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SUMMARY

Drosophila tumor suppressor genes (TSGs) have revealed molecular pathways that
control tissue growth, but mechanisms that regulate mitogenic signaling are far from
understood. Here we report that the Drosophila TSG tumorous imaginal discs (tid),
whose phenotypes were previously attributed to mutations in a Dnad-like chaperone,
are in fact driven by the loss of the N-linked glycosylation pathway component ALG3.
tid/alg3 imaginal discs display tissue growth and architecture defects that share
characteristics of both ‘neoplastic’ and ‘hyperplastic’ mutants. Tumorous growth is
driven by inhibited Hippo signaling, induced by excess JNK activity. We show that
ectopic JNK activation is caused by aberrant glycosylation of a single protein --the fly
TNF receptor homolog-- which results in increased binding to the continually circulating
TNF. Our results suggest that N-linked glycosylation sets the threshold of TNFR
signaling by modifying ligand-receptor interactions, and that cells may alter this
modification to respond appropriately to physiological cues.



INTRODUCTION

Tumorigenesis is ultimately driven by dysregulated cellular signaling that
promotes unchecked proliferation (Hanahan and Weinberg, 2011). Proliferation-
regulating signaling pathways in animals are therefore normally under tight control, to
prevent aberrant growth. The primary mechanism of signaling regulation is limited
availability of ligand, although levels of receptor can also be regulated, as can receptor
availability on the plasma membrane or even its polarized localization. A full
understanding of the mechanisms that limit mitogenic signaling is an important goal of
both basic biology and cancer research.

Maijor insight into growth regulation has arisen from research in model organisms
like Drosophila melanogaster. For instance, Drosophila studies revealed key steps of
receptor tyrosine kinase signaling and uncovered the phenomenon of cell competition
(Amoyel and Bach, 2014; Duffy and Perrimon, 1994; Shilo, 1992; Simpson, 1979;
Simpson and Morata, 1981). Additional insight into growth regulatory mechanisms has
come from the analysis of fly ‘tumor suppressor genes’ (TSGs) (Hariharan and Bilder,
2006; Richardson and Portela, 2017). Disruption of a single fly TSG is sufficient to
cause overproliferation in epithelial organs of the larva called imaginal discs. Initial
genetic screens identified several classes of fly TSGs. The ‘neoplastic’ TSGs -- discs
large, lethal giant larvae, and scribble (Bilder and Perrimon, 2000; Schneiderman and
Gateff, 1967; Stewart et al., 1972) — revealed an intimate link between cell polarity and
cell proliferation control, a principle also relevant to human cancers. The ‘hyperplastic’
TSGs --including hippo, warts, and salvador—uncovered the novel Hippo (Hpo) signal
transduction pathway that is now recognized as a conserved growth control mechanism
(Harvey et al., 2003; Jia et al., 2003; Justice et al., 1995; Kango-Singh et al., 2002;
Pantalacci et al., 2003; Tapon et al., 2002; Udan et al., 2003; Wu et al., 2003; Xu et al.,
1995). Even less prominent Drosophila TSGs such as lethal giant discs have
demonstrated important biological concepts (Buratovich and Bryant, 1995; Klein, 2003).

One classical Drosophila TSG that remains understudied is tumorous imaginal
discs (tid) (Gateff, 1978; Loffler et al., 1990). Imaginal discs of tid homozygous larvae
develop into overgrown masses (Kurzik-Dumke et al., 1995). Genetic mapping and
cytogenetic analyses attributed this phenotype to loss of a conserved molecular
chaperone of the Dnad family (Kurzik-Dumke et al., 1995). Evidence for a tumor-
suppressive role for a mammalian homolog, hTid-1, has been presented (Chen et al.,
2009; Copeland et al., 2011; Kurzik-Dumke et al., 2008). However, the exact molecular
mechanism through which tid could regulate cell and tissue proliferation remains
mysterious.

We report here that the tid gene was cloned incorrectly. Aberrant cell
proliferation in the Drosophila mutant arises not from disruptions to the DnaJ homolog,
but rather to an adjacent gene that encodes the mannosyltransferase ALG3, involved in
N-linked glycosylation. We show that overgrowth in tid/ALG3 mutants is caused by mis-
glycosylation of a single transmembrane protein, the Drosophila TNF receptor homolog
Grindelwald, which results in downstream activation of Jun N-terminal kinase (JNK) and
inactivation of the growth-suppressing Hpo pathway. Our results suggest that this post-
translational modification modulates ligand-receptor affinity in the TNFR pathway and
thus provides a regulatory mechanism setting a dynamic threshold for JNK mediated



stress signaling and growth control.
RESULTS

Tumorous phenotypes of tid mutants

The mutant phenotype of the classical Drosophila TSG tumorous imaginal discs
(tid) was described in 1992 (Kurzik-Dumke et al., 1992). Tid was reported to encode a
DnaJ-like molecular chaperone (Kurzik-Dumke et al., 1995), but has received little
attention since, prompting a reinvestigation. To characterize the loss of function
phenotype, we generated tid'/tid? transheterozygous animals. As previously described,
these mutants develop into ‘giant’ L3 larvae bearing imaginal disc tumors. The disc
proliferation rate is slow, such that fid discs are initially smaller than discs from
comparably aged WT larvae. However, mutant larvae delay puparium formation up to
11 days, during which growth continues. tid discs show clear organizational defects,
displaying abnormal thickness and tissue folding; cells have altered shape and F-actin
levels are elevated (Fig. 1A,B, Suppl. Fig 1A,B). Similar phenotypes are observed in
tid hemizygous animals. We directly counted dissociated wing disc cells and found that
prior to pupation, tid mutants contain almost double the amount of cells as WT (Fig.
1C). Although more limited than the ~5-fold increase of a neoplastic mutant (dlg) or the
~3-fold increase of a hyperplastic mutant (wts) (Suppl. Fig. 1C-E), the increase
demonstrates that loss of tid indeed causes tumorigenic overgrowth. To assess
proliferative capacity beyond the larval stage, we transplanted tid discs into the
abdomens of WT adult hosts. As previously described (Kurzik-Dumke et al., 1992),
tumors recovered from these hosts after 17 days are extremely overgrown and display a
strong increase in architectural disorganization (Fig. 1D,E). The unchecked imaginal
disc proliferation caused by tid mutations confirm that tid is a bona fide TSG.

tid displays characteristics of neoplastic and hyperplastic TSGs

To further investigate the mutant phenotype, we assessed mitotic clones. When
homozygous tid eye discs in an otherwise heterozygous larva were generated, animals
displayed the pupal lethal phenotype also seen when animals carry neoplastic TSG
mutant eye discs (Menut et al., 2007). The eye discs display mild phenotypes compared
to fully mutant animals (Suppl. Fig. 1F-l), suggesting that perdurance of the tid gene
product or its substrates is too strong to effectively deplete using clonal strategies.

Unlike neoplastic mutants, apicobasal polarity markers showed no obvious
disruption, although tid cells are more cuboidal than the columnar epithelium of WT or
hyperplastic TSG mutant discs (Suppl. Fig. 1J-L). Other distinct properties of various
TSG mutants include susceptibility to cell competition and cooperativity with oncogenes
(Brumby and Richardson, 2003; Pagliarini, 2003). Clonal loss of neoplastic but not
hyperplastic TSGs induces cell competition and elimination of the mutant cells;
however, when combined with expression of oncogenic RasV12, neoplastic clones
show dramatically synergistic overgrowth as well as tissue invasion. Using the MARCM
system (Lee and Luo, 2001), we induced ftid clones with or without RasV12 expression
(Fig. 1F-l). tid clones were recovered but at an abundance lower than WT, indicating
that they are partially outcompeted (Suppl. Fig. 1M). When tid clones also expressed
RasV12, cooperative overgrowth was clearly observed, albeit less extreme than that



between scrib and RasV12 and lacking invasion (Fig. 1l). Thus, tid shares
characteristics of both neoplastic and hyperplastic TSGs.

Tid mutants disrupt CG4804

The original sequencing analysis of the tid’” and tid? alleles failed to identify
molecular lesions within any protein coding sequence. These experiments did identify a
lesion in the 5’ UTR of the DnaJ-encoding CG5504 in tid?, leading to the suggestion that
this lesion disrupted CG5504 transcription (Kurzik-Dumke et al., 1995). However, the
CG5504 open reading frame (ORF) is found in the intron of a second ORF, CG4084
(aka neighbor of tid (I(2)not) (Fig. 2A). Our sequencing of tid” and tid? identified lesions
in the CG4084 ORF in both alleles. tid’ induces a nonsense mutation at glutamine 375,
resulting in a truncation of the remaining 135 amino acids of the predicted CG4084
protein. In tid?, we confirmed the previously reported molecular lesions: a 24 base pair
deletion and a single base pair insertion. Within the CG4084 ORF these lesions induce
an in-frame deletion that removes amino acids 36-43, and a frameshift leading to
premature termination of the protein after 192 amino acids (Fig. 2A). These data raise
the possibility that loss of CG4084 function, rather than CG5504, may in fact be
responsible for the tid phenotype. To rigorously test this, we performed a rescue assay
using constructs driving the CG4084 ORF alone under either direct (tubulin) or UAS
control. When these constructs were expressed in either tid’ or tid? flies, they rescued
lethality, as well as both the imaginal disc (Fig. 2C,D) and the pupal lethal phenotypes.
We conclude that the tid gene was originally miscloned, and that the observed tumorous
phenotype is actually due to loss of CG4804 function.

CG4804 encodes Drosophila ALG3, and mutants show defective N-glycosylation

We next sought to identify the molecular function of CG4084. BLAST searches
revealed that CG4084 is the single fly homolog of the yeast and human Asparagine-
Linked Glycosylation-3 (ALG3) genes. ALG3 encodes a mannosyltransferase required
for the biosynthesis of lipid-linked oligosaccharides in the endoplasmic reticulum (ER)
N-glycosylation pathway, which is conserved from yeast to humans (Fig. 2B). To avoid
confusion with the previous annotation, we will refer hereafter to the CG4084 gene as
alg3, and to the tid1 and tid2 alleles as mutations in alg3. To confirm that alg3 mutants
are defective in N-glycosylation, we turned to biochemical analysis of E-cadherin
(Ecad), which has 4 N-glycosylation sites (Fig. 2E). In Western blots, Ecad from alg3
discs runs at a lower molecular weight than in WT discs. Following treatment with
Peptide-N-Glycosidase (PNGase), an enzyme that completely removes N-linked
glycans, the band shift in alg3 discs is increased and is equivalent to that in PNGase-
treated WT discs (Fig. 2E). This demonstrates that alg3 mutants have aberrant but not
a complete lack of N-glycosylation, consistent with the role of Alg3 within the N-
glycosylation pathway (Fig. 2B). Related phenotypes were observed with mutants in
alg9, which acts immediately after alg3 in the N-glycosylation pathway (Suppl. Fig. 2A-
E). These data indicate that proper N-glycosylation is required for normal epithelial
growth and architecture.

Hpo-dependent Yki activation in alg3 mutants drives tumorous overgrowth



In order to determine how N-glycosylation ensures normal disc growth, we
investigated mitogenic pathways that might be activated in alg3 tumors. Reporters for
STAT, Notch, and Wg signaling, pathways that drive disc overproliferation in other
mutants (Bach et al., 2003; Classen et al., 2009; Moberg et al., 2005; Pellock et al.,
2007; Thompson et al., 2005; Vaccari and Bilder, 2005), were largely normal in alg3
discs (Suppl. Fig. 3A-F). Mispolarization of aPKC, a hallmark of neoplastic TSG
mutants, was also not seen (Suppl. Fig. 1K), and reducing aPKC levels did not affect
the alg3 phenotype (Suppl. Fig. 3G,H). N-glycosylation aids protein maturation in the
ER, and perturbation of this process can trigger the Unfolded Protein Response (UPR)
(Davenport et al., 2008). A transgenic UPR reporter was strongly induced in alg3 tissue,
but inhibiting the UPR did not notably change their size or morphology (Suppl. Fig. 3K-
M). Because both neoplastic and hyperplastic TSG mutants inhibit Hpo pathway
kinases and induce pro- growth Yki activity (Menendez et al., 2010; Robinson and
Moberg, 2011; Sun and Irvine, 2011), we investigated whether this pathway plays a role
in alg3 tumors. Interestingly, reporters for Yki activity were clearly upregulated in alg3 as
well as alg9 mutant tissue (Fig. 3A,B, Suppl. Fig. 2F-l). We then reduced Yki activity,
using overexpression of the inhibitory kinases Hpo and Wts under conditions that do not
affect WT disc growth. These manipulations significantly reduced alg3 tumor size, albeit
without restoring defective disc morphology (Fig. 3C-E), suggesting that alg3 mutant
overgrowth is driven by altered Hpo pathway activity.

alg3 mutants inhibit Hpo pathway via excessive JNK signaling

To assess how defective N-glycosylation could reduce Hpo pathway kinase
activity, we considered candidate Hpo regulators, focusing on those altered in both
neoplastic and hyperplastic tumors. The transmembrane apical polarity regulator
Crumbs (Crb) has been implicated in Hpo signaling in multiple tumor types
(Hamaratoglu et al., 2009; Robinson et al., 2010). However, depletion of Crb failed to
influence the alg3 phenotype (Suppl. Fig. 3l,J). An alternative route by which Yki is
activated is through the induction of the c-Jun N-terminal Kinase (JNK) pathway
(Fernandez et al., 2011; Ohsawa et al., 2012; Robinson and Moberg, 2011; Sansores-
Garcia et al.,, 2011; Sun and Irvine, 2011). Strikingly, a transgenic reporter for JNK
signaling was strongly upregulated in alg3 discs (Fig. 3F,G). Elevated JNK activation
was confirmed by immunostaining for phosphorylated JNK, which was clearly increased
compared to WT (Fig. 3H,l). To test the functional relevance of excessive JNK activity,
we blocked signaling in one half of alg3 discs with a dominant negative form of JNK.
While this does not affect WT discs (Suppl. Fig. 3N), in alg3 it resulted in a potent
rescue of the phenotype (Fig. 3J). Blocking JNK signaling does not only inhibited
tumorous overgrowth, it also restored local tissue architecture, reduced F-actin levels
and negated the extended larval stages of alg3 larvae. The data suggest that Hpo-
regulated Yki activation in alg3 mutant discs is caused by excessive JNK signaling.

Glycosylated TNFR drives JNK-dependent overgrowth

We next examined how the JNK signaling cascade could be triggered by
aberrant N-glycosylation. Since N-glycosylation acts mainly on transmembrane and
secreted proteins, one candidate route is through the Drosophila Tumor Necrosis Factor
Receptor (TNFR). Remarkably, RNAi-mediated depletion of the major fly TNFR



(Flybase: grindelwald, grnd (Andersen et al., 2015)) in one half of alg3 discs induced a
strong reversion of the tumorous phenotype, resembling the reversion induced by
dominant negative JNK (Fig. 4A,B). Rescue was also induced by overexpression of the
Grnd extracellular domain, which acts in a dominant negative fashion in other contexts
(Suppl. Fig. 4B,C) (Andersen et al., 2015). In accordance with a general role during
defective N-glycosylation, RNAi depletion of grnd also rescued alg9 mutant defects
(Suppl. Fig. 2C). By contrast, depletion of a second Drosophila TNFR homolog
(Flybase: wengen (Kanda et al., 2002)) did not rescue alg3 tumors (Fig. 4C).

To determine whether Grnd could be a direct target of Alg3 function, we first
assessed whether Grnd was N-glycosylated in vivo. Western blotting of Grnd in
imaginal tissue showed a significant molecular weight reduction when extracts were
treated with PNGase to remove N-linked glycans (Fig. 4D,E, Suppl. Fig. 4A). Grnd
from alg3 discs showed a higher molecular weight than from PNGase-treated WT discs,
but this difference was eliminated when alg3 discs were also treated with PNGase (Fig.
4E, Suppl. Fig. 4A). Analysis of Grnd protein sequence suggested a single high-
confidence N-glycosylation site, at aspargine 63 (Fig. 4F). This site lies within the
cysteine-rich domain (CRD) of Grnd, and close to the glycosphingolipid-binding motif
(GBM), which are characteristic for TNFR family members. Consistent with this
analysis, replacement of asparagine 63 with alanine in transgenic Grnd (GrndNG3A)
produced a protein running at a molecular weight identical to that of PNGase-treated
WT Grnd (Fig. 4D), and this was not further altered by PNGase treatment. These
results demonstrate that Grnd, which shows excessive signaling in alg3 mutants, is
normally glycosylated at N63.

Circulating TNF produced in the fat body activates TNFR

TNFR signaling is triggered by binding to the secreted ligand Tumor Necrosis
Factor (TNF) (Brenner et al., 2015). Because the Drosophila genome encodes a single
TNF homolog (Flybase: Eiger, Egr) (Igaki et al., 2002), we investigated the role of Egr in
alg3 mutants. Interestingly, depleting Egr in alg3 discs did not result in any
amelioration of the phenotype (Fig. 5A,B). This suggested that either TNFR
hyperactivation in this context was ligand-independent, or that the TNF involved is
produced in a separate, non-imaginal tissue. Consistent with the latter, ubiquitous
depletion of Egr reverts the alg3 tumor phenotype (Fig. 5C). One candidate source for
Egr production is hemocytes, which are attracted to neoplastic tumors and locally
secrete Egr (Bidla et al., 2007; Parisi et al., 2014; Pérez et al., 2017). However,
hemocyte-specific depletion of Egr in alg3 larvae also did not affect the tumor
phenotype (Suppl. Fig. 4D,E), nor could we detect hemocyte attachment to alg3 discs.
An alternate source for Egr is the fat body (Agrawal et al., 2016; Mabery and Schneider,
2010). Strikingly, fat body-specific depletion of Egr in alg3 larvae led to a strong rescue
of the tumor phenotype (Fig. 5D), establishing that circulating Egr produced in a remote
tissue activates Grnd in imaginal discs to trigger excessive JNK signaling.

Like Grnd, Egr is a glycoprotein (Kauppila et al., 2003), and thus could also be
regulated by N-glycosylation. We used local expression of a UAS-alg3 rescue construct
to determine the tissue requirement for N-glycosylation in suppression of these JNK-
driven tumors. Restoring Alg3 function to the fat body did not alter the alg3 mutant
phenotype, while restoring Alg3 function to imaginal discs clearly rescued the tissue



(Fig. 5E,F). This strongly suggests that while Egr is necessary for aberrant JNK
activation in alg3 mutants, its N-glycosylation does not play a role in the phenotype.

N-glycosylation reduces TNFR-TNF binding to regulate signaling

Given the evidence for a direct regulatory role of Grnd N-glycosylation, we
examined whether N-glycosylation-deficient Grnd exhibits excess JNK signaling activity.
Overexpression of GrndN63A in imaginal discs alone did not produce an evident
phenotype, suggesting that any increase in JNK activity was low (Suppl. Fig. 4F).
Similarly, overexpression of Egr in the fat body to elevate circulating levels of the ligand
had no effect on WT discs (Suppl. Fig. 4G). However, elevation of circulating Egr
induced a strong enhancement of the alg3 phenotype, accompanied by increased JNK
signaling and cell death (Suppl. Fig. 4J,K, Fig. 6B’,C’). We also assayed an
independent tissue in which Grnd is active. Egr- and Grnd-dependent JNK signaling is
activated in the insulin-producing cells (IPCs) of the larval brain to limit overall growth of
the animal in conditions when nutrient consumption is low (Agrawal et al., 2016). In line
with these findings, overexpression of the Grnd intracellular domain in the IPCs, which
induces ectopic JNK activation, reduces animal size, assayed by pupal volume (Fig.
6K,L). Interestingly, overexpression of GrndN63A in IPCs also resulted in a clear
reduction of pupal volume, whereas overexpression of WT Grnd had no effect (Fig. 6L).
Together these data indicate that preventing N-glycosylation of Grnd induces increased
ligand sensitivity, to activate JNK.

How could N-glycosylation of Grnd enhance its signaling? Glycosylation can
influence protein trafficking, but the WT apical localization of Grnd remains intact in alg3
tumors (Suppl. Fig. 4H,l). In addition, GrndNG63A remains apically localized and does
not perturb disc architecture, arguing against changes in receptor or ligand accessibility
(Suppl. Fig. 4F,L,M). Because the N-glycosylation site in Grnd is located in the
predicted TNF-binding domain, an attractive alternative possibility is that N-glycosylation
alters receptor-ligand affinity. To explore Egr-Grnd interactions, we expressed Venus-
tagged Egr in the fat body and monitored its accumulation in the imaginal disc. While
WT discs show little Egr association in this assay, alg3 discs extensively accumulated
Egr, despite the fact that Grnd levels are not increased (Fig. 6A-C, Suppl. Fig 4N-Q).
This result suggests that impaired glycosylation could increase the affinity of Grnd for
Egr. In an ex vivo system where Egr-Venus-expressing fat body is cultured alongside
imaginal discs (Fig. 6D), cells that express transgenic Grnd bound significantly more
Egr when they were mutant for alg3 than when they were WT (Fig. 6E-G). An even
stronger increase of bound Egr was seen in WT cells expressing GrndN63A, which is
predicted to lack all N-glycans (Fig. 6H-J). Importantly, Grnd protein levels at the
membrane remain comparable in both co-culture experiments, indicating that increased
Egr binding is not simply caused by elevated receptor abundance (Suppl. Fig. 4R,S).
These data suggest that physiological N-glycosylation regulates TNFR ligand binding,
specifically by reducing its affinity for TNF.



DISCUSSION

We have shown that mutations in the classical Drosophila TSG tumorous
imaginal discs (tid) disrupt the ALG3 homolog CG4084, altering the lipid-linked
biosynthetic pathway that generates oligosaccharides for protein N-linked glycosylation.
Although altered glycosylation affects many proteins and can induce a UPR, we find
that the growth control phenotype of Alg3 can be ascribed to a single target and a single
mechanism. This target is the Drosophila TNFR homolog, whose proper modification at
a single extracellular site is required to prevent inappropriate TNF binding, subsequent
JNK' activation, and downstream Yki-driven overproliferation. We postulate that N-
glycosylation can act as a mechanism to modulate JNK signaling in response to cellular
stresses.

The alg3 mutations studied here were originally identified for their overgrowth
phenotype in imaginal discs (Kurzik-Dumke et al., 1992). Like most other Drosophila
TSGs, this phenotype is caused by changes in Hpo-regulated Yki activation, but alg3
mutants differ in both upstream regulation and downstream targets. Mutations in core
Hpo signaling components result in rapid proliferation of disc cells, while the slow
growth of alg3 mutant tissue resembles that of the ‘neoplastic’ TSGs. Nonetheless, the
STAT pathway, which is a major mitogenic effector in neoplastic mutants (Bunker et al.,
2015; Gilbert et al., 2009; Wu et al., 2010), is not elevated in alg3 tissue. Upstream,
JNK-dependent Yki activity is seen in both alg3 and neoplastic mutants (Menendez et
al., 2010; Sun and Irvine, 2011). However, JNK activation in neoplastic mutants has
been suggested to occur either through ligand-independent Grnd activation caused by
alteration to apicobasal polarity (Andersen et al., 2015), or through Grnd-independent
mechanisms (Muzzopappa et al., 2017). In alg3 mutants, polarity is intact and
overgrowth entirely relies on a Grnd-Egr axis, specifically the increased sensitivity of
misglycosylated Grnd for endocrine Egr. Thus, TNFR signaling induced by altered N-
glycosylation seems to define distinct consequences for downstream Hpo-mediated
growth control.

While we have not tested biochemical affinities directly, our data are consistent
with a model where TNF binding properties are directly regulated by glycosylation of
TNFR. Partial or complete removal of the glycan at N63, within the ligand binding
domain of Grnd, leads to an increase of bound Egr, indicating that N-glycosylation
normally limits Grnd engagement and downstream signaling. In Drosophila larvae, Egr
is continuously transcribed in the fat body for secretion into the hemolymph, bathing
Grnd-expressing tissues including imaginal discs and IPCs in ligand (Agrawal et al.,
2016). Our results suggest that proper N-glycosylation of Grnd sets a threshold that
prevents tonic signaling in these and other tissues under normal circumstances. This
raises the intriguing possibility that cell-autonomous changes in N-glycosylation,
perhaps induced by stress inputs, could modulate ligand affinity, allowing a rapid and
local response to this endocrine signal under different physiological conditions.

The modulation of Grnd ligand binding suggested here echoes the regulation of
Notch by the glycosyltransferase Fringe (Stanley and Okajima, 2010; Takeuchi and
Haltiwanger, 2014). However, the obligate role of Alg3 in all N-glycan synthesis is
fundamentally distinct from Fringe’'s substrate-specific elaboration of a particular O-
glycan. In the case of Notch, the specific sugar residues added by Fringe alter receptor



selectivity for one ligand over another (Bruckner et al., 2000; Moloney et al., 2000).
Since either aberrant or absent Grnd N-glycosylation results in increased ligand binding
and ectopic signaling, evidence for specific glycan structures in modulating the ligand-
receptor interface does not currently exist. Whether the glycan could provide a simple
steric obstacle to ligand binding or may regulate it through more complex interactions
will await structural studies.

Grnd shows strong homology to vertebrate TNFR family members in its
extracellular TNF binding domain, although downstream signaling in the fly acts mainly
through JNK (Andersen et al., 2015; Igaki et al., 2002), in contrast to mammalian
homologs that also signal through NFkB, p38, and caspases (Dempsey et al., 2003).
Amongst the 29 mammalian TNFR superfamily members, at least 7 have predicted N-
glycosylation sites in their extracellular domains. Several of these sites have been
studied, and their proposed roles vary from promoting signaling to inhibiting it or being
functionally neutral (Charlier et al., 2010; Han et al., 2015; Klima et al., 2009; Shatnyeva
et al., 2011; Vaitaitis and Wagner, 2010). Our results motivate analyses of the receptors
BCMA and DR4, which are closely related to Grnd and whose predicted N-glycosylation
sites each lie in an analogous location within the ligand-binding domain (Andersen et
al., 2015).

The data presented above, which highlight a new mechanism for restraining TNF
signaling, hint at pathogenic mechanisms for several human diseases. Altered
glycosylation is emerging as a frequent hallmark of cancer, in which JNK signaling is
increasingly implicated (Bubici and Papa, 2014; Pinho and Reis, 2015; Vajaria and
Patel, 2017). Moreover, mutations in the extracellular domain of human TNFRA1,
including predicted N-glycosylation sites, can cause the autoinflammatory disease
TRAPS (Tumour necrosis factor Receptor-Associated Periodic Syndrome) (Cantarini et
al., 2012). Because the erroneous activation of Grnd in alg3 mutants is akin to an
autoinflammatory response, defective N-glycosylation could be an additional
mechanism for hyperactive TNFR1 signaling. Finally, mutations in N-glycosylation
pathway enzymes including Alg3 result in recessive genetic diseases called type |
Congenital Disorders of Glycosylation (CDG-I) (Jaeken, 2012; Scott et al., 2014). CDG
patients exhibit a variety of poorly characterized symptoms associated with multiple
organs, and the etiology of CDG is largely unknown. Our finding of altered inflammatory
TNFR/JNK signaling in analogous fly mutants provides a new avenue to investigate.
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FIGURE LEGENDS

Figure 1. Tid is a tumor suppressor.

Compared to WT (A), tid mutant wing imaginal discs (B) show disorganized tissue
architecture and moderate overgrowth, quantified in (C). When tid tumors from a 10-day
old larva are transplanted into the abdomen of an adult host (D) they continue
proliferating and overgrow dramatically, with more severe architectural defects (E).
(F-G) tid clones in the eye disc are partially outcompeted compared to WT. (H,l) tid
mutations cooperate with RasV12 to strongly enhance overgrowth. ***P <0.001; Error
bars indicate s.d. Images are representative of n=10 animals per genotype. Scale bars:
100 umin A, B, Dand F; 10 ym in A’. See also Figure S1.

Figure 2. Tid mutants disrupt CG4804, encoding Drosophila ALG3

(A) Schematic displaying the location of tid’ and tid? lesions, both lying within the
CG4804 ORF. (B) Steps of lipid-linked oligosaccharide synthesis in the N-linked
glycosylation pathway. ALG3 is the first mannosyltransferase that acts within the ER
lumen. After sequential addition of mannose and glucose monomers, the core glycan is
transferred to the target protein, which is transported to the plasma membrane after
further glycan trimming and modification within the Golgi. (C,D) Ubiquitous expression
of CG4804 rescues the tid tumorous phenotype. (E) E-cadherin Western Blots reveal a
mobility shift in alg3 mutants relative to WT. PNGase treatment of E-cadherin generates
equivalent shifts in both genotypes, indicating a partial glycosylation defect in alg3.
Images are representative of n=210 animals per genotype. Scale bar: 100 ym in C. See
also Figure S2.

Figure 3. Hippo and JNK drive the alg3 phenotype

(A,B) The Hippo pathway reporter HREGFP is elevated in alg3 discs compared to WT.
(C) Reducing Hpo growth signaling through Wts or Hpo overexpression shows a robust
tumor size reduction. alg3-bx> n=28 discs, alg3-bx>wts n=31 discs, alg3-bx>hpo n=24
discs. (D,E) Expressing Wts in alg3 discs rescues tumorous overgrowth, though not
architecture defects. The JNK pathway reporters AP1GFP (F) and pJNK (H) are
elevated in alg3 discs (G,l). (J) Blocking JNK signaling in the posterior half of alg3 discs
reduces overgrowth and restores tissue architecture. ***P<0.001; **P<0.01; Error bars
indicate s.d. Images are representative of n=10 animals per genotype. Scale bars: 100
umin A, B and D; 10 um in A”, B” and J'. See also Figures S2 and S3.

Figure 4. Glycoprotein Grnd/TNFR activates JNK signaling in alg3



(A,B) Knockdown of Grnd in the posterior half of alg3 discs rescues overgrowth and
tissue architecture. (C) Knockdown of Wgn does not rescue alg3. (D) Western Blotting
of Vb-tagged transgenic Grnd. Grnd N63A shows altered mobility on Western Blot
corresponding to PNGase-treated WT Grnd. (E) Western Blotting with an antibody for
endogenous Grnd in alg3 shows a mobility shift compared to WT, and PNGase
treatment causes equivalent shifts of both genotypes. Note the loading disparity in the
fourth lane, and see Supp. Fig. 4A for quantitation. (F) The Grnd-ECD contains a single
high-confidence predicted glycosylation site at N63 (NetNGlyc). CRD= cysteine-rich
domain; GBM= glycosphingolipid-binding motif. Images are representative of n215
animals per genotype. Scale bar: 100 ym in A. See also Figures S2 and S4.

Figure 5. Systemic Egr/ITNFa produced by the fat body activates Grnd/TNFR in the
wing disc

(A,B) Local RNAI depletion of Egr in the wing imaginal disc does not rescue alg3 discs.
(C) Ubiquitous knockdown of Egr rescues alg3 discs, and depletion in the fat body (D)
recapitulates that phenotype. (E) Driving alg3 expression in the fat body does not
rescue alg3 discs, while (F) local expression within discs rescues overgrowth and
architecture defects. Images are representative of n=10 animals per genotype. Scale
bar: 100 ym in A. See also Figure S4.

Figure 6. Grnd N-glycosylation reduces ligand binding

(A) Schematic representation of the experiments in (B,C): Venus-tagged Egr is
expressed in the fat body of WT or alg3 larvae. Egr-Venus binding and cell death (DCP-
1) are elevated in alg3 compared to WT. (D) Schematic representation of ex vivo co-
culture using Egr-Venus expressing fat body tissue. When WT (E) and alg3 (F) discs
expressing Grnd in the posterior compartment are co-cultured, Egr-Venus binds more
strongly to alg3: quantified in (G), hh>grnd-HA WT n=26 discs, hh>grnd-HA alg3 n=30
discs. When discs expressing WT Grnd (H) and Grnd-N63A (l) are co-cultured, Egr-
Venus binds more strongly to Grnd-N63A: quantified in (J), hh>grnd-WT-V5 n=33 discs,
hh>grnd-N63A-V5 n=46 discs. (K) Circulating Egr binds Grnd on IPCs in the larval
brain, activating JNK to inhibit pupal growth. (L) Changes in pupal volume caused by
expression of Grnd constructs in IPCs. Grnd-NG63A inhibits growth analogous to the
dominant-active Grnd ICD. dilp2>GFP n=97, dilp2>grnd KD n=61, dilp2>grnd ICD n=64,
dilp2>grnd N63A n=75, dilp2>grnd WT n=68. ***P <0.001; **P<0.01; *P<0.05; n.s., not
significant; Error bars indicate s.e.m. Images are representative of n=215 animals per
genotype. Scale bar: 100 um in B. See also Figure S4.

STAR METHODS

% Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and
will be fulfilled by the Lead Contact, David Bilder (bilder@berkeley.edu).

% Experimental Model and Subject Details

Drosophila stocks and genetics



Drosophila melanogaster stocks were kept on cornmeal molasses food at room
temperature and experimental crosses were raised at 25°C. OreR flies were used for
WT controls. alg3t’ FRT42, alg3i? Kr FRT42 and alg3t¥? FRT42 were used to
generate transheterozygous animals, mitotic clones and transgenic recombinants. Other
alleles and their sources are listed in the Key Resources Table. For imaginal disc
samples third instar stage larvae were used. Since these larval imaginal discs are not
sexually dimorphic, male and female samples were grouped together.

% Method Details

Generating transgenic lines

The [/(2)not coding sequence was amplified from cDNA FI07241 (BDGP). Amplicons
were gel purified and ligated into pUASTB (Addgene). Grnd cDNA (P. Leopold) was
subcloned and ligated into pBSkll. An oligo containing V5-STOPSTOP was created
using this primer and its complement: AAAAACTCGAGGGCGGCGGCAAGCCCATC
CCCAACCCCCTGCTGGGCCTGGATAGCACCTAATAATCTAGAAAAAA. pBSKII-Grnd
and this oligo were cut and ligated together to create Grnd-V5. Using this Grnd-V5
construct, a quick-change mutagenesis was performed using CGAGGTCTGCAATG
CCCAAACCCACAAC and its complement to create Grnd-N63A-V5. Grnd-V5 and Grnd-
N63A-V5 were ligated into pUASTB. All constructs were sequence verified and targeted
into either the attP2 or attP40 landing sites through embryo injections performed by
BestGene, Inc.

Sequencing tid alleles

Genomic DNA was isolated from 50 hemizygous larvae using the 30 Fly Prep protocol
(BDGP). The tid/not genomic region was amplified with Phusion high fidelity DNA
polymerase (NEB) using the following primers: 5-TTAATTTTCGCCGGTTATCA-3’
(/(2)not-F) and 5-ACTCAGACCATTTTACTGCA-3" (I(2)not-R). Amplicons were gel-
purified and sequenced. Sequence data were aligned and analyzed using
ContigExpress (Vector NTI); sequences from mutant larvae were compared to the
FlyBase sequences for /(2)not and tid.

Grnd antibodies

For generating monoclonal antibodies against the extracellular domain of Grnd a
peptide with the sequence ANGESRDCHGTICHPVNEFCYVATERCHPCIEVCNN
QTHNYDAFLCAKECSAYKTFEPLKAEMLDIQNTQQ, corresponding to amino acids 28-
98 of Grnd was fused to the N-terminus of His-MBP and used to inoculate mice. The
resulting hybridoma candidates were screened for IHC and Western Blot reactivity.
Grnd antibodies 7D9 and 6F10 were selected for IHC and Western Blot detection
respectively.

Immunofluorescence and microscopy

Larval imaginal discs were dissected in PBS, and fixed for 20 minutes in 4% PFA. After
rinsing in PBS, samples were blocked for one hour in PBT?® containing 5%NGS (Gibco)
and 1%BSA (Gibco). Primary and secondary staining was done overnight in block at
4°C. The primary antibodies and dilutions are listed in the Key Resources Table.



Secondary fluorophore-conjugated antibodies (Molecular Probes) were used at 1:250.
Confocal images were obtained on either a Leica TCS SP2 Scanning confocal
microscope or a Zeiss LSM 700 confocal microscope. For every experiment at least ten
discs were imaged, and representative images for each experiment were chosen.
Images were processed in either Adobe Photoshop CC or Fiji (Schindelin et al., 2012).

Cell counts and pupal volume measurements

WT, alg3, dlg and wts imaginal discs containing either ubiquitously expressed GFP or
RFP were collected and transferred to a polystyrene tube containing 500ul of 9x
Trypsin-EDTA (Sigma), 1x PBS and 0.5ug/ml Hoechst 3334. At least 20 discs per
genotype were collected, and counting experiments were repeated at least five times.
After ~4hrs of nutation at room temperature, proper cell dissociation was confirmed
using light microscopy. Cells were counted on a hemocytometer, and by pairing off GFP
and RFP positive genotypes, cell number ratios compared to WT were calculated. For
the assessment of pupal sizes, larvae were staged and numbers were controlled to
prevent crowding. At least 60 pupae per genotype were collected and imaged using a
Leica Z16 APO microscope. Pupal length (L) and width (W) were measured using Fiji
(Schindelin et al., 2012), and used to calculate pupal volume with the formula

413m(Z)(3)?.

Western blotting and PNGase assay

For Western blots, larvae were dissected in PBS, using carcasses (15 larva per sample)
without guts and fat body, or just the imaginal discs (60 discs per sample). Cell lysates
were homogenized in 1X RIPA with protease inhibitors (Roche). 40 pg of lysate was
loaded into wells. Proteins were electrophoresed at 200V for 45 minutes and blotted at
100V for 20-60 minutes depending on protein size. Membranes were blocked for an
hour in 5% NFDM. For staining, the primary antibodies and dilutions are listed in the
Key Resources Table. HRP-conjugated secondary antibodies were used at 1:10,000.
Blot was developed with standard ECL reagents (Advansta). The protein de-
glycosylation assay was done using PNGaseF (NEB) according to the user suggested
guidelines. Each Western Blot experiment has been repeated at least three times.

Co-Culture experiments

Dissected larval fat bodies expressing Venus-tagged Egr (R4>EgrVenus) were cultured
in a small volume of Schneider’'s medium (Gibco) containing 10% FBS (Gibco) and 1%
Pen/Strep (Caisson Labs) for 3 hours at 29°C. At least 12 larval imaginal discs of the
genotype of interest were added to this mixture and co-cultured for 5 hours at 29°C.
After culturing the discs are rinsed in PBS, and fixed for 20 minutes in 4% PFA. Each
Co-Culture experiment has been repeated at least three times.

*Quantification and Statistical Analysis

Fiji (Schindelin et al., 2012) was used to collect pupal dimensions, fluorescence
intensity, Western Blot quantification and disc/clone size measurements. Graphpad
Prism 5.03 and Excel (Microsoft Office) were used for statistical analysis and graphical
representations. Column graphs show the mean with error bars indicating standard



deviation, unless indicated otherwise. All experiments were repeated at least three
times. Specific n value per experiment indicated in the method details section. The
Student’s t-test was used to determine statistical significance, as well as the F-test for
determining the equality of variances in two-sample comparisons.
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