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ABSTRACT
Here we show that in the nematode Caenorhabditis elegans mutational inactivation of two autophagy genes
unc-51/atgl and bec-1/atg6/beclinl results in small body size without affecting cell number. Furthermore,
loss-of-function mutations in wunc-51 and bec-1 suppress the giant phenotype of mutant animals with
aberrant insulin-like growth factor-1 (insulin/IGF-1) or transforming growth factor-§ (TGF-B) signaling.
This function for unc-51 and bec-1 in cell size control and their interaction with these two growth
modulatory pathways may represent a link between the hormonal and nutritional regulation of cell growth.

N multicellular organisms, the regulation of cell size
is intimately linked to nutrient and growth factor
availability and requires a well-controlled balance
between macromolecule synthesis and degradation
(Krronsky and EMr 2001; SaAucepo and Epcar 2002;
OrLpHaM and Haren 2003; DANIELPOUR and SONG
2005; LEevERs and McNEILL 2005). Cells divide only
after they reach a critical size. Thus, cell growth is a
prerequisite of cell proliferation and may be dysregu-
lated in human malignancies. The insulin-like growth
factor-1 (insulin/IGF-1) and transforming growth factor-3
(TGF-B) signaling cascades are known as major regula-
tory systems for cell growth, proliferation, and differ-
entiation (SALTIEL and Kaun 2001; DeryNCK and
ZHANG 2003; OrLpHAM and HAren 2003). However,
little is known about cellular pathways that mediate
these processes.

In Caenorhabditis elegans, both insulin /IGF-1 and TGF-$
signaling pathways affect body length by controlling cell
size (KRISHNA et al. 1999; SUZUKI et al. 1999; MORITA et al.
1999, 2002; MccurLocH and GeEMs 2003). For example,
loss-of-function mutations in the gene daf-2, which
encodes the nematode IGF-1 receptor, extend body
length, compared to the wild type (MccuLLOCH and
Gems 2003). The type I TGF- receptor SMA-6 also
influences body size in nematodes (KRisSHNA et al. 1999).
SMA-6 is activated by the growth factor DBL-1 and re-
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presses the expression of the PR-related protein LON-1,
which is a novel negative regulator of cell growth
(Suzuxt et al. 1999; MORITA et al. 1999, 2002). Mutations
that eliminate the activity of LON-1 increase body length
by 1.5-fold, whereas animals with elevated DBL-1 activity
are also longer than the wild type.

The insulin/IGF-1 and TGF-3 hormonal systems also
control reproductive growth in this organism (RIDDLE
and ALBERT 1997). Mutant nematodes with decreased
DAF-2/1GF-1 receptor activity enter into a state of devel-
opmental diapause called dauer, which is an arrested
larval form specialized to survive unfavorable condi-
tions. In addition, mutations that inactivate the type I
and type II TGF-$ receptors, DAF-1 and DAF-4, re-
spectively, result in constitutive dauer development in-
dependently of environmental cues (ESTEVEZ et al.
1993; GUNTHER et al. 2000). It was shown that dauer
development in insulin/IGF-1- and TGF-3-signaling
mutant nematodes requires the function of autophagy
genes, and that normal dauer morphogenesis is associ-
ated with increased autophagy (MELENDEZ et al. 2003).
Autophagy is a highly regulated cellular pathway used
by eukaryotic cells to degrade parts of their contents
during development and to survive nutrient deprivation
(KrLionsky and EmMR 2001). Autophagic degradation of
cytosolic materials is a major route for turnover of cel-
lular macromolecules and organelles, in particular pro-
teins and mitochondria. In this study, we investigate
whether unc-51 and bec-1, which are mutationally char-
acterized C. elegans autophagy genes, are required for
maintaining normal cell size.
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TABLE 1

Mutational inactivation of unc-51 or bec-1 reduces body length in C. elegans

Genotype Body length (mm) N Phenotype
Wild type 1.28 = 0.07 241 Wild-type
unc-51(e369) 0.87 = 0.09 266 Sma
unc-51(el189) 0.9 = 0.08 304 Sma
bec-1(0k691); Ex[bec-1(+ )] 0.99 = 0.08 157 Sma
bec-1(0k700); Ex|[bec-1(+)] 1.04 = 0.14 154 Sma
lon-1(e185) [TGF-B]* 1.72 = 0.08 228 Lon
lon-2(e678) [TGF-B]* 1.51 = 0.09 243 Lon
dbl-1(+++) [TGF-B]“ 1.38 += 0.09 252 Lon
daf-2(e1370) [insulin/IGF-1]“ 1.36 £ 0.08 185 Lon
unc-51(el189); lon-1(el85) 1.12 £ 0.1 288 Sma
unc-51(el189); dbl-1(+++) 1.05 = 0.06 279 Sma
unc-51(el189); daf-2(e1370) 0.98 = 0.06 250 Sma
unc-51(e369); lon-1(el85) 1.07 = 0.06 225 Sma
unc-51(e369); lon-2(e678) 1.16 £ 0.11 253 Non-Lon
unc-51(e369); dbl-1(+++) 1.05 £ 0.09 265 Sma
bec-1(0k691); Ex[bec-1(+)]; lon-2(e678) 1.1 £0.22 47 Sma
bec-1(0k691); Ex[bec-1(+)]; dbl-1(+++) 1.04 = 0.17 58 Sma
bec-1(0k700); Ex[bec-1(+)]; lon-2(e678) 1.08 £ 0.2 47 Sma
bec-1(0k700); Ex[bec-1(+)]; dbl-1(+++) 1.12 = 0.13 42 Sma
bec-1(0k700); Ex[bec-1(+)]; lon-1(el85) 1.08 £ 0.1 65 Sma
bec-1(0k700); Ex[bec-1(+)]; daf-2(e1370) 1.02 £ 0.09 89 Sma

Loss-of-functions mutations in unc-51 or bec-1 reduce body length and suppress, at least partially, the Lon
phenotype of insulin/IGF-1 and TGF# mutants. dbl-1(+++) indicates the DBL-l-overexpressing strain.
Body-length measurements were performed as follows. Well-fed, young adult nematodes, which on the day
when they become gravid, i.e., start to produce embryos, were anesthetized with 10 mm sodium-azide solution
for 5 min. This treatment allows for coiled unc-51 mutants to be relaxed. Body length of anesthetized worms was
measured with a dissecting microscope and micrometer. Note that un¢-51 mutant animals are defective in move-
ment, therefore, only those individuals were selected for body-length measurement that had remained in the
bacterium layer and thus appeared well fed. This criterion may help to avoid the potential effect of restricted
food intake on cell growth. Data are given as mean * standard deviation. For single mutant animals, P < 0.0001
(unpaired ttest, body length of single mutants were compared with that of wild type). For double mutant gen-
otypes, P < 0.0001 (unpaired #test, body length of double mutants were compared with that of the correspond-
ing “Lon” single mutants). Sma, small body size; Lon, long body length.

“daf-2 encodes the IGF-1 receptor, whereas dbl-1, lon-1, and lon-2 encode components of the TGF-8 signaling
axis.

The wild-type C. elegans strains display a characteristic
body length of 1.2 mm (BRENNER 1974). We examined
unc-51 loss-of-function mutant nematodes at a well-de-
fined developmental stage (see Table 1) and found that
they show a marked shortening in mean body size. For
example, body length at the young adult stage was 0.89 =
0.04 mm in unc-51(e369) mutants vs. 1.25 = 0.05 mm
in wild-type animals (unpaired ttest; N = 250, P <
0.0001) (Figure 1 and Table 1). unc-51 encodes aserine/
threonine kinase similar to the yeast autophagy protein
Atgl (OGURA et al. 1994), which is a key regulator of
autophagosome formation (KLionsky 2005). Moreover,
the autophagic process appeared to be defective in unc-
51 mutants. According to our electron microscopic ob-
servations, autophagic vacuoles were present almost
exclusively in lateral hypodermal cells, and their mem-
brane was excessively whorled (Figure 2). This may be
indicative of defective autophagic vacuole formation in
these animals. We also monitored the effects of muta-
tions in another C. elegans autophagy gene, bec-1, on

body length. bec-1 is an essential gene that is the nem-
atode ortholog of the human tumor suppressor gene
Beclinl and yeast atg6 (MELENDEZ et al. 2003; TAKACS-
VELLAT et al. 2005). Because bec-1 loss-of-function muta-
tions arrest development at different stages (TAKACS-
VELLAI et al. 2005), we rescued the lethality of bec-1
mutants by an unstable (extrachromosomal) transgene
array containing wild-type copies of bec-1 (bec-1(—);
Ex[pbec-1::BEC-1::GFP + 7r0l-6(sul006)]). On average,
randomly selected adults of bec-1(—); Ex[ bec-1(+ )] geno-
type were significantly shorter than wild-type nematodes
(Figure 1 and Table 1). The reduced body length of
certain bec-1(—); Ex[bec-1(+)] adults may result from
incomplete rescue of bec-1 in somatic cells. The possi-
bility that this is due to an unlinked mutation that is
not rescued by the array is unlikely because both bec-1
alleles 0k691 and 0k700 behaved similarly. In good
agreement with the body length data of bec-1(—);
Ex[bec-1(+)] and wnc-51 mutant adults, their body
volume was also markedly reduced as compared with
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F1cure 1.—Body size of mutant nematodes with reduced
autophagy. The TGF-B genetic pathway component lon-I enc-
odes a negative regulator of cell size, whereas unc¢-51 and bec-1
are two autophagy genes. Bars, 0.1 mm.

the wild type (Table 2). Together, these results suggest
that bec-1(—); Ex[bec-1(+)] and unc-51 mutant animals
display a characteristic small body size (Sma) phenotype.

unc-51 and bec-1 mutant animals also exhibited delay
in development (data not shown), but had wild-type cell
numbers as revealed by scoring different cell types
expressing reporters labeled with green fluorescent
protein. For example, we used the tra-1::gfp and prk-
1::gfp markers to visualize intestinal cells; mec-7::gfp,
which is expressed in certain Q-cell descendants; and
cdh-3::gfp and ajm-1::gfp to label lateral seam cells. We
found twenty GFP-positive intestinal cells in both wild
type as well as in unc-51(¢369) and bec-1(0k691); Ex[ bec-
1(+ )] mutant animals (Figure 3 and results not shown).
Furthermore, mutations in unc-51 and bec-1 also did not
affect the number of Q-cell progeny and hypodermal
seam cells. We next monitored the mean longitudinal
diameter of gut cells by Nomarski microscopic analysis
of strains expressing prk-1::gfp (Figure 3D). For exam-
ple, mean gut cell diameter was only 41.9 = 1.9 pm in
unc-51(e369) mutants (N = 35 animals), as compared
with 56.1 * 3.2 pum in wild-type animals (N = 30). We
also measured the volume of the intestine and the
length and area of seam cells, as described previously
(WANG et al. 2002; HIROSE et al. 2003). Our data shown
in Tables 3 and 4 indicate that the reduced body size
of unc-51 mutants was due to a decrease in cell size

Note

657

unc-51(e369)

IR

ek
"

F1GURE 2.—The autophagic process appears to be defective
in wunc-51 mutant animals. (Left) Autophagic vacuole with
normal double isolation membrane (arrow) in the hypoder-
mis from a wild-type animal. (Right) Abnormal autophagic
vacuole (arrow) with strongly myelinated isolation membrane
is embedded in a region of the cytoplasm abundant in mem-
brane whorls in a hypodermal seam cell from unc51(e369) mu-
tant. ¢, cuticule; bars, 1 wm. For fixation and embedding of
transmission electron microscopic samples, the nematodes
were treated individually. They were cut open under a dissect-
ing microscope in a drop of fixative composed of 0.2% glutar-
aldehyde and 3.2% formaldehyde in 0.15 M cacodylate buffer.
After an overnight fixation at 4°, the fixative was changed to
washing buffer (0.1 m cacodylate buffer), and the samples were
embedded in agar, postfixed with 0.5% cacodylate-buffered
050y, stained with 2% uranyl acetate, dehydrated in ethanol
and propylene oxide, and embedded in Durcupan (Fluka
Chemical, Buchs, Switzerland). Thereafter the samples were
cut along the longitudinal body axis with Reichert-Jung Ultra-
cut-E type ultramicrotome, stained with lead citrate, and exam-
ined in a JEM100CX II electron microscope.

(mutants deficient for BEC-1 were not examined for this
trait). Thus, autophagy genes, or at least some of them,
are required for normal cell growth.

Next, we evaluated the effects of inhibiting the
function of UNC-51 and BEC-1 on the long body size
(Lon) phenotype of mutant strains defective in insulin/
IGF-1 or TGF-f signaling. We found that daf-2(e1370),

TABLE 2

unc-51 and bec-1 mutant adults have decreased body volume

Genotype Body length (mm) Diameter (mm) Volume (mm?) % body volume N
Wild type 1.2 = 0.02 0.083 = 0.0015 0.00619 = 0.0002 100 8
unc-51(el189) 0.86 = 0.07 0.076 + 0.0013 0.0036 = 0.00019 58.17 11
bec-1(0k700); Ex[bec-1(+)] 1.02 = 0.15 0.083 = 0.001 0.0041 = 0.0003 66.88 11

Body diameter and volumes were determined as described (KAMMENGA et al. 2007). For mutant body volumes, P < 0.001 (un-

paired #test). Data are given as mean * standard deviation.
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F1GUrRE 3.—Visualization of intestinal cells in adult nemat-
odes. (A) TRA-1::GFP is expressed in the nucleus of gut cells
from wild-type adult. (B) TRA-1::GFP expression in wunc-
51(369) mutant adult. (C) Expression of PRK-1::GFP in
the intestine of wunc-51(e369) animal. (D) Expression of
PRK-1::GFP in individual intestinal cells of wild-type (top)
and unc-51(e369) mutant (bottom) animals. Brackets indicate
the longitudinal border of the first four individual intestinal
cells. Both images were made with the same magnification.

lon-1(e185), and lon-2(e678) mutants as well as DBL-1-
overexpressing nematodes, which as single mutant
animals are each long (KrRISHNA et al. 1999; Suzuki
et al. 1999; MoRriTA ¢f al. 1999, 2002; MccuLLOoCH and
GewMms 2003), displayed small or wild-type body size when
they also carried a loss-of-function mutation in unc¢-51 or
bec-1 (Table 1). Note that double mutants carrying the
daf-2 mutation el370 were grown at 15° until they
reached the L2 larval stage and then transferred at 25°
to develop further. This temperature shift prevented
these worms from arrest development as abnormal
dauer larvae (MELENDEZ et al. 2003). Suppression of
the Lon phenotype in insulin/IGF-1 and TGF-3 pathway
mutant animals by mutations in wunc¢-51 and bec-1 sug-
gests that autophagy genes interact with and, possibly,
act downstream of these hormonal systems, as well as
suggesting that autophagy may be implicated in cell
growth control. In other words, unc-51 and bec-1 are
epistatic to daf-2, dbl-1, and lon-1 to influence body size.

TABLE 3

Cell size measurements in unc-51 mutant animals

Seam cell Seam cell
Genotype length (pum) area (um?) N
ajm-1::gfp 33.2 5.1 1.25 £ 0.12 55
unc-51(e369); ajm-1::gfp 27.4 + 4.0 0.95 = 0.2 39

The ajm-1::gfp marker localizes to the adherens junctions
surrounding the seam cells (MOHLER e/ al. 1998). Seam cell
measurements were carried out at the L3 stage. P < 0.001 (un-
paired ttest). Data are given as mean * standard deviation.

TABLE 4

Organ volume measurements in unc-51 mutant animals

Volume of the % relative

Genotype intestine (nl) volume N
pri-1::gfp 0.95 = 0.27 100 20
unc-51(e369), prk-1::gfp 0.76 + 0.33 78 20

For intestinal volume measurements, animals were selected
at young adulthood. P < 0.001 (unpaired ttest). Data are
given as mean * standard deviation.

However, in certain double mutant combinations unc-51
and bec-1 mutant alleles did not completely suppress
body lengths of lon-1, lon-2, and daf-2 mutants, as well as
DBL-1-overexpressing animals, i.e., the size of these
double mutants was intermediate between the corre-
sponding single mutants (Table 1). Alternatively, this
implies that parallel pathways might exist in which unc-
51 and bec-1 control body size independently from
insulin/IGF-1 and/or TGF-B signaling. If autophagy
genes mediate the effects of both signal transduction
axes in the control of cell growth, then unc-51 and bec-1
should function both in parallel and downstream of
either of these growth modulatory pathways, explaining
intermediate body sizes observed (see below).

In C. elegans, several components of the TGF-
signaling pathway are involved in male tail ray pattern
formation (SUZUKI et al. 1999; MORITA et al. 1999, 2002).
To demonstrate whether UNC-51 and BEC-1 are also
interacting with TGF-$ signaling to affect male tail
development, we assayed patterning of male tail struc-
tures in wunc-51(—) mutants and bec-1(—); Ex[bec-1(+ )]
animals. unc¢-51 mutant males showed severe tail abnor-
malities, including the complete loss of the sensory rays
and fan (Figure 4B). Moreover, BEC-1 was expressed in
all structures of the adult male tail, and in bec-1 mosaic
males the neighboring rays are often fused with each
other (Figure 4). Together, our results indicate that unc-
51 and bec-1 influence male tail patterning, possibly by
interacting with the TGF-§ system. To determine where
these genes may act in the TGF pathway, we analyzed the
expression of an integrated plgg-1::GFP::LGG-1 re-
porter (TOTH et al. 2007), which is supposed to label
autophagosomal structures in hypodermal seam cells
(MELENDEZ et al. 2003). Wild-type animals and sma-
6(e1482) mutants carrying a transgene that expressed
GFP::LGG-1 had mainly a diffuse cytoplasmic staining
pattern (Figure 5), whereas the number of GFP:: LGG-1-
positive foci increased markedly in the lon-1(el85)
background. This suggests that autophagy genes, at
least some of them, may act downstream of and are
inhibited by LON-1 in body size regulation.

In summary, our data indicate that the insulin/IGF-1
and TGF-B signaling pathways may interact with the
UNG-51 and BEC-1 autophagy genes to control cell size
in C. elegans. The autophagy protein Atgb has also been
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FiGure 4—UNG-51 and BEC-1 are required for male tail
development. (A) Tail structure of wild-type adult male. (B)
Tail phenotype of an unc-51(¢369) male. In this animal the rays
are completely missing. (C) pbec-1::BEC-1::GFP is expressed
in wild-type male. Corresponding fluorescence (top) and
Nomarski (bottom) images. (D) Male tail structure in a bec-I
(0k691); Ex[pbec-1::BEC-1::GFP] adult. Arrowheads indicate
the rays on one side. bec-1 mutants with affected tail always lost
GFP expression in the tail.

shown to influence cell size in mice; in Atgb-deficient
animals cell size is not reduced in response to food
withdrawal (Hosokawa et al. 2006). Furthermore,
autophagy genes are also implicated in TOR (target of
rapamycin) kinase-mediated cell growth control in
Drosophila (ScorT et al. 2004). Together, these data
point to autophagy, an evolutionarily conserved cellular
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degradative pathway, as a possible mechanism to take
part in size regulation of cells and organs in divergent
animal phyla (Figure 6). This is in good accordance with
the pivotal role of autophagy in regulated turnover of
subcellular constituents (cytoplasmic macromolecules
and organelles) (KLioNsky and EMr 2001).

Further studies are needed to determine whether
other C. elegans autophagy genes are also involved in cell
growth control. However, at present only a very limited
number of autophagy genes are available as mutant
alleles and, what we did not show here, their RNAi-
mediated silencing is often ineffective or leads to weak
reactions (see also KovAcs et al. 2004).

The characterization of the autophagic process itself
in C. elegansis still in a very preliminary stage (MELENDEZ
etal. 2003; KovAcs et al. 2004) . Feeding defective mutant
worms also have a shorter body length and are proposed
to have increased autophagy (Morck and P1LoN 2006).
This suggests that, similar to its possible dual role in
neuronal cell survival and loss (TARKACS-VELLAT ef al.
2006), both deregulation and hyperactivation of au-
tophagy genes cause reduction in cell size. Thus, fine
tuning of autophagy gene activity is critical for main-
taining normal cell size. The regulation of cell growth
and proliferation are tightly integrated. Our study
suggests that identifying autophagy genes as key mod-
ulators of cell size will be essential for understanding
how uncontrolled cell growth leads to cancer.
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FIGure b.—Intracellular accumulation of
LGG-1 in hypodermal seam cells is affected by
TGF-B signaling. (A) Expression of GFP::LGG-
1 in the seam cells of wild-type animal. GFP foci
are supposed to label autophagosomal structures.
(B) Expression of the GFP::LGG-1 reporter in
the seam cells of sma-6(el482) mutant L3 larva.
(C) GFP::LGG-1 accumulates in punctate areas
in the seam cells of lon-1(el85) mutant L3 larva.
(D) Quantification of GFP::LGG-1-positive foci
in individual seam cells of wild-type, sma-
6(e1482), and lon-1(el185) mutant animals. The
number of punctate area per seam cell is shown.
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F1cURE 6.—Two alternative models for how au-
tophagy affects cell growth in C. elegans. (A) If au-
tophagy genes mediate the effect of both insulin/
IGF-1 and TGF-f signaling to control cell growth,
/ i.e., insulin/IGF-1 and TGF-B signaling converge

SMA-6 on autophagy to regulate cell size, unc-51 and
‘é bec-1 should function downstream of these two
hormonal systems. (B) Because mutations in

it bec-1 and unc-51 do not completely suppress the
\Z Lon phenotype of daf-2 and certain TGF-f mu-

tant strains, it is also possible that autophagy
genes act in parallel to insulin/IGF-1 and TGF-3
signaling in cell growth control. The question
marks indicate whether the effect of the insu-
lin/IGF-1 signaling pathway on body size is solely

the result of changes in autophagy. Arrows indicate positive regulatory interactions, bars represent inhibitions. DAF-2, IGF-1 re-
ceptor; AGE-1, phosphatidylinositol-3-OH kinase; DAF-16, FOXO forkhead transcription factor; SMA-6, type I TGF-f receptor;
DBL-1, TGF-B ligand for SMA-6; LON-1, cytoplasmic transducer of TGF-B signaling.
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