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Figure 2. Posterior transformation of lineage 0 in response to ectopic Ubx. Ventral
view z-projection of wild type lineage 0 clones in T1 (A) T2, and T3 (E) and of UAS-
Ubx lineage 0 clone in T1 (C) (green) against a wild type neurotactin background
(magenta) (A,C,E). (B,D,F) Single slice projections showing the relationship of the clone
projection (green) to lineage 2s (two magenta dots) in the anterior intermediate (al)
commissure of the neurotactin scaffold (magenta). Wild type lineage 0 in T1 projecting
to the posterior intermediate commissure (pl) and sending a lateral spray (B). UAS-Ubx
lineage 0 in T1 projecting to the level of lineage 2 in the al commissure (D) similar to
wild type lineage 0 in T2 and T3 (F).
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Lineage 3
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Figure 3. Posterior transformation of lineage 3 in response to ectopic Ubx. Ventral
view z-projection of entire wild type lineage 3 clone in T2 (A) and A1l (C) and of entire
UAS-Ubx lineage 3 clone in T2 (B). (A) Wild type lineage 3 in T2 showing both an
ipsilateral dorsal (id) and ipsilateral lateral (il) bundle with diffuse projections. (B) UAS-
Ubx lineage 3 in T2 showing a less diffuse id bundle only, which is similar to lineage 3 in
Al (O).
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Lineage 6
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Figure 4. Posterior transformation of lineage 6 in response to ectopic Ubx. Ventral
view z-projection of entire wild type lineage 6 clone in T2 (A) and A1l (C) and of entire
UAS-Ubx lineage 6 clone in T2 (B). (A) Wild type lineage 6 in T2 showing both a
contralateral dorsal (cd) bundle and a well-defined contralateral middle (cm) bundle. (B)
UAS-Ubx lineage 6 in T2 showing a cd bundle only, which is similar to wild type lineage
6 in A1, which often lacks a cm bundle or shows a very faint and incomplete cm bundle

(©).
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Lineage 9
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Figure 5. Posterior transformation and misguided axon projections of lineage 9 in
response to ectopic Ubx. Ventral view z-projection of entire wild type lineage 9 clone in
T2 (A) and Al (C) and of entire UAS-Ubx lineage 9 clone in T2 (B). (A) Wild type
lineage 9 in T2 showing a contralateral (c¢) bundle and a thick, curving ipsilateral (i)
bundle. (B) UAS-Ubx lineage 9 in T2 showing a thin ¢ bundle and a reduced, straighter 1
bundle, which is similar to wild type lineage 9 in A1 (C). Note: the thicker projection at
the right end of 9¢ (C) belongs to a different lineage. (B) Yellow arrow indicates anterior
projection of 9¢ in UAS-Ubx lineage 9 that is absent in wild type lineage 9 (A).
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Lineage 1

WTT3

UAS-Ubx T3

Figure 6. Cell death of lineage 1 in response to ectopic Ubx. Ventral view z-projection
of entire wild type (A) and UAS-Ubx (B) lineage 1 clones in T3. (A) Wild type lineage 1
clone displaying characteristic ipsilateral (i) and contralateral (c) bundles each with
complete diffuse projections. (B) UAS-Ubx lineage 1 clone showing a dying phenotype
with a reduced number of cell bodies, an incomplete ¢ bundle, and a missing i bundle.
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Lineage 13

WTT3

UAS-Ubx T3

Figure 7. Cell death of lineage 13 in response to ectopic Ubx. Ventral view z-
projection of entire wild type (A) and UAS-Ubx (B) lineage 13 clones in T3. (A) Wild
type lineage 13 clone displaying an ipsilateral (i) and contralateral (c) bundle. (B) UAS-
Ubx lineage 13 clone showing a dying phenotype with a reduced number of cell bodies, a
thin ¢ bundle, and a reduced 1 bundle.
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Lineage 15
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Figure 8. Cell death of lineage 15 in response to ectopic Ubx. Ventral view z-
projection of entire wild type (A) and UAS-Ubx (B) lineage 15 clones in T2. (B) UAS-
Ubx lineage 15 clone characteristically showing bright GFP expression but consisting of
fewer cells than wild type lineage 15 (A).
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Lineage 12
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Figure 9. Cell death of lineage 12 in response to ectopic Ubx. (A) Ventral view z-
projection of entire wild type lineage 12 clone in T1 showing normal projections. (B)
Ventral view z-projection of a dying UAS-Ubx cell cluster in T1 lacking defined
projections. (C) Single slice projection showing the relationship of the dying clone
projection from (B) (green) to wild type lineage projections (magenta) in the neurotactin
scaffold. The dying UAS-Ubx cell cluster is identified as lineage 12 for its location in
the characteristic three-dot triangle that the axons of lineages 3, 6, and 12 project in each
hemineuromere.
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Figure 10. Misguided axon projections of lineage 7 in response to ectopic Ubx.
Ventral view z-projection of entire wild type (A) and UAS-Ubx (B,D) lineage 7 clones in
T2. (A) Wild type lineage 7 clone showing a contralateral projection extending
anteriorly. (B) A pair of UAS-Ubx lineage 7 clones on either side of the midline, showing
contralateral projections extending posteriorly. (C) Single slice projection showing UAS-
Ubx lineage 7 clones from (B) (green) projecting posteriorly and meeting wild type
lineage 7 clones projecting anteriorly (magenta) in the segment below. (D) UAS-Ubx
lineage 7 clone showing a contralateral projection that stops and does not project
anteriorly or posteriorly. (E) Single slice projection showing UAS-Ubx lineage 7 clone
from (D) (green) stopping its projection in the anterior intermediate (al) commissure.
The wild type projection of lineage 7 from the other hemineuromere is seen projecting
anteriorly (magenta) while the UAS-Ubx lineage 7 projection does not project and cannot
be seen traveling up.
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Figure 11. Misguided axon projections of lineage 21 in response to ectopic Ubx.
Ventral view z-projection of entire wild type (A) and UAS-Ubx (B) lineage 21 clone in
T3. (A) Wild type lineage 21 sending one ipsilateral bundle that ends quickly and sends
a curly spray into the leg neuropil. (B) UAS-Ubx lineage 21 sending a longer ipsilateral
projection that travels farther and does not curl to spray in the leg neuropil.
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DISCUSSION

The means by which an organism develops a diverse set of highly organized cell
types from a single cell addresses the fundamental question of developmental biology
research. Specifically, the necessary intricacies required of functioning nervous systems
provide an intriguing example of the challenges of development. Many different types of
neuronal cells must establish an identity relative to their neighbors and then extend their
neurites to establish synaptic connections with appropriate targets. Although much
progress had been made in recent decades, the mechanisms controlling these processes
remain largely undefined.

The post-embryonic neurons of the ventral nervous system in Drosophila larvae
have proven to be an excellent new model system for studying nervous system
development (Truman, et al., 2004; Truman et al., 2010). These neurons arrest prior to
metamorphosis, providing a snapshot of the neural processes that will eventually be
elaborated to form the adult nervous system. Mapping of the post-embryonic neurons
revealed that the ventral nervous system is composed of morphologically distinct cell
lineages, and that the shape of these lineages often varies by segment in an
anteroposterior fashion (Truman et al., 2004).

Preliminary experiments with the homeotic complex gene Ubx have suggested it
plays a role in regulating neuron survival and morphology in the last thoracic (T3) and
first abdominal (A1) segments of the ventral nervous system. Ubx is expressed primarily

in segments T3 and Al, but in a lineage- and sometimes hemilineage-specific manner
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(E.C. Marin, W. Moats, and J.W. Truman, unpublished). Additionally, the loss of Ubx
causes an anterior transformation of many of the post-embryonic neuron lineages in T3
and A1l (E.C. Marin and J.W. Truman, unpublished). Finally, the Ubx gain of function
results presented here continue to support the role of Ubx in defining segment-specific
lineage survival and morphology, particularly between T3 and A1 and the other thoracic

neuromeres.

Posterior transformation of lineages that normally both appear in A1 and express
Ubx

Lineages 0, 3, 6, 9, and 19 all appear in A1, and all express Ubx in wild type
ventral nervous systems. Each of these lineages also displays a different phenotype in the
more posterior segments within the Ubx expression domain than in the more anterior
segments outside of the Ubx expression domain. Typically, these lineages project two
hemilineages in the thoracic neuromeres but only one hemilineage in the abdomen, with
the surviving hemilineage being Ubx positive. As expected, the overexpression of Ubx
caused a posterior transformation in these lineages. The expression levels of Ubx in
these lineages in T1 and T2 mimicked those of their T3 and A1 programs and thus they
took on the morphology of their T3 and A1 counterparts.

The posterior transformations observed in this Ubx gain of function experiment
suggest that Ubx is in some way dominant over Antp, the Hox gene that these lineages
express in the more anterior segments. In fact, in the embryo, many negative regulatory

Ubx binding sites have been characterized within the second of two Antp promoters
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(Appel and Sakonju, 1993; Birmingham et al., 1990). This would allow Ubx to repress

endogenous Antp expression when experimentally overexpressed in the Antp domain.

Ubx overexpression triggers cell death in lineages that normally do not express Ubx

Lineages 1, 4, 8, 12, 13, 15, 16, 20, 22, and 24 are only found in the thoracic
segments and do not express Ubx in wild type ventral nervous systems. The phenotypes
and infrequency or absence of these lineages in the UAS-Ubx MARCM ventral nervous
systems compared to the wild type nervous systems strongly suggest that the
misexpression of Ubx caused their cell death. Presumably, the expression of Ubx
indicates to the lineages that they are located in the abdomen where they are not normally
found, resulting in cell death. (Triple staining the nervous systems for a cell death marker
could help confirm this conclusion.) Ubx, however, may not play a direct role in
modulating lineage death and survival.

In the Ubx loss of function experiments, many of the lineages listed above were
not rescued in the abdomen, which one would expect to see if Ubx normally acted to
induce cell death. In fact, abdominal-A (abd-A), the Hox gene whose expression begins
posterior to that of Ubx, induces apoptosis in those neuroblasts fated to die in the
abdomen (Bello et al., 2003). Since abd-A expression should not be affected by the
UAS-Ubx MARCM technique, why wouldn’t more lineages survive in the thoracic
neuromeres despite ectopic Ubx expression?

The most plausible explanation rests on the fact that Antp is normally required to

prevent cell death of lineages in the thorax (Rogulja-Ortmann et al., 2008). Recall that
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the Hox genes exhibit posterior dominance in which the more posterior Hox proteins
inhibit those that are more anterior. Therefore, high levels of Ubx in the thoracic
segments of the ventral nervous system may prevent Antp from promoting cell survival,

instead of Ubx directly inducing cell death.

The respective roles of Antp and Ubx in segment-specific post-embryonic neuron
fate determination

It is clear that Ubx plays an important role in modulating neuron survival and
hemilineage determination in an anteroposterior manner. Specifically, Ubx seems to be
integral in sculpting the nervous system at the interface between the thoracic and
abdominal segments. What remains unclear, however, is the means by which Ubx acts to
accomplish this segmental neuronal patterning.

The interactions between Ubx and Antp have been studied in the embryonic
nervous system, which also demonstrates patterns of segment-specific cell survival. In
some cases it appears that Ubx represses Antp expression directly (Appel and Sakonju,
1993), while in other cases it appears that Ubx might be out-competing Antp for shared
target sites (Rogulja-Ortmann et al., 2008). Rogulja-Ortmann and colleagues, for
example, have identified several binding sites for both Ubx and Antp within the enhancer
of proapoptotic gene, reaper (2008).

In the future, several experiments need to be carried out to elucidate this
interaction between Ubx and Antp further. For example, inducing UAS-Ubx MARCM
clones and then staining for Antp will reveal whether ectopic Ubx is repressing Antp

transcription or whether the two proteins are both present but competing in those
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experimental clones. Conversely, staining for Antp in Ubx loss of function MARCM
clones will show whether Antp expression increases in anteriorly transformed T3 and A1
lineages when Ubx is not present to repress it. Additionally, the generation of a novel
UAS-Antp MARCM fly line will allow for the ectopic expression of Antp in MARCM
clones. If Ubx normally only acts to repress Antp transcription, the overexpression of
Antp via the MARCM system should generate anterior transformations like those in the
Ubx loss of function experiments. If Ubx and Antp are competing, however, the
phenotypes might vary across lineages depending on the levels of expression of each of

the Hox genes.

A possible role for Ubx in axon guidance during development

The appearance of misguided axon projections in a few of the lineages was an
unexpected result of this experiment, although perhaps not surprising, given the
complexity of nervous system development. A major component of neuronal identity
and function for the post-embryonic hemilineages is not simply survival of the neurons
but the consistent trajectory of those neurite bundles within the scaffold of other neurons.
As such, the neuronal cells not only need to respond to their own genetic program, but
they need to be able to respond to the signals of other cells and target neurons.

Although the specific signals for appropriate axonal projections in the ventral
nervous system are not yet known, it is likely that the overexpression of Ubx in post-
embryonic neurons might affect their ability to respond to those signals. In fact, studies

of the migration of larval sensory neurons in Drosophila offer some clues as to the
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possible role of Hox genes in axon guidance. It has been shown that the Hox cofactor
homothorax represses the activity of a well-known axon guidance molecule, Roundabout,
during Drosophila development (Kraut and Zinn, 2004).

The findings above suggest that in the ventral nervous system, the overexpression
of Ubx might alter the neuronal cells’ abilities to respond to axon guidance cues via Ubx
forming abnormal levels of transcription complexes that go on to affect cell-signaling
mechanisms. Analyzing the clones for levels of ectopic Ubx expression might provide
some insight to these misguided phenotypes. The level of Ubx expression in each
experimental clone depends on the strength of the Elav-GAL4 expression in that clone.
Lineage 15, for example, expresses extremely high levels of GFP compared to other
clones. Presumably, ectopic Ubx expression levels are also high in this lineage. Further
knowledge about the interaction of Hox genes with axon guidance machinery will be
needed, however, to understand how the overexpression of Ubx might be affecting the

processes of neural development.

Conclusion

In conclusion, this gain of function study has shown that Ubx is sufficient to
cause posterior transformation in the post-embryonic neurons of the ventral nervous
system in Drosophila melanogaster. This implicates Ubx as playing a major role in
establishing the segment-specific identities of neuronal lineages in an anteroposterior
manner. Specifically, it appears that Ubx acts in the regions of T3 and A1 to define the

boundary between thoracic and abdominal neuromeres. Future experiments with Ubx



APPENDIX

Genetic crossing scheme used for the construction of a novel fly line containing
UAS-Ubx and the appropriate FRT

yw; _UASUbx 9 ® w; neoFRT82B &
TM6BTb,Hu neoFRT82B

w;neoFRT82B Y ® yw;_ CxD &
yw UASUbx TM3Sb,Ser
(G418 neomycin antibiotic selective food

(1) neoFRT82B,UASUbx? & ® Sb Q
CxD TM6BTb,Hu
Multiple crosses each with a different isoline

neoFRT82B.UASUbx? ? ® neoFRT82B,UASUbx? &
TM6BTb,Hu TM6BTb,Hu

neoFRT82B, UASUbx
TM6BTb,Hu




