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Only select cell types in an organ display neoplasia when targeted
oncogenically. How developmental lineage hierarchies of these cells
prefigure their neoplastic propensities is not yet well-understood.
Here we show that neoplastic Drosophila epithelial cells reverse their
developmental commitments and switch to primitive cell states. In
a context of alleviated tissue surveillance, for example, loss of Lethal
giant larvae (Lgl) tumor suppressor in the wing primordium induced
epithelial neoplasia in its Homothorax (Hth)-expressing proximal do-
main. Transcriptional profile of proximally transformed mosaic wing
epithelium and functional tests revealed tumor cooperation by mul-
tiple signaling pathways. In contrast, g/~ clones in the Vestigial (Vg)-
expressing distal wing epithelium were eliminated by cell death. Dis-
tal Igl~ clones, however, could transform when both tissue surveil-
lance and cell death were compromised genetically and, alternatively,
when the transcription cofactor of Hippo signaling pathway, Yorkie
(Yki), was activated, or when Ras/EGFR signaling was up-regu-
lated. Furthermore, transforming distal /g/~ clones displayed loss
of Vg, suggesting reversal of their terminal cell fate commitment. In
contrast, reinforcing a distal (wing) cell fate commitment in g/~
clones by gaining Vg arrested their neoplasia and induced cell death.
We also show that neoplasia in both distal and proximal /g/~ clones
could progress in the absence of Hth, revealing Hth-independent
wing epithelial neoplasia. Likewise, neoplasia in the eye primordium
resulted in loss of Elav, a retinal cell marker; these, however, switch-
ed to an Hth-dependent primitive cell state. These results suggest a
general characteristic of “cells-of-origin” in epithelial cancers, namely
their propensity for switch to primitive cell states.

t is now well-recognized that only specific cell types in a given

developmental hierarchy transform neoplastically when targeted
by oncogenic lesions. For example, in mice, upon loss of the APC
tumor suppressor, only intestinal crypt stem cells display neoplastic
transformation while the transit amplifying cells, which are derived
from these crypt stem cells, do not (1). Identification of cancer cells
of origin is immensely important because biology of an oncogeni-
cally targeted cell is likely to provide clues to cancer pathogenesis
(reviewed in ref. 2). It is conceivable that ontogeny, meaning de-
velopmental history, plays a crucial role in determining neoplastic
propensity of oncogenically targeted cells. However, why different
cell types of an organ display distinct neoplastic propensities have
not yet been answered. Links between ontogeny and oncogeny
(neoplasia) could be interrogated in genetically tractable organ-
isms like the fruit fly, Drosophila, which carries a set of highly
conserved tumor suppressor genes and display neoplastic growth
when mutated (3).

Choice of a model organ to uncover the links between ontogeny
and oncogeny is guided by a clarity in our understanding of lineage
hierarchy among its different cell types. Epithelial primordia of
Drosophila adult organ, the so-called “imaginal discs,” are partic-
ularly suitable in this respect. The wing imaginal disc, for example,
is a composite organ primordium that gives rise to notum (dorsal
thorax) and hinge of the adult wing from its proximal domain
whereas the wing blade proper is derived from its distal (pouch)
domain (Fig. 1 A-C). Distal (wing) cell fate is specified by the
Vestigial (Vg) field selector (4) whereas EGFR signaling (5) and
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activities of the Teashirt (Tsh) field selector and a homeo-domain
transcription factor, Homothorax (Hth) (6, 7), specify proximal
cell fate. At early second-larval instar stage—that is, before its
proximal-distal lineage separation—the wing primordium displays
ubiquitous Hth expression (6, 7). During late-second and early-
third instar larval stages, a signaling axis set up by expression of
Notch (N) and its target Wingless (Wg) specify wing cell fate by
activating Vg (4) and repressing Hth at the presumptive distal tip of
the wing primordium (7). Subsequently, combined activities of Wg
and Vg in the distal domain create short-range feed-forward sig-
nals in collaboration with Yorkie (Yki) (8), the transcription co-
factor of the Hippo signaling pathway (reviewed in ref. 9), thereby
recruiting neighboring proximal cells into an expanding distal
(wing) field; the distal wing is thus carved out of a Hth-expressing
ground state. It has also been seen that when wing cell fate is not
specified, for example in the absence of distal Wg signaling, pre-
sumptive distal domain assumes a proximal cell state and displays
a duplicated proximal element: the notum (10). Furthermore, it
has also been seen that proximal domain of the wing primordium
can regenerate surgically ablated distal elements; however, a vice
versa-type event does not take place (reviewed in ref. 11).
These findings mirror progressive restriction of developmental
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Fig. 1. Distinct neoplastic propensities of Ig/~ clones
in proximal and distal wing imaginal disc epithelium.
Cartoons of (A) an adult wing and (B) third-instar
larval wing primordium. Notum and hinge (green)
are parts of the proximal wing; wing pouch (gray)
represents the distal wing blade. P-D designates
proximal-distal axis. (C) Cartoon of lateral view of
the wing imaginal disc epithelium, as seen in an

W

optical section, displaying its proximal (green) and
distal (gray) domains. (D-G) Images and data from
mosaic discs where Igi~ M* clones (absence of p-gal)
are surrounded by cell competition compromised
M~/M* heterozygous cells. (D) Note that /g/-M*
clones in the distal domain (blue stars) do not
transform neoplastically as revealed by their intact
cytoarchitecture (actin, gray). Proximally (yellow
stars), however, their altered cytoarchitecture reveals
their neoplastic transformation. (D’) An x-z optical
section along the yellow dotted line in D to reveal
intact and altered cytoarchitecture of distal (blue

Igt M* clones in M/M"* surrounding

1l

star) and proximally neoplastic clones (yellow star), P
respectively. (E) Proximal clones (yellow star) shows
expression of matrix metalloproteinase-1 (MMP1,
red) and breakdown of the basement membrane,
marked by collagen-IV-GFP (Coll-IV, green) while the
distal clone (blue star) does not; absence of p-gal
(gray) marks clone boundary. Higher magnifications
of boxed area of E is shown at the far right column
to reveal correspondence between disrupted base-
ment membrane (Coll-IV, arrowhead) with MMP1
expression (red) within the clonal area (absence of
p-gal, gray). (F-F"") In older (day 6) mosaic discs, distal -
(blue star) IgI"M* clones (absence of p-gal, green) P

Apical plane

Transformed Area:

were not seen in the apical plane (F), while in the
basal plane (F) these displayed extensive cell death
(caspase, red). Optical section along the x-z plane (F’)
through the yellow dotted line shown in F and F
reveals basal extrusion of these distal (blue star),
caspase-expressing (red) clones. Note the abundant
neoplastic transformation of proximal clones (yellow
stars) in all of the three optical planes. A<B indicates
the direction of of apical-basal polarity. (G) Plot of
total and transformed clonal area of proximal and
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distal /gI"M"* clones in mosaic wing imaginal discs through successive days of clonal growth. (H) Ig/~ clones marked by GFP (green) and generated in a cell death
compromised H99/+ genetic background. Distal clones (blue star) display intact cytoarchitecture (actin, gray) but proximally (yellow stars) these are neoplastically
transformed. (/) Cartoon representation of /g/~ clones in mosaic wing disc epithelium in different genetic contexts. Clonal age is shown as days after clone induction.

(Scale bars, 100 pm.)

capacities in the proximal-distal lineage hierarchy of the wing
primordia.

The eye imaginal disc of third-instar larva presents yet another
model organ primordium, where cells of a developmental hierarchy
representing distinct stages of retinal development are seen in
spatially discrete domains (12). These organ primordia (wing and
eye) therefore offer the advantage of spatial resolution of cells with
distinct developmental capacities. Furthermore, in these epithelial
primordia, cross-talks between a primary tumor (mutant cell) and its
tissue microenvironment, namely the neighboring nontransformed
cells, could be studied as well. A number of contact-dependent in-
tercellular tissue microenvironmental surveillance (reviewed in refs.
13 and 14) mechanisms (subsequently referred to as tissue surveil-
lance) has been suggested to restrain run away tumor growth in
mammalian models. In Drosophila imaginal epithelia as well, tissue
surveillance mechanisms, such as cell competition (15-18) and in-
trinsic tumor suppression (19), have been implicated in elimination
of neoplastic mutant clones.

Here we have examined mutant somatic clones of a highly
conserved tumor suppressor gene, lethal giant larvae (Igl), in the
primordia of adult wings and eyes. Our results reveal that cell
survival upon escape from tissue surveillance and gain of co-
operative signaling pathways (or transcription factors) propel
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lgl™ clones in both these organ primordia to lose their terminal
cell fate commitments resulting in their switch to primitive cell
states during the course of their tumor progression. In contrast,
imposing a terminal cell fate commitment by gain of a field (wing)
selector like Vg, for example, arrests neoplastic transformation of
Igl™ clones in the wing primordium and induces their large-scale
cell death. Given the conservation of fundamental developmental
and disease mechanisms, a ground rule of “switch-to-a-primitive-
cell-state” seen during epithelial neoplasia in Drosophila is there-
fore likely to be of wider relevance in our understanding of cancer
cells of origin and their pathogenesis.

Results

IglI~ Somatic Clones of Proximal and Distal Wing Primordia Display
Disparate Neoplastic Propensities. Cell competition is a tissue-sur-
veillance mechanism for organ homeostasis (reviewed in ref. 20).
Somatic clones mutant for the /gl tumor suppressor gene (Fig. S1B),
and also those of other Drosophila neoplastic tumor suppressors,
are eliminated from mosaic imaginal disc epithelium by cell com-
petition. Therefore, alleviation of cell competition in Igi~ clones
(and other neoplastic mutants) in a Minute (M~/M™*) surrounding is
permissive for their survival and eventual neoplasia (15-18)
through successive days of their clonal growth (Fig. S1C). However,
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despite growth and survival upon escape from cell competition-
mediated elimination, these Igl~ (henceforth depicted as lgl"M™)
clones displayed neoplastic transformation in only the proximal
domain (Fig. 1D). Neoplastic transformation of these g/~ clones is
accompanied by: (i) loss of apico-basal polarity as assayed by mis-
localization of either the actin cytoskeleton (18, 21) (Fig. 1D) or
apical/lateral membrane markers, such as Discs Lost, DIt (Fig. S1D)
and, subsequently, (if) by their invasive transformation, marked by
breakdown of their basement membrane (Fig. 1E). Proximal-distal
identity of these [g/"M™ clones could be readily ascertained by their
characteristic epithelial folds (Fig. 1D) or by marking the proximal
domain with Hth (Fig. S1E) (6, 7). However, despite a permissive
tissue microenvironmental context, distal Igl"M"* clones were
eliminated from the mosaic disc epithelium, after an initial period of
survival, because of cell death (blue star in Fig. 1F), and were basally
extruded from the wing epithelium (Fig. 1 F'—F"’). In contrast,
neoplasia in their proximal counterparts continued unabated (yel-
low stars in Fig. 1 F-F""); bulk of the neoplastically transformed g/~
clones in mosaic wing imaginal discs therefore is of proximal origin
(Fig. 1G). We also noted that basal extrusion of /g/~ clones and their
cell death could not be arrested by expressing a baculovirus inhibitor
of apoptosis, namely p35 (22) (Igl~ UAS-p35 clones in Fig. S1H).
Furthermore, distally extruded lgl™ clones also did not delaminate as
revealed by their intact basement membrane (Fig. S1G). In these
respects, extrusion of distal lgI~ clones seen here is distinct from
mutant clones displaying genomic instability, which often de-
laminate and turn neoplastic when rescued from cell death by a gain
of p35 (23).

Finally, because tissue surveillance-mediated elimination of
disadvantaged cells invokes apoptosis, we further argued that
a genetic compromise of cell death could rescue /g/™ clones from
tissue surveillance as well. Heterozygosity for a deficiency, Df(3L)
H99 (H99/+, in brief), which deletes three closely linked proa-
poptotic genes—namely, hid, grim, and reaper (24)—is known to
compromise cell death. We found that Igi™ clones generated in
a H99/+ genetic background displayed distal survival and proximal
transformation (day 5, Fig. 1H); however, in this genetic back-
ground as well, such as those in M*/M~, distal lgl~ clones displayed
basal extrusion after day 5 of their induction (Fig. S1F). Taken
together, these results reveal that neoplastic propensity of Ig/~
clones is linked to their proximal-distal lineage hierarchy, distal
being more resistant (Fig. 17).

Multiple Signaling Pathways Can Cooperate for Proximal Neoplasia.
Neoplastic transformation of somatic clones mutant for a given
Drosophila tamor suppressor gene could be triggered by gain of
cooperating signaling pathways (25, 26). Selective neoplastic
transformations of Igl™ clones in the proximal wing primordium
imply activation of such cooperating signaling pathways in this
spatial domain. To obtain an unbiased view of these misregulated
cellular signaling pathways, we performed genome-wide tran-
scriptional profiling of mosaic wing primordia carrying proximally
transformed lgl"M™ clones in an M~/M™ surrounding (for details,
see Fig. S1) and compared them with that of control mosaic wing
discs that carried M™ clones, also generated in an M /M™ sur-
rounding (Fig. S17). Thus, control and test mosaic discs differed
primarily in terms of their clonal genotypes, surrounding cells
being identical. We noticed twofold up- or down-regulation of
356 genes in test samples compared with control or baseline
samples (P < 0.05) (Fig. S1J), besides tight correspondence
among the biological replicates (Fig. S1K). Heat-maps of gene-
sets of different signaling pathways also displayed broad agree-
ments among their respective replicates (Fig. S1 L-O). However,
to assess the status of different signaling pathways in these mosaic
wing imaginal discs, we went beyond the fold-changes of in-
dividual genes and, instead, took a pathway centric approach
using gene-set enrichment analysis (GSEA) (27), a statistical tool
that uses an a priori-defined set of genes, to ascertain if these
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gene-sets are enriched in one biological state as compared with
another. We noted enrichment (P<0.05) of several signaling path-
ways, suggesting their misregulation in proximally transformed /g/™
clones; these include Hippo, Wnt/Wg, TGF-B, and EGFR pathways
(Fig. 2 A-D). Quantitative PCR of representative members of in-
dividual signaling pathways correlated with their transcriptional
status in the microarrays (Fig. 2 A4, ii, B, ii, C, ii, and D, if). Finally, we
noted that only proximally transformed g/~ clones displayed cellular
up-regulation of Hippo signaling targets (reviewed in ref. 9), such as,
Expanded (Ex) (Fig. 2E) (see also ref. 28) and Wg (Fig. 2F) (see also
ref. 29), also a ligand for Wg signaling (Fig. 2F).

To test if these signaling pathways enriched in transcriptional
profiles of mosaic discs are functionally relevant for g/ neoplasia,
we misregulated these signaling pathways, one at at a time, in Igl~
clones induced in a wild-type genetic background and asked if
these would now override their elimination by tissue surveillance
(see Fig. S1B). We misregulated Hippo signaling in Ig/~ clones by
inducing loss of Fat (Ft), a receptor of Hippo signaling; loss of Ft
triggers nuclear translocation of Yki, resulting in activation of its
target genes (reviewed in ref. 9). We noticed overproliferation and
neoplastic transformation of /g~ fi~ double-mutant clones in the
proximal domain but distally these were eliminated (Fig. 24, iii).
Similarly, gain of Wg signaling in /g/~ clones induced by over-
expression of Disheveled (Dsh), a down-stream transducer of Wg
signaling (30), resulted in proximal neoplasia in Igl~ UAS-dsh
clones, but distally these were eliminated by cell death (Fig. 2B, iii).
Proximal neoplasia of Igl™ clones were also noted following gain of
TGF-p or EGFR signaling pathways by expressing their respective
activated receptors, namely Thick-veins (Tkv®P) (Fig. 2C, iii) or
EGFR (EGFRM°P) (Fig. 2D, iii) but distally these were eliminated.
Of note, individual misregulations of these signaling pathways,
however, do not transform wing epithelial cells (Fig. S1 P-S).

Together, these results thus reveal that /gl-induced neoplasia in
proximal domain of wing imaginal disc could be driven by mis-
regulation of signaling pathways that are seen to be perturbed in
transcriptional profiles of mosaic discs.

Rescue of Distal /g/~ Clones from Cell Competition and Cell Death
Leads to Their Neoplastic Transformation. Distal elimination of /g/™
clones prevailed despite cooperation by signaling pathways (Fig.
2) or when cell death (H99/+) or cell competition (M~ /M™") was
individually compromised (Fig. 1). We thus asked if compro-
mising both cell competition and cell death simultaneously would
alleviate distal elimination of Igi"M™ clones generated in an M~/
M™; H99/+ genetic context. Indeed, in such a context, where both
cell competition and cell death are compromised, distal lgl"M™
clones were transformed (day 7, Fig. 34) although onset of their
neoplasia was substantially delayed (Fig. S24).

In light of the above results, it thus appeared surprising that
misregulation of most signaling pathways, particularly Hippo,
which promotes growth and cell competition (9, 31), failed to
override distal elimination of Igl~ clones (Fig. 24, iii). It is, however,
likely that the consequences of loss of Ft in distal and proximal
domains of the wing disc were not similar, presumably because of
its cross-talks with locally active morphogen signalings (32, 33). To
overcome this limitation of dissimilar outcomes of loss of Ft in
these two developmental domains, we overexpressed Yki in [gl™
clones under the ubiquitously active promoter of the fubulin gene.
Indeed, unlike lgl™ f~ clones (Fig. 24 iii), Yki overexpressing lgl~
clones (Igl~ UAS-yki) displayed massive overgrowth over the entire
wing imaginal disc because of fusion of these fast-growing clones
that obscured precise resolution of their proximal-distal origins
(Fig. S2B). We thus reduced the duration of heat shock from 30
min to 4 min so as to induce only few dispersed clones to help
resolve their proximal-distal spatial distribution. These discrete
lgl™ UAS-yki clones, induced by a shorter heat pulse, were seen in
both distal and proximal domains (Fig. 3 B and C). A closer ex-
amination revealed early signs of neoplasia in only some of these
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Fig. 2. Recruitment of multiple signaling pathways Hippo B Wg
during proximal wing neoplasia. (A-D) Transcrip- i GSEA i i
GSEA i -
tional status of Hippo (A), Wg (B), TGF-p (C), and 06 p<0.001 L _Clone Bivci : p<0.001 LIS ol itrsions

EGFR (D) signaling pathways and their functional ﬁg;

cooperation for Ig/~ neoplasia. (4, i-D, i) GSEA plots 0ol
display enrichment of these pathways at P < 0.05; Ll
y axis displays enrichment score (ES) and x axis dis-
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Quantitative real-time PCR of representative mem- 22 g

bers of the pathways show their up-regulation in E‘ gOAgJN—Q\—\l

Igl~ mosaics. Error bars represent SEM. (A, iii-D, iii) 8 9@ Lo ¥ : = e qx&{s?\\ @

Functional cooperation of individual signaling Ry s R il

pathways for /g/~ neoplasia; n represents the num- C | GSEA TGFp D ) EGFR 3

ber of mosaic discs examined in each case. (4, iii) 05 p=0.002| i lgrUAS-tkv@clones 0.5 d GSE:;O oD iii Igh UAS-EGFR" clones
Functional cooperation of Hippo signaling: mosaic 3‘;91* ]

wing discs bearing ft~ or Ig/~ ft~ clones (loss of GFP). 01

Distal (blue star) and proximal (yellow star) twin
spots in boxed areas are shown at higher magnifi-
cation in the Center; the far right panel shows their
cartoon representation. Note that proximal and
distal ft~ clones outgrow their wild-type twins (dark
green, red line). In contrast, distal g/~ ft~ clones are
conspicuous by their absence (question mark, blue
star), but their wild-type twin-spot grew as expected.
Proximal Igl~ ft~ clones display neoplastic trans- E
formation (actin, gray) and outgrow their wild-type
twins (dark green). Igl~ clones (GFP, green) over-
expressing UAS-dsh (B, iii), UAS-tkv?P (C, iii), and
UAS-EGFRYP (D, iii). Note that proximally all these
clones (yellow stars) are transformed (actin) but dis-
tally (blue stars) these are rarely seen in the apical
optical plane; however, basally these were invariably
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seen to be extruded. Mosaic disc in B, jii is marked for cell death (arrows, caspase, red), which are seen in the basal plane. (E) Selective up-regulation of Expanded,
Ex (red) and (F) Wg (red) in proximally transformed /g/~ clones (absence of green, yellow stars). Note that distally, where /g/~ clones are not neoplastically
transformed, Wg expression too was not altered in both 4- and 6-d-old clones (blue arrowheads). [Scale bar (applies to all panels), 100 um.]

distal g~ UAS-yki clones on the day 3 of clonal growth (Fig. 3B)
although by this time many of their proximal counterparts were
neoplastically transformed (Fig. 3B). Distal Igl~ UAS-yki clones
thus show a delayed onset of neoplasia. By day 4 of clone induction,
however, the majority of the Igi~ UAS-yki clones in both proximal
and distal wing primordia were neoplastically transformed (Fig. 3C),
while those that did not transform continued to display character-
istics of nontransformed epithelial cells, namely, densely packed
cells and compact nuclear morphology, as revealed by the nuclear
GFP marker, besides their intact actin cytoarchitecture (arrow in
Fig. 3C).

In summary, distal g/~ clones display neoplastic transformation
(Fig. 3D) when their elimination is arrested by simultaneously
compromising cell competition and cell death or when provided
with a substantial advantage in cell proliferation or cell compe-
tition by gain of a cooperating partner, like Yki.

Loss of Wing Cell Fate During Neoplasia of Distal Ig/~ Clones. Proxi-
mal-distal disparity in neoplastic propensity could be linked to
their respective lineage commitments. We thus asked if distally
transforming /g/~ clones retain their cellular memory by exam-
ining several exemplars of wing cell fate specification: namely,
Vg (4), Distalless (DIl) (34), and Nubbin (Nub) (35). We con-
sidered Igl~ UAS-yki clones ideal to examine this question be-
cause distally these are not eliminated (Fig. 3) and gain of Yki
alone does not alter distal expression of these markers (Fig. 4 A-
C). We noticed that down-regulation of Vg expression in g/~
UAS-yki clones sets in before the onset of neoplastic trans-
formation (actin): that is, on the day 3 of clone induction (Fig.
4D). Furthermore, Vg is extinguished by the day 4 of clone in-
duction (Fig. S2C), coinciding with neoplastic transformation of
Igl™ UAS-yki clones. Likewise, expressions of DIl (Fig. 4E) and
Nub (Fig. 4F) were extinguished in distally transformed Ig/™
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UAS-yki clones (day 4) as well. We also noticed loss of distal cell-
fate marker, DII, in mutant clones of another tumor suppressor,
Scribble (Scrib) (21) (Fig. S2D); loss of cell fate could thus be
prevalent during distal neoplasia.

The Yki transcription cofactor, in collaboration with one of its
binding partner, Scalloped (Sd), a TEA-domain transcription fac-
tor, positively regulates vg transcription (36). Furthermore, feed-
forward recruitment of Vg expression during expansion of the
presumptive wing blade region because of Wg signaling too is Yki-
mediated (8). Thus, loss of a terminal cell fate commitment in distal
Igl” UAS-yki clones (Fig. 4D) is unlikely to be because of gain of
a cooperative partner, like Yki; instead, it is likely to be a latent
characteristic of transforming Igl™ clone. To test this possibility, we
examined expression of Vg in lgf"M™ clones generated in an M~/
M™; H99/+ genetic context where these display distal survival and
neoplasia (Fig. 34) without the advantage of a forced gain of
a cooperating partner, like Yki (Fig. 3 B and C). Early stage lgl-M™*
clones (day 5 after clone induction, larval growth being slow in this
genetic context) did not display a loss of Vg and were characterized
by wiggly clonal borders (Fig. 4G), thereby revealing their normal
cell-cell adhesion with the surrounding (also Vg-expressing) cells.
Older Igi~M™ clones (day 7 after clone induction) (Fig. 4H) were of
two types: (i) those that displayed early signs of down-regulation of
Vg and showed smooth clone borders (yellow box, Fig. 4H), sug-
gesting their cell fate changes (37); and (ii) those that were neo-
plastically transformed (blue box, Fig. 4H) and displayed complete
loss of Vg, besides smooth clone borders. Loss of distal cell fate in
lgl™ clones therefore is a latent characteristic that manifests under
conditions permissive for their survival.

Imposition of Wing Cell Fate in Ig/~ Clones Arrests Neoplasia and

Induces Cell Death. In the wing primordium (Fig. 54), Vg is regu-
lated by inputs from two axial signaling cascades: N-Wg signaling
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Fig. 3. Distal neoplasia of /g/~ clones under conditions that override their
tissue microenvironmental surveillance and cell death. (A) /g/~ clones (absence
of B-gal, green) in a genetic context compromising both cell competition (M~/
M*) and cell death (H99/+) display neoplastic transformation (actin, red) in
both proximal (yellow star) and distal (blue star) domains. (B and C) Ig/~ UAS-
yki clones (GFP, green) induced by a short pulse of heat shock (4 min). On day
3, only proximal clones are transformed (yellow star #1), but distal clone (blue
star #2) display only early signs of actin reorganization (actin, red) (B). On day
4, proximal clones displayed neoplasia (yellows star) but distally one of the
two large clones is neoplastically transformed (blue star), while other is not
(arrow head) (C); optical sections along the x-z plane through the dotted line
across transformed (blue) and nontransformed (pink) clones are shown at the
bottom right panels to reveal altered F-Actin cytoarchitecture in only the
former. (D) Cartoon representation of transformed /g/~ clones in both distal
and proximal territories under conditions of reduced tissue surveillance and
cell death. n = number of discs examined. Scores for distal (d) or proximal (p)
clones showing neoplasia are displayed in the panel. A<B indicates apical-
basal polarity. [Scale bar (applies to all panels), 100 pm.]

inputs from the Dorsal-Ventral (D/V) axis and decapentaplegic
(Dpp) signaling inputs from the Anterior-Posterior (A/P) axis. N
signaling activates a D/V boundary enhancer of vg (4), which is
then maintained by Wg. Expression of Cut (Ct) (Fig. 54), a neu-
ronal cell fate marker on the D/V boundary (38), is also triggered
by N signaling and is maintained by its cross-talks with Wg sig-
naling (39). Furthermore, a combined N (4, 40) and Wg (35, 39)
signaling and activities of Yki (8) positively regulate Vg expression
in the wing pouch domain through its quadrant enhancer (Q-vg).
Finally, secreted Dpp signaling from the A/P axis too positively
regulates the Q-vg enhancer (4).

Loss of Vg in neoplastic /gi~ clones (Fig. 4D) could thus be
fallouts of down-regulation of these two A/P and D/V signaling
inputs. To test these possibilities, we first examined expression of
nuclear targets of these two axial signaling systems in distally
transformed gl UAS-yki clones. Spalt is a short-range Dpp
signaling target and its expression is compromised when Dpp
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signaling is down-regulated along the A/P axis (41). Expression
of Spalt, however, was not affected in Igl~ UAS-yki clones (Fig.
S2F). Thus, apparently, Dpp signaling is not compromised in
neoplastic [gl~ clones. In contrast, the N-Wg signaling target, Ct,
is down-regulated in [gl~ UAS-yki clones ahead of their neo-
plastic transformation (boxed area, Fig. 5B) and is extinguished
when these are neoplastically transformed (star, Fig. 5B). These
results therefore suggest a down-regulation or perturbation in
N-Wg signaling in distally transforming Igi~ UAS-yki clones. We
thus sought to test if a gain of N or Wg signaling would restore
expression of Vg in distal [g/~ clones. Gain of N, by expressing its
activated receptor (N™"®) (4), in distal wing hindered clonal
growth (Fig. S2G). This finding was not surprising because a high
threshed of N signaling in developing wing disc at the D/V
boundary corresponds to a zone of nonproliferating cells (4, 42).
N activation in distal lgl~ clones (Igl~ UAS-N""") resulted in their
elimination as well; however, proximally these were transformed
(Fig. S2H) and could ectopically turn on its targets, like DIl (Fig.
S2I). Clones displaying gain of Wg signaling (UAS-dsh) grew well
in both proximal and distal domains (Fig. 5C). Furthermore,
distally these inevitably displayed up-regulation of Vg (blue
arrowheads, Fig. 5C) but, in contrast, proximally only about 10%
of these clones showed ectopic gain of Vg (yellow arrowhead,
Fig. 5C) (see also ref. 35). Gain of Wg signaling in distal /g/~
clones (Igi~ UAS-dsh), however, resulted in their elimination by

IgF UAS-yki

Fig. 4. Loss of cell fate during distal neoplasia of Ig/~ clones. (A-C) Yki-
expressing (UAS-yki, green) clones do not alter distal expression of Vg (A), DIl (B),
or Nub (C) but (D-F) their Igi~ UAS-yki counterparts (GFP, green) do (blue stars).
Distal Igl~ UAS-yki clones shown in D display intact cytoarchitecture (actin),
whereas those shown in E and F are neoplastically transformed (actin). (G and H)
Expression of Vg in Igi-M"* clones (loss of GFP, green) induced in a cell competi-
tion (M~/M*) and cell death (H99/+) compromised context. Boxed area in a mosaic
distal wing imaginal disc, dissected day 5 after clone induction highlights wiggly
clonal borders (G); Vg (red) expression in these clones, however, is not affected
(shown at higher magnification). At a later stage of their growth, such clones
display both neoplastically transformed (blue star) and nontransformed (yellow
arrows) territories (H). Yellow boxed area is shown at a higher magnification at
far right column to reveal clonal territory (yellow dotted lines), which are not
transformed yet (actin, gray) but show down-regulation of Vg (arrowhead) and
smooth clone border. Blue boxed area shown at a higher magnification (shown
at the far right panel) display neoplasia (Actin, gray), loss of Vg (blue star), and
smooth clone border (dotted blue line). Scores of distal (d) clones are also shown.
(Scale bars, 100 pm.)
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Fig. 5. Distal cell fate is incompatible with neoplastic cell state. (A) Wild-type third-instar wing imaginal disc displaying expressions of a N target, Ct (red)
along the dorsal-ventral wing margin, and Vg (green) in distal wing (pouch domain); expression of Hth (purple) marks the proximal wing. (B) In a neo-
plastically transformed (actin, gray, blue star) distal /gI~ UAS-yki clones (green) expression of Ct (red) is extinguished. Boxed area marks a nontransformed distal
clone (actin, gray), which is shown at a higher magnification on the right to reveal early signs of loss of Ct (between the arrowheads). (C and D) Clones displaying
gain of Wg signaling (UAS-dsh, green) activate Vg in distal (blue arrowheads) and in select proximal (yellow arrowhead) clones (C). In contrast, Igl~ UAS-dsh
(green) clones are not seen in the distal wing (marked by Vg, red, D); proximally (outside the domain of Vg, red, D) these are neoplastically transformed, but fail to
display gain of Vg, unlike their UAS-dsh counterparts (C). (E-H) Gain of Vg (UAS-vg, green) does not affect growth or survival in distal (blue star) or proximal
(yellow star) domains of the wing primordium (£). However, Vg-expressing Ig/~ clones (IgI~ UAS-vg, green), are distally eliminated because of cell death (caspase,
red, F), but those that displayed proximal survival were not transformed (G). Higher magnification of boxed area in F and G is shown at the right and x-z sections
over the dotted line are shown at the far right. Apical-Basal (A<B) orientation in the x-z sections is shown. Note the dispersed distribution of the Ig/~ UAS-vg
clones (GFP, green) in the periphery of this proximal clone (marked by yellow arrowhead, G) and their basal extrusion as revealed in the x-z section. Nonextruded
Igl~ UAS-vg cells at the center of the clone are not transformed, as revealed by their intact cytoarchitecture (actin). (H) Igl UAS-vg; UAS-yki (green) clones display
cell death (caspase, red) both distally (blue star) and proximally (yellow star). Higher magnifications of proximal clones (marked by blue box) are shown at the
bottom panel to reveal densely packed cells and their intact cyto-architecture (actin). (/ and J) Schematic presentation of the outcome of gain of Wg signaling (/) or
the Vg transcription factor (J) in Ig/~ clones. Note that distally, where Wg signaling induces Vg expression (see C, above), Ig/~ UAS-dsh clones are eliminated while
those that are proximally transformed do not activate Vg (see D, above). Gain of Vg in Ig/~ clones, however, inevitably induces distal elimination while proximally
these remain growth-compromised and die extensively (see F-H). Scores for distal (d) or proximal (p) clones showing a given phenotype (loss or gain of a marker or

neoplasia) are displayed in respective panels. [Scale bar (A, B, and E-J), 100 um, (C and D), 200 pm.]

the day 4 of clone induction (Figs. 2B, iii and 5D) following an
initial and transient period of their survival when these showed
gain of Vg (Fig. S2 J and K). In contrast, proximal lgl~ UAS-dsh
clones were extensively transformed (Fig. 2B, iii); however, none
of these displayed gain of Vg (Fig. 5D), unlike their control
UAS-dsh counterparts (Fig. 5C). It is therefore likely that
proximal Igi~ UAS-dsh clones displaying gain of Vg are pref-
erentially eliminated (indeed, on day 2 after clone induction,
proximal Igl~ UAS-dsh clones displayed activation of Vg; see
Fig. S2K). Cell survival and neoplasia in distal /g/~ clones could
thus be linked to loss of Vg. Conversely, signaling pathways
which trigger expression of Vg may block neoplasia. To directly
test this possibility we examined the consequences of an out-
right gain of Vg in lgl™ clones. Control Vg-expressing clones (UAS-
vg) grew well in both distal and proximal domains (Fig. 5SE). In
contrast, distal lgl~ UAS-vg clones showed rapid elimination; thus,
these were rarely recovered (6 of 24 mosaic discs) after day 4 of
clone induction and appeared as small clusters of GFP-expressing
cells displaying cell death and basal extrusion (Fig. 5F). Proximal
survival of IgI~ UAS-vg clones (Fig. 5G), on the other hand,
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appeared marginally better than their distal counterparts (Fig. 5F).
However, these too displayed cell death (Fig. S2L) and basal ex-
trusion (Fig. 5G). Of note, in none of these lgl~ UAS-vg clones (n =
20) examined in 14 mosaic discs were neoplastically transformed
(Fig. 5G).

We further examined the consequences of gain of Yki in g/~
UAS-vg clones. However, despite gain of Yki, distal [gl~ UAS-vg
UAS-yki clones were poorly recovered (10 of 20 discs) and
showed extensive cell death (Fig. 5H). Proximally, Igi~ UAS-vg
UAS-yki clones displayed a somewhat improved survival than
their distal counterparts (Fig. 5H). However, these too displayed
high caspase activity (Fig. 5H) that appeared to offset their
growth advantage because of gain of Yki. Most significantly, none
(n = 30) of the proximal Igi~ UAS-vg UAS-yki clones, of the 17
mosaic discs examined, were transformed till the day 4 of clone
induction (Fig. 5H) and displayed dense cell packing and compact
nuclear morphology, unlike their [gl~ UAS-yki counterparts, which
were inevitably transformed at this clonal age (see Figs. 3 and 4).

In summary, distal gain of Wg signaling or Vg transcription
factor in Igl~ clones produced identical outcome: both induced
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Fig. 6. Hth-independent neoplasia in Ig/~ clones in wing primordium. (A-C)
Igl~ UAS-yki clones (GFP, green) at different clonal age; DIl (A and C) and Vg
(B) mark the distal domain. Note the progressive loss of these markers in
distal Ig/~ UAS-yki clones (blue star) and gain of Hth (gray) on day 4 (B) and
day 5 (C), but not on day 3 (A) of clone induction. Yellow star in C marks
a proximal clone. (D) A proximal Igl~ UAS-yki; UAS-hth-RNAi (GFP, green)
clone (yellow star) displaying loss of Hth (gray); it is, however, neoplastically
transformed such as its distal (blue star) counterpart (actin, purple). (E-G)
Gain of Ras/EGFR signaling in /g/~ clones represses distal cell fate and induces
Igl neoplasia. Igl~ UAS-ras”'? clones (GFP, green, E) on day 3 of clone in-
duction repress Vg (red) and display neoplasia (actin purple, F); boxed areas
in these images are shown at a higher magnification on their respective
right panels. (G) Schematic representation of proximal and distal neoplasia
in Igl clone upon gain of Ras/EGFR signaling. Scores displayed in A-C, E, and F
are for distal clones while scores in D are for for distal (d) or proximal (p)
clones. (Scale bars, 100 pm.)

cell death (Fig. 5 I andJ). Proximally, however, these displayed
two distinct outcomes: only those Igl~ UAS-dsh clones were
transformed neoplastically, which did not gain Vg, while their /g/™
UAS-vg counterparts failed to transform neoplastically and dis-
played cell death (Fig. 5 I andJ). Imposition of wing cell fate (gain
of Vg, for example) in lg/~ clones therefore blocks their neoplastic
transformation, induction of cell death apart.

Neoplastic Cell State in the Wing Imaginal Disc is Hth-Independent.
Roles of field selectors in cell fate determination (43) can be lik-
ened to binary switches: an ON state of Vg, for example, either
because of its ectopic activation (4) or developmental regulation
(44), imposes a wing cell fate by repressing or overriding a nonwing
cell state. Loss of Vg (OFF state) in distally transforming lg/™
clones would thus entail their reversal to a nonwing cell state. In
order to test if distal [g/™ clones assume a proximal-like cell state
during clonal growth, expression of Hth, which is required for
maintenance of proximal cell fate (6, 7), was examined. On the day
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3 of clone induction—that is, prior to neoplastic transformation
(Fig. 34)—distal Igl~ UAS-yki clones did not display a gain of Hth
(Fig. 64). On the day 4, only half of the distal Igi~ UAS-yki clones
displayed low-to-moderate gain in Hth expression (Fig. 6B), which
was more pronounced in clones closer to the hinge region. Older
(day 5) and distally neoplastic lgl~ UAS-yki clones (see Fig. 3D)
displayed uniform gain of Hth (blue star, Fig. 6C), matching their
proximally transformed counterparts (yellow star, Fig. 6C).

It is thus likely that distally transformed /g/™ clones, upon loss of
Vg, acquire an Hth-dependent proximal-like cell state. In other
words, Hth might cooperate for distal neoplasia of lgl~ UAS-yki
clones. We thus examined the consequences of misregulation of
Hth in Igl™ clones. IgI~ clones expressing Hth (IgI~ UAS-hth),
however, are mostly eliminated from distal wing, although proxi-
mally these were neoplastically transformed (Fig. S3B). Hth
therefore does not cooperate for distal neoplasia; this appears
consistent with the observation that distal gain of Hth does not
repress Vg (Fig. S34) (7). Expectedly, down-regulation of Hth
expression in Igl~ clones (Igl”UAS-yki UAS-hth-RNAi clones) did
not affect distal neoplasia (blue star, Fig. 6D). However, surpris-
ingly, these clones displayed proximal transformation, despite loss
of Hth (yellow star, Fig. 6D). These results reveal that distal gain of
Hth in /gl™ clones (Fig. 6 B and C), or its persistent expression in
proximal Igi~ clones (Fig. 6C), are functionally redundant for
neoplasia in the wing primordium. By extension, both distally and
proximally transformed Igl~ clones switch to cell states, which
are Hth-independent.

Ras/EGFR Signaling Represses Vg and Induces Distal Neoplasia. Given
the obligatory requirement of loss of Vg for lgl neoplasia (Figs. 4
and 9), it is likely that signaling pathways that negatively regulate
Vg too could cooperate for distal neoplasia of Ig/~ clones. The Ras/
EGFR signaling pathway, which regulates the choice of proximal
cell fate in the developing wing primordium, might belong to this
category of cooperative signaling partners for neoplasia in /g/~
clones (5, 10); gain of EGFR signaling, for example, down-regu-
lates Vg (Fig. S3G). However, because a gain of EGFR signaling in
Igl~ UAS-EGFR"” clones did not induce distal neoplasia (Fig. 2D,
iii), we sought to examine the consequences of gain of an activated
Ras kinase (Ras"'?), which phenocopy homeotic functions of Ras/
EGFR signaling in the wing primordium £/5, 10). We thus examined
the consequences of distal gain of Ras*'? in discrete lgl~ UAS-
ras”*? clones induced by a short pulse of heat shock (4 min) (Fig.
6F). These clones displayed repression of Vg (Fig. 6F), like their
UAS-ras”'? counterparts (5). Furthermore, these clones were
neoplastically transformed at a pace (day 3 of clone induction)
matching that of their proximal counterparts (Fig. 6F). Control
Ras""'*expressing clones (UAS-ras'’?) on the other hand tend to
sort out from their neighbors (Fig. S3 C-E), presumably as a con-
sequence of a switch in their cell fate (37), but otherwise remained
monolayered (45) and displayed intact cytoarchitecture (Fig. S3C).
Thus, oncogenic cooperation of Ras"'? for distal neoplasia as seen
here, and also those reported earlier (31), is likely to be aided by its
ability to induce Ras/EGFR-mediated reversal of cell fate com-
mitments (5) (summarized in Fig. 6G). Consistent with such a role
of Ras/EGFR signaling for distal neoplasia, we further noticed that
Igl~ UAS-EGFR"” clones too displayed distal neoplasia at an
elevated growth temperature (29 °C) (Fig. S3H); a stronger Gal4
activity at 29 °C, may therefore elevate the level of EGFRP, which
is presumably required to for its distal cooperation during neo-
plasia of lgI~ clones. In contrast, Igl~ UAS-tkve or Igl~ UAS-dsh
clones did not induce distal neoplasia at an elevated (29 °C)
growth temperature (Fig. S3 I and J), consistent with the fact that
gain of TGF-p or Wg signaling in distal wing would reinforce Vg
cell fate, which is incompatible with a neoplastic cell state (Fig. 5).

It may be further noted that although Ras¥'%-expressing clones
display distal gain of Hth (Fig. S3D), presumably because of a loss
of Vg, proximally it repressed Hth in the hinge domain (Fig. S3E).
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Fig. 7. Neoplastic cells of the eye primordium switch to an Hth-dependent
progenitor-like cell state. (A) Cartoon of third-instar larval eye imaginal disc
displaying three distinct stages of retinal development. The anterior-most
progenitor cells express Hth (green) followed by a zone of Dac-expressing
committed cells (peach) preceding the morphogenetic furrow (MF, arrow-
head), which is succeeded by differentiated retinal cells (Elav, red). (B) An eye
imaginal disc displaying domains of Elav and Hth expression. (C) scrib™ retinal
clone (loss of GFP, blue star). Boxed area in C is shown at a higher magnifi-
cation on the right to reveal loss of Elav (red) in the clone and its neoplastic
transformation (actin). (D and E) scrib-M"* clones (absence of GFP, blue star)
generated in a M~/M* surrounding. Boxed area in D is magnified on its right
panels to display gain of Hth (red) on day 3 of clone induction (D). Expansion
of clonal area on day 5 of clone induction results in near ubiquitous expres-
sion of Hth in the mosaic eye primordium. (F-J) Switch to a progenitor-like
cell state drives neoplasia in the eye primordium. An UAS-hth clone (F, green)
in the eye primordium; boxed area is shown on the right panels to reveal loss
of Elav (red, arrow) corresponding to the domain of gain of Hth (GFP, green,
arrow). scrib~ UAS-hth RNAI clones (G, green, yellow arrows) do not lose Elav
(red) and display characteristic ommatidial cytoarchitecture (actin, gray) and,
thus, are no longer neoplastically transformed. In Igi~ M* clones (loss of
GFP, green), generated in M/M* surrounding, endogenous domains of Elav
(red, H) or Hth (red, /) are not altered. In contrast, Ig/~ UAS-hth clones (green,
blue star, J) display loss of Elav (red) and neoplastic transformation (actin, blue).
The central large and neoplastically transformed clone (blue star) has popped
out of the plane of the rest of the eye disc. The clone on the margin of
the eye disc (yellow star) represents neoplastic transformation of margin
cells. [Scale bar (for all panels), 100 pm.]
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Furthermore, massively overgrown lgl~ UAS-ras*"? clones spanning

both distal and proximal domains display down-regulatlon of Hth
(Fig. S3F). Thus, Ras"'*-mediated lgI~ neoplasia in the wing pri-
mordium too, like those mediated by Yki (Fig. 6D), is Hth-
independent.

Neoplastic Cell State in the Eye Primordium Is Hth-Dependent. Cell
fate switch seen during neoplasia in the wing primordium could
be a general feature of tumor progression in Drosophila epithe-
lia. We examined this possibility in the eye imaginal disc where
progenitors of the adult ommatidia (eye) and their derivatives
are seen in discrete spatial domains. These include a domain of
Hth-expressing eye progenitor cells, succeeded by a population
of preproneural cells that are committed to retinal cell fate and
marked by expression of transcription factors, like Dachshund
(Dac) and Eyes absent (Eya), which is then followed by differ-
entiated retinal cells marked by Elav (Fig. 74 and B) (12).

Previously, it has been reported that Igi™ retinal clones neither
extinguish Elav nor transform neoplastically (18). Thus, we sought
to examine the consequences of loss of scrib (21). In the eye disc,
unlike their Igi~ counterparts, scrib™ clones displayed loss of Elav
(red, Fig. 7C), and were neoplastically transformed (actin) (Fig.
7C) (16, 25, 46). Importantly, scrib~ M* eye clones (in an M~/M*
surrounding) displayed an early gain of the retinal progenitor cell
marker, Hth (day 3, Fig. 7D), which turned ubiquitous as the clonal
territory expanded in the eye primordium (day 5; Fig. 7E). Pre-
viously, it has been shown that Hth expression arrests retinal cell
differentiation by blocking Elav expression (47), as is evident in
UAS-hth clones (Fig. 7F). Reversal in retinal cell differentiation
and neoplasia in scrib™ clones could thus be linked to their gain of
Hth. If true, loss of Hth in scrib™ eye clones would restore Elav
expression. Indeed, scrib™ UAS-hth-RNAi eye clones displayed
expression of Elav (red, Fig. 7G) and restoration of their charac-
teristic retinal cell architecture (actin, Fig. 7G). Given these find-
ings in the scrib™ clones (Fig. 7 D and E), we further argued that
a persistent state of retinal differentiation in Igl™ clones in the eye
primordium (Elav, Fig. 6H) (18, 47) could be linked to their in-
ability to recruit Hth activity (Fig. 6), unlike their scrib™ coun-
terparts (Fig. 7 D and E). Conversely, gain of Hth should then
render the retinal [g/™ clones neoplastic. Indeed, gain of Hth in /gl™
clones in the eye primordium (Ig/~ UAS-hth clones) resulted in
their neoplastic transformation (Fig. 7J), reminiscent of their
scrib™ counterparts (Fig. 7C).

Taken together, these results reveal that neoplasia in an onco-
genically targeted eye primordium sets in upon a cooperative gain
of Hth that blocks or reverses their retinal cell differentiation,
thereby switching to an Hth-dependent primitive/progenitor-like
cell state.

Discussion

Switch-to-a-Primitive-Cell-State and Escape from Cell Death: A
Framework for Drosophila Epithelial Neoplasia. Hallmarks of can-
cer, such as limitless replicative potential, escape from apoptosis
or self-sufficiency in growth signals (reviewed in ref. 48) suggest
subversion of normal developmental regulatory mechanisms dur-
ing neoplastic growth. Developmental contexts that enable such
neoplastic transformations, however, are not yet fully understood.
By examining the consequences of loss of tumor suppressor genes
in wing and eye primordia of Drosophila, we have herein asked
if ontogeny of a mutated cell could foretell its neoplastic pro-
pensities. Although these two organ primordia display disparate
developmental origins and their cell fates are specified by distinct
sets of transcription factors, our results reveal a common paradigm
of neoplasia: namely, their obligatory reversal to progenitor-like or
primitive cell states, characterized by two hallmarks: first, reversal
of their terminal cell fate commitments (loss of Vg and Elav in
wing and eye, respectively), and second, gain/activation of tran-
scription factors that are linked to primitive or progenitor-like
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Fig. 8. Both lineage-committed and differentiated cells switch to primitive cell
states during carcinogenesis. Cartoons of (A) wing and (B) eye discs displaying the
cells which are committed to proximal (Hth), distal (Vg) wing, or retinal (Dac) cell
fates or differentiated into retinal cells proper (red, Elav). Neoplastic trans-
formations (irregular mass of cells) of these cells entail the following: first, loss of
transcription factors that display their cell commitment (Vg) or differentiation
(Elav) and, second, switch to a primitive/progenitor-like cell state (light green).
Primitive cell state assumed by transformed /g/~ clones in the wing is Hth-
independent (A) while in the eye discs it is Hth-dependent (B).

developmental ground states (Fig. 8). Progression of an onco-
genically targeted cell to a cancerous state therefore depends on
its ability to recruit cellular partners, which promotes switch to
a developmentally primitive cell state: for instance, by a gain of
Ras/EGFR signaling in the distal wing or by a gain of a tran-
scription factor, like Hth, in the eye primordium.
Carcinogenesis is also proposed to be an outcome of essentially
two broad classes of cooperating events: first, oncogenic lesions
that provide proliferative drive in mutated cells and, second,
obligatory cellular cooperative events, such as genetic lesions or
epigenetic changes in cooperating partners that ensure survival of
the oncogenically targeted cells. Combination of these two cel-
lular events culminate in escape of oncogenically targeted cells
from cell death and, eventually, neoplasia (49, 50). We note that
neoplasia of /gl~ clones does not set in unless conditions per-
missive for their escape from cell death are available. Further-
more, loss of a terminal cell fate commitment (loss of Vg) is an
essential requirement for escape from cell death as well, and
thereby, neoplasia. Gain of Vg induces cell death in [g/™ clones,
both in the endogenous domain of its expression in distal wing
(Fig. 5F) and outside: that is, proximal wing (Fig. 5G). These
findings underscore primacy of cell fate reversal among the
obligatory cellular events that cooperate for survival of the neo-
plastic cells. Loss of terminal cell fate and reversal to a primitive
cell state are thus two intertwined cellular events that dictate cell
survival and transformation of oncogenically targeted cells.

Primitive Cell States, Cancer Cells-of-Origin, and Context-Dependent
Tumor Cooperation. Cells targeted by a neoplastic lesion are referred
to as “cells-of-mutation,” and those that finally display neoplastic
transformation are called “cells-of-origin.” All cells-of-mutation do
not turn into cells-of-origin in cancer (2), an enduring reason for cell
type-specific carcinogenesis. Cells-of-origin in cancer often tend to
display stem cell-like characteristics; for example, crypt stem cells in
intestinal epithelium that give rise to colorectal cancer (reviewed
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inref. 2). Conversely, cells-of-mutation in breast epithelial cells tend
to de-differentiate into a stem cell state before turning into cells-
of-origin in breast cancer (51). Furthermore, in breast carcinoma,
luminal cells with BRCA-1 mutation undergo basal-like cell fate
switch before their neoplastic transformation (52). These and other
examples notwithstanding, it is not yet clearly established if cells of
origin in cancer are inevitably progenitor cell-like in nature or if
lineage-committed or differentiated (nonprogenitor) cells too could
turn into cancer cells-of-origin through reversals in their cell states.
While our observations supports the latter alternative, namely
switch in cell fates during tumor progression (Fig. 8), we also note
that strategies for reversal in cell fate commitments are distinct in
different developmental contexts. In the distal wing, for example,
cellular reprogramming, exemplified by loss of Vg (Fig. 4, also see
ref. 53), is a latent characteristic of Igl™ clones that appears to be
hastened by down-regulation of N-Wg signaling, or possibly by
a concomitant gain of Ras/EGFR signaling. In the eye primordium,
switch-to-a-primitive-cell-state is triggered by recruitment of Hth
(Fig. 7), a regulator of progenitor cell state in the eye primordium
(12, 47). Furthermore, our results reveal developmental context-
dependent tumor cooperative roles of different signaling pathways
(Figs. 2,5, and 6) based on their ability to regulate local cell fates. For
example, N, Wg, or Dpp (TGF-p) signalings, which promote a wing
cell fate commitment (positive regulators of Vg), do not cooperate
for neoplasia of lg/™ clone in the distal wing (Figs. 2 and 5). Signaling
pathways that promote neoplasia in one developmental context can
thus suppress tumor progression in another.

Core Gene-Set for Primitive and Neoplastic Cell States. An intractable
link between primitive and neoplastic cell states seen here is a
pointer towards recruitment of a core gene-set in both these cell
states. The transcription cofactor of the Hippo pathway, Yki,
(reviewed in ref. 9), its target dMyc (54), and its partner Hth (12),
are thus likely to be crucial members of this core gene-set. It has
been previously shown that Yki is activated upon loss of Lgl (46,
55) or Scrib (16, 31) while its target dMyc is a driver of neoplasia
in Igl” (17) and scrib™ (16) mutant cells. Further, mammalian
homolog of Yki, namely, transcriptional co-activator with
PDZ-binding motif (TAZ), induces stem cell-like characteristic
in breast epithelial cells transformed by loss of the Scrib (56).
In Drosophila too, YKki is likely to be implicated in maintenance
of stem cell-like characteristic: it is recruited in regenerating
epithelial cells (55) and also plays a role in the maintenance of
intestinal cell homeostasis (57). Furthermore, a Myc network
has been shown to be an active component of both human em-
bryonic stem cells and cancer cells (58). Hth, on the other hand,
in collaboration with Yki, plays a critical role in the maintenance
of retinal progenitor cells (12) which is likely to to be evolu-
tionarily conserved (59). Further, recruitment of Hth during
retinal cell neoplasia in Drosophila (Fig. 7) implicates this core
gene-set in their switch to a progenitor-like cell state (Fig. 6).
During normal course of development, Yki recruits different
transcription factors, such as Hth (12), Sd (36), and Mad, the
transcription factor of Dpp/TGF-f signaling pathway, in a de-
velopmental context-dependent manner (60). We note that neo-
plasia in the wing primordium is Hth-independent (Fig. 6), unlike
that of the eye primordium (Fig. 7). In the wing primordium
therefore Yki presumably partners with transcription factor(s)
other than Hth to induce neoplasia. Rich genetics of the fly model
could thus be explored to screen for these diverse sets of tran-
scription factors with spatially distinct cooperative or tumor-
suppressive roles in carcinogenesis.

Experimental Procedures

Genetic stocks of Drosophila were received from Bloomington Drosophila
Stock Center, while antibodies were procured from Developmental Studies
Hybridoma Bank or received as gifts from other investigators. Detailed
material and methods are provided in S/ Experimental Procedures.
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