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of the eye disc, is required to activate Antp in the Pc knockdown
discs (Fig. 3). We propose that, in normal eye development, the
ability of Tsh to activate Antp expression (and to induce an eye-to-
wing transformation) is inhibited by the presence of both the RD
network and the PcG-silencing machinery. In summary, the
similarity of GRNs between the eye and wing contributes to this
tissue fate change.

Distinct Polycomb complexes cooperate to maintain eye fate
Although losing Pc (PRC1) induces the eye-to-wing transformation,
knocking down E(z) (PRC2) does not induce this fate change (Fig. 4).
This discrepancy could be due to the difference in gene targets
between PRC1 and PRC2, as recent studies have shown that PRC1
regulates a large set of proliferation and signaling-associated genes,
including the JAK/STAT and Notch signaling pathways,
independently of PRC2 (Classen et al., 2009; Loubiere et al., 2016;
Martinez et al., 2009). The failure to induce over-proliferation in
PRC2 knockdowns is the most likely explanation for why eye-to-wing
transformations are observed only in PRC1 knockdowns. It has also
been shown that when Antp is overexpressed in the developing eye
disc, ectopic wings form within the head epidermis only when Notch
signaling is co-activated, suggesting that increased cell proliferation is
necessary for the fate switch (Kurata et al., 2000).

Unlike removal of Pc, individual knockdown of either PhoRC
member (Pho or Sfmbt) fails to alter the fate of the eye disc, despite
the fact that PhoRC recruits PRC1 and PRC2. Although PhoRC
brings PRC1 and PRC2 to the PRE:s to initiate gene silencing (Frey
et al., 2016), it might be possible that the spreading of PRC1 and

PRC?2 along the genome, via sterile alpha motif (SAM) interaction
domains, occurs independently of PhoRC. We conducted time-
course experiments to investigate the requirement of Pc and Sfmbt/
Pax6 at various developmental stages. In our model (Fig. 8), PhoRC
initially recruits PRC1 to the PREs within non-retinal genes such as
Antp during early embryogenesis. As development proceeds, PRC1
and PRC2 spread along the entire gene locus, independently of
PhoRC. Members of the PRC1 and PRC2 complexes contain SAM
domains. These have been shown to be capable of facilitating the
polymerization of protein chains (Webber et al., 2013). Finally, after
local nucleosomes within non-retinal genes have been compacted
into the Pc bodies (Bantignies et al., 2011), we propose that the
transcription of inactive genes is completely silenced. This is
supported by genome-wide chromatin immunoprecipitation (ChIP)
analysis showing that high levels of H3K27me3 (tri-methylation
marks at the H3K27 position) are found on the Antp gene locus
(Classen et al., 2009). At this stage, newly synthesized PCGs are no
longer needed to prevent changes in the fate of eye progenitor cells
(Fig. 8).

Our model results contrast with those of several recent studies
showing that PREs are required for gene silencing in the developing
wing disc as late as the third larval instar (Coleman and Struhl,
2017; Laprell et al., 2017). However, as we have shown with the
Sfmbt loss-of-function mutant, responses to loss of PcG activity
show tissue specificity in various tissue types (Klymenko et al.,
2006). Previous studies demonstrate that the wing-to-haltere
transformation could be triggered in Pc mutant clones in the wing
disc induced at as late as 108 h AEL, but the second-to-first-leg

Fig. 8. Model for the repression of wing selector genes in the eye-antennal disc. PcG proteins establish and maintain eye fate within progenitors (orange region)
of the eye disc. Based on our findings, we propose that PhoRC initially recruits PRC1 and PRC2 to a PRE site within the Antp locus during early embryogenesis. During
late embryogenesis and the first larval instar (L1) stage, the PRC1/PRC2 complexes spread along the entire Antp locus, possibly through SAM domain-mediated

polymerization. From the second larval instar (L2) stage onwards, PRC1 and PRC2 remain and compact chromatin, thereby permanently silencing the Antp locus.
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transformation could no longer be triggered if Pc mutant clones are
induced in the leg disc later than 24 h AEL (Tiong and Russell,
1990). We propose that the resistance of the eye disc to loss of Sfmbt
could be due to the presence of the RD network. Thus, reduction in
levels of Pax6 might cause a delay in the differentiation of eye
progenitor cells, thereby keeping these cells in an earlier and
developmentally more pluripotent state. As a result, the concomitant
loss of Pax6 and PhoRC during late embryogenesis results in the
reprogramming of the eye into a wing. However, knocking
down other RD genes, such as eya or so, is not sufficient to cause
this PcG loss-dependent tissue transformation. eya and so are
essential for photoreceptor differentiation, but are activated by Pax6
in later development (from the early second instar). Our results
indicate that simply blocking the eye development at any stage
cannot trigger the reprogramming of the eye to a wing, indicating
that cells in the eye field have already committed to the fate of the
head segment.

In conclusion, our finding that PcG complexes function to
prevent the eye imaginal disc from adopting a wing fate provides a
potential way to understand transdetermination events. The path that
the eye-antennal disc takes is not straight. Instead, it looks much
like a creode that was described for a cell by C. H. Waddington
(Waddington, 1957). Early in development, the progenitor cells in
the eye disc have many paths that they can take, including all the
fates that are found within the eye-antennal disc and some that are
normally reserved for other discs. A combination of transcription
factors and epigenetic enzymes work to push the eye disc down the
desired path. Alterations to the levels of these factors can drive the
eye towards alternative fates such as those of the antenna, leg, head
epidermis and wing. These findings coupled with further research
on the epigenetic regulation of disc development will provide a
clearer understanding of organ growth, tissue specification, pattern
formation and regeneration.

MATERIALS AND METHODS

Fly stocks and clonal analysis

The following fly stocks were used: (1) DE-GAL4 (Georg Halder, Katholic
University, Leuven, Belgium); (2) UAS-Pc RNAi [Bloomington Drosophila
Stock Center (BDSC), Indiana University, Bloomington, USA]; (3) UAS-
tsh RNAi (BDSC); (4) ey-GAL4 (BDSC); (5) Sfinbt’ (Jurg Muller, Max
Planck Institute of Biochemistry, Martinsried, Germany); (6) UAS-ey RNAi
(BDSC); (7) UAS-toy RNAi (BDSC); (8) UAS-Sfinbt RNAi (BDSC); (9)
FRT404 Ubi GFP/CyO (BDSC); (10) ey-FLP (BDSC); (11) eya’® (Nancy
Bonini, University of Pennsylvania, Philadelphia, USA); (12) UAS-GFP
(BDSC); (13) tub-GALS80™ (BDSC); (14) dilp8-GFP (BDSC); (15) UAS-
E(z) RNAi (BDSC); (16) UAS-ph-d RNAi (BDSC); (17) UAS-ph-p RNAi
(BDSC); (18) UAS-pho RNAi (BDSC); and (19) ey” (BDSC). All crosses
were conducted at 25°C except for time-course experiments, which were
conducted at 18°C and/or 30°C.

Antibodies and microscopy

The following primary antibodies were used: (1) rabbit anti-Vg (1:50, Sean
Carroll, University of Wisconsin, Madison, Wisconsin, USA); (2) mouse
anti-Eya [1:4, Developmental Studies Hybridoma Bank (DSHB),
University of Iowa, Iowa City, USA]; (3) rat anti-Ci (1:100, Robert
Holmgren, Northwestern University, Evanston, USA); (4) mouse anti-En
(1:100, DSHB); (5) mouse anti-Antp 8C11 (1:100, DSHB); (6) rabbit anti-
Pc (1:100, Vincenzo Pirrotta, Rutgers University, Piscataway, USA); (7)
mouse anti-Ubx (1:500, DSHB); (8) mouse anti-Ey (1:100, DSHB); (9) rat
anti-Elav (1:100, DSHB); (10) guinea pig anti-Toy (1:500, Henry Sun,
Academia Sinica, Taipei, Taiwan); (11) mouse anti-DIl (1:500, Dianne
Duncan, Washington University, St. Louis, Missouri, USA); (12) mouse
anti-Cut (1:100, DSHB); (13) mouse anti-Wg (1:800, DSHB); (14) mouse
anti-Scr (1:100, DSHB); (15) mouse anti-AbdB (1:50, DHSB); (16) rabbit

anti-Dfd (1:80, Thom Kaufman, Indiana University, Bloomington, USA);
(17) rabbit anti-Pb (1:50, Thom Kaufman); (18) rabbit anti-Lab (1:50, Thom
Kaufman); and (19) chicken anti-p-gal (1:800, Abcam). Fluorophore-
conjugated secondary antibodies and phalloidin-fluorophore conjugates
were obtained from Molecular Probes (Invitrogen). Imaginal discs were
prepared as previously described (Spratford and Kumar, 2014) and
photographed using either a Zeiss Axioplan I compound microscope or a
Leica SP5 Scanning Confocal microscope. Adult flies were viewed with a
Zeiss Discovery light microscope and a Leica M205FA Stereo microscope.

Quantification of eye-to-wing transformations and the size of eye
fields

An eye-to-wing transformation was scored as such if we were able to
identify a new wing pouch. Adobe Photoshop CC 2015 was used to outline
and measure the area of the eye field. Statistical significance was calculated
using one-way ANOVA with GraphPad Prism.

Time-course experiments and clonal analysis

tub-Gal80®; DE-GAL4>Pc RNAi, tub-Gal80”,; DE-GAL4>Sfmbt RNAi+ey
RNAi or tub-Gal80*; DE-GAL4>Sfmbt RNAi+toy RNAi eggs were
collected for 2 h at 25°C and then kept at 18°C (permissive temperature)
for various time periods before being shifted to 30°C (non-permissive
temperature). Eye-antennal discs were dissected either at the wandering third
instar larval stage or at defined time points after shifts in temperature. Sfimbt!
loss-of-function clones were induced in eye-antennal discs of ey-FLP;
FRT40A4 Ubi-GFP/FRT40A4 Sfmbt’ flies.
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