOR pathway is activated in L1-arrested daf-18 and
aak-1 animals to cause germ cell divisions (Fukuyama et al.,
2012). In contrast, our results show that Q cell divisions during L1
arrest are not dependent on the TOR pathway (Fig. S3 and
Table S4). We also tested the function of okadaic acid on germ cell
divisions and found that okadaic acid could not significantly
suppress the germ cell divisions in daf~18 and aak-1; aak-2
L1-arrested mutants (Fig. S7). Thus, we have identified a new
regulatory pathway for somatic Q cell divisions.

The DBL-1 pathway regulates insulin-like peptides

We provide four pieces of evidence that DBL-1 works upstream of IIS
to promote Q cell divisions during L1 arrest. First, we show that
inhibition of DBL-1 and not DAF-7 can suppress Q cell divisions in
Ll-arrested daf-18 mutants, suggesting that DBL-1 activates IIS.
Second, the overexpression of INS agonists can bypass the
requirement for DBL-1 signaling as INS overexpression caused Q
cell divisions in DBL-1 pathway mutant backgrounds (daf-4 and
sma-9). Third, DBL-1 mutants regulate INS-3 and INS-4 expression
level. Fourth, overexpressed dbl-1 was sufficient to cause Q cell
divisions during L1 arrest. Our work supports a role for BMP
regulating insulin signaling and is consistent with mammalian
research showing that BMP7 augments insulin signaling
(Chattopadhyay et al., 2017). A recent report is also consistent with
DBL-1 acting upstream of IIS as Clark et al. (2018) showed that DBL-
1 regulates insulin-like peptides in fat accumulation. As with germline
quiescence signaling, the regulatory pathways may be specific to
different somatic cell lineages as the DBL-1 pathway has been
proposed to function downstream of IIS for M cell divisions. Here, the
terminal IIS transcription factor DAF-16 inhibits the DBL-1 pathway
to keep the M cells quiescent in L1 arrest (Kaplan et al., 2015).
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PP2A functions downstream of AMPK and IIS to regulate
LIN-45 in a MAP kinase pathway

PP2A is a heterotrimeric serine/threonine phosphatase composed of
catalytic ‘C’ and structural ‘A’ subunits and a regulatory ‘B’ subunit
that directs the PP2A complex to different substrates (Janssens and
Goris, 2001). There are several B regulatory PP2A genes in
C. elegans and because some PP2A mutations are synthetically
lethal with daf-18 or aak-2, only pptr-1, pptr-2 and sur-6 were tested
in this study. The PP2A inhibitor okadaic acid and PP2A holoenzyme
regulatory subunit mutants all suppress the Q cell divisions,
suggesting that the PP2A holoenzyme plays an important role in
promoting Q cell divisions under starvation. pptr-2 and sur-6 but not
pptr-1 mutants partially suppress the Q cell divisions in aak-2
mutants but not to the same extent as okadaic acid. These results
imply that other genes, including the other PP2A genes, may be also
regulated by AMPK. Our genetic and drug treatment tests are
consistent with PP2A functioning downstream of AMPK and IIS
(Fig. 7). Although these interactions are based on genetics, it is
plausible that AMPK could negatively regulate PP2A by
phosphorylation as protein phosphorylation predictions (Nicholson
and Anderson, 2002; Schaffer et al., 2015) show that the three PP2As
tested in this work all have several AMPK kinase consensus
sequences. However, ‘downstream’ could also be interpreted as
AMPK and PP2A working in parallel and converging on a similar
target, in this case, LIN-45. We propose a working model in which
AAK-2 inhibits LIN-45 through phosphorylation. This is consistent
with a report by Shen et al. (2013) demonstrating that AMPK
negatively regulates the RAF-MEK-ERK pathway by direct
phosphorylation of BRAF and that this phosphorylation disrupts an
RAF/KSR complex leading to attenuation of MEK-ERK signaling.
In our model, PP2A can oppose the negative influence of AMPK on
LIN-45. Our results are consistent with prior C. elegans studies
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Fig. 7. Working model of the regulation of Q cell divisions during L1
arrest. DBL-1/BMP functions upstream of 1IS by producing insulin-like
peptides (INS) that act on the Q cells. The INS bind to and activate the DAF-2
insulin receptor. The activated IIS works independently of DAF-16/FOXO and
causes Q cell divisions during L1 arrest. DAF-18/PTEN plays an important cell-
autonomous role in the Q cells to block II1S. Genetic analysis is consistent with
AAK-2/AMPK functioning in parallel with 1IS (AKT) to inhibit PP2A (dashed
bars). Alternatively, AMPK and PP2A could function in parallel by inhibiting and
activating LIN-45/RAF, respectively. In this model, the LIN-45/RAF-MEK-2/
MEK-MPK-1/ERK pathway is activated independently of LET-60/RAS to
promote Q cell divisions.

showing that SUR-6 functions with LIN-45 and MEK-2 to control
MPK-1 activity (Kao et al., 2004; Sieburth et al., 1999). In addition,
molecular data from mammalian PP2A has shown that RAF can be
activated by removing inhibitory phosphorylations (Abraham et al.,
2000; Dhillon et al., 2002; Jaumot and Hancock, 2001; Kubicek
et al., 2002). In our study, let-23, egl-15 and let-60 mutants did not
suppress daf-18 mutant Q cell divisions, suggesting that Q cell
divisions activate MPK-1 independently of LET-60 during L1 arrest.
RAS-independent activation of the RAF-MEK-ERK pathway has
been shown in Drosophila and mammalian systems (Gough, 2012;
Hou et al., 1995; Mishra et al., 2005; Schmidt et al., 2000). However,
let-60 (gf) mutants did show mild Q cell divisions (~20%) on their
own. Our results suggest that in the normal context of L1 arrest that
the activation of the MAPK pathway for Q cell divisions is
independent of receptors such as LET-23/EGFR or EGL-15/FGFR
and LET-60/RAS, but that LET-60/RAS gain of function can activate
the MAPK pathway to induce some Q cell divisions during L1 arrest.
The Q cell divisions in Ll-arrested le-60 (gf) were resistant to
treatment with AICAR and okadaic acid, consistent with MAPK
functioning downstream of AMPK and PP2A.

In conclusion, our work identified, for the first time, division of the
neuronal Q cell lineage during L1 arrest in daf-18 and aak-2 mutants.
This is also the first evidence that daf-18 and aak-2 function in the
neuroblasts to maintain somatic cell divisions during L1 arrest. We
demonstrate that DAF-18 functions cell-autonomously to suppress Q
cell divisions in a DAF-16-independent manner during L1 arrest. In
our working model (Fig. 7) the INS that act on the Q cells are regulated
by DBL-1/BMP. More importantly, we show that DAF-18/PTEN and
AMPK signaling inhibit PP2As and MAP kinase signaling for Q cell
quiescence. Thus, the PP2A proteins play a newly identified role in
starved worms, and given that human PTEN can replace the function
of DAF-18 in suppressing Q cell divisions during L1 arrest, our work
provides valuable new information on how the human PTEN tumor
suppressor functions to stop cancer cells from dividing.

MATERIALS AND METHODS

Strains

Most of the strains used in this study were acquired from the Caenorhabditis
Genetics Center (CGC) and crossed into Pmec-4-gfp (zdls5) and Pegl-17-
mCherry (rdvisl) to study Q cell divisions. All Pmec-4-gfp (zdls5) strains
were made in our laboratory and are described in supplementary Materials
and Methods and Fig. S1. Standard culture methods were used as previously
described (Brenner, 1974). Strains were fed with OP50 Escherichia coli and
cultured at 20°C unless otherwise indicated. Strains used in this study:
CZ10175: zdIs5, RDVS55: rdvisi, PD4666: ayls6, RB712: daf-18(0k480),
RB754: aak-2(0k524), AGD397: aak-1(tm1944); aak-2(0k524), DR722:
age-1(m333)/mnC1 [dpy-10(el28) unc-52(e444)], VC546: daf-4(0k827),
VC1183: sma-9(ok1628), VC1270: lin-31(gk569), CB1372: daf-7(e1372),
JH2787: pptr-1(tm3110), RBI1338: pptr-2(0k1467), MH1292: sur-
6(kul23), SD420: mpk-1(gall9)/dpy-17(el64) unc-79(e1068), MU4S:
lin-45m2018) dpy-20(e1282), MT8666: mek-2(n1989). HT1690: unc-
119(ed3); Pins-3::gfp (wwils26), HT1693: unc-119(ed3); Pins-4::gfp
(wWwwEx63), KK184: par-4(it47), TI356: zIs356. par-4 mutants were
cultured at 15°C and 20°C, then the eggs were collected and cultured at
25°C to perform the L1-arrest assay.

Cell division observations and L1-arrest assays

Well-maintained mixed-staged worms were collected to prepare embryos,
as described (Fukuyama et al., 2015). In brief, embryos were maintained
and hatched in sterile M9 and incubated at 20°C with low-speed rocking to
initiate L1 arrest. Q cell descendants were observed under an Axioplan
fluorescent microscope (Zeiss) after 2 days or more in L1 arrest. A total of
50-200 pl M9 containing L1-arrested worms were removed from the
culture each time to make sure the sample was larger than 50. The total
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number of worms and the worms with Q cell divisions were counted.
A/PVM present was counted as Q cell divided and confirmed by lineage
analysis using the Q cell marker Pegl-17::mCherry (rdvisl). For
transgenic strains, only the worms with the injection marker (odr-1::gfp)
were counted and analyzed.

Antibody staining

Antibody staining was performed as previously described (Chin-Sang et al.,
1999). In brief, L1 worms were collected in 100 pl M9, fixed with
200 pul cold 2x witches brew (Bettinger et al., 1996) and 100 ul 10%
paraformaldehyde, incubated at 4°C for 30 min to overnight. Worms were
washed twice in Tris-Triton buffer [10mM Tris (pH 7.4), 100mM NaCl,
ImM EDTA, ImM EGTA, 1% Triton X-100, 10% glycerol and 0.1% SDS],
incubated in 1% B-mercaptoethanol/Tris-Triton for 1-2 h at 37°C, washed in
1x Borate buffer, incubated in 10 mM DTT/1x Borate buffer for 15 min at
room temperature, washed in 1x Borate buffer, incubated in 0.3% H,0,/1x
Borate buffer 15 min, incubated 15 min in PBST-B [phosphate buffered
saline (PBS) containing 0.1% bovine serum albumin (BSA), 0.5% Triton
X-100, 5 mM sodium azide and | mM EDTA], and then washed with PBST-
A (PBS containing 1% BSA, 0.5% Triton X-100, 5 mM sodium azide and 1
mM EDTA). The worms were detected using an Axioplan fluorescent
microscope (Zeiss).

For dpMPK-1 observation and antibody staining, the L1-arrested worms
were collected at 10, 20, 40 and 48 h after the embryos were prepared. We
found that 40 h after the embryos were placed in M9 buffer was the best time
to detect dpMPK-1. The control worms with no dpMPK-1 was detected, and
the mean dpMPK-1 antibody fluorescence intensity per cell was measured
using ImagelJ, and was used as a threshold (>5.08) to analyze the samples.
The total sample and worms with two or more cells detected with anti-
dpMPK-1 were scored and the percentage of the worms detected with
dpMPK-1 was calculated. Antibodies used were anti-dpMKP-1 (1:100,
M8159, Sigma-Aldrich) and FITCH (1:100, F0257, Sigma-Aldrich).

Fluorescence quantification

The INS and GFP fluorescence were captured at the same setting using an
Axioplan fluorescent microscope (Zeiss). For each strain, at least three
independent replicate experiments were carried out with at least ten worms
of each strain captured in each experiment. The mean fluorescence intensity
was calculated using Imagel.

Transgenic strains

For the INS overexpression strains, insulin genes were amplified from
C. elegans genomic DNA and were placed under control of the pan-neuronal
promoter Prgef-1. A plasmid with the injection marker odr-1::7fp was
injected into Pmec-4::gfp (zdls5) worms using standard microinjection
methods (Mello et al., 1991). Each injected strain had at least three stable
lines. For the daf-18, human PTEN and aak-2 rescue strains, the cDNA and
genomic DNA of these genes were cloned into plasmids containing specific
promoters as described in this study and supplementary Materials and
Methods. Primer sequences can be found in the supplementary Materials
and Methods.

Chemical treatments

Drugs used in chemical screening, including AICAR and okadaic acid, were
bought from Sigma-Aldrich. AICAR was dissolved in water whereas
okadaic acid was dissolved in ethanol. Serial dilutions of each chemical
were added into M9 immediately after the embryos were prepared, so the
worms were hatched in a drug-treatment environment and influenced by the
chemical prior to L1 arrest. Hydroxyurea was dissolved in water to a final
working concentration of 30 mM. To test whether hydroxyurea can suppress
the Q cell divisions in daf-18 and aak-2 mutants, hydroxyurea was added
immediately after the embryos were prepared, and thus hatched in the
presence of hydroxyurea.
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