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causes significant mistargeting and cell death of Dm12 medulla neurons,
suggesting multifaceted roles for Dpr10-DIP-α interactions19,25. Similarly,
the recognition between yellow R7 photoreceptors (yR7) and yellow Dm8
neurons (yDm8) relies on the complementary expression of Dpr11 and
DIP-γ, respectively, and the lack of either dpr11 orDIP-γ leads to the failure
of yR7 and yDm8 to recognize each other and subsequent yDm8 cell
death16,30,31. Although extensive studies have uncovered roles for Dpr-DIP



MNs,DIP-α is expressed exclusively in these two IsMNs, and its interacting
partner, Dpr10, is expressed in a subset of muscles10,24. The interaction
between Dpr10 and DIP-α is required for the recognition between dorsal Is
MNs and several dorsal muscles. Specifically, loss of either dpr10 or DIP-α
leads to complete loss of dorsal Is MN innervation on m4, suggesting that
Dpr10-DIP-α interaction is absolutely required for m4-Is innervation. This
easily scorable phenotype prompted us to ask what other genes are involved
in this Dpr10-DIP-α-dependent synaptic recognition. Because loss of either
CSP results in complete loss of m4-Is connectivity and single heterozygotes
have either no or very mild phenotypes (see below), we created a sensitized
genetic background in which one copy of dpr10 andDIP-α are removed. In
this background, m4-Is innervation frequency is reduced to ~51% (Fig. 1b),
compared to a 90%m4-Is innervation frequency in wild type animals24.We
chose a dpr10CRISPR (dpr10CR) allele and a GAL4 insertion allele ofDIP-α
(DIP-α-GAL4) derived from a MiMIC line, which disrupts endogenous
DIP-α transcription and translation. Together with a UAS-2xEGFP con-
struct, this DIP-α-GAL4 allele aids identification of Is MN axons and neu-
romuscular junctions (NMJs) ondifferentmuscles sinceDIP-α is exclusively
expressed in IsMNs (Fig. 1b). The reduced m4-Is innervation frequency in
the sensitized background allowed us to screen for genetic interactors of the
Dpr10-DIP-α pathway by introducing other mutations – if a mutation



hkb genetically interacts with DIP-α, but not dpr10
Our sensitized background is heterozygous for both dpr10 and DIP-α.
Therefore, hkbmay genetically interact with either or both CSPs. Here, we
examined genetic interaction between hkb and dpr10 or DIP-α in trans-
heterozygous animals.We combined two different hkbmutant alleles (hkb2

or hkbA321R1) with a heterozygous dpr10 mutant or DIP-α mutant and
examined the m4-Is innervation frequency. In this and the following
experiments, we used a DIP-α CRISPR (DIP-αCR) allele since we will

primarily focus onm4-Is innervationandno longerneed to identify IsNMJs
on different muscles using DIP-α-GAL4.

In wild type animals, m4s are innervated about 90% of the time by the
dorsal Is MN, and single heterozygotes of dpr10 or hkb did not significantly
decrease this innervation frequency (Fig. 4a). We then examined trans-
heterozygotes of dpr10 and hkb and found that the m4-Is innervation fre-
quency was not significantly changed compared to single heterozygotes
(Fig. 4a), suggesting thathkb is not a genetic interactor fordpr10. In contrast,

Fig. 3 | A sub-screen identifiedhuckebein (hkb) as a
genetic interactor. a Cartoon depicting the deleted
regions within deficiency lines ED5100, ED5142,
and ED5046. b Quantification shows a significant
reduction of m4-Is innervation when combining
ED5046, but not ED5142, with the sensitized back-
ground, suggesting the shared region between the
original deficiency line (ED5100) and ED5046 cov-
ers the candidate gene(s). N (NMJs) = 177, 196, 155
and 155. p values are indicated. c Quantification of
sub-screen of individual genes from candidate
region shown in (a). Alleles used to create triple-
heterozygotes are, auxD128, abs00620, cpxMI00784,
vps24EY04708, hkb2, contG5080, tub2, lostEY11645. Note that
huckebein (hkb2) further reduced m4-Is innervation



heterozygous loss of DIP-α reduced m4-Is innervation frequency to 71%
(Fig. 4b), but the trans-heterozygotes ofDIP-α and hkb further reduced the
m4-Is innervation frequency to about 50%. Comparing the trans-
heterozygous data with single heterozygotes (Fig.



Fig. 5 | hkb is required for DIP-α-EGFP expression in dorsal Is MNs. a Cartoon
depicting the focal planes in (b–d). Representative images of dorsal IsMN cell bodies
(arrows in b) and ventral Is MN cell bodies (arrows in b’) labeled with GFP (green),
Eve (red), and FasII (magenta) in control embryos.DIP-α-EGFP is expressed in both
dorsal and ventral IsMNs.Note that there are also two interneurons on thedorsal side
of each hemisegment that express DIP-α-EGFP (arrowheads in b). c’ Representative
images of dorsal Is MN cell bodies (dashed circles in c) and ventral Is MN cell bodies
(arrows in c’) in hkb2 mutant embryos. Eve and DIP-α-EGFP are missing in dorsal Is

MNs, whereasDIP-α-EGFP





genetic screen, males from the Df lines or mutant lines were crossed to
sensitized females (DIP-α-GAL4; UAS-2×EGFP/CyO,actin >GFP; dpr10CR/
TM6,Tb,Hu) and triple-heterozygous female larvae were selected to
examine innervation frequency. For controls, w1118



Data availability
The source data behind the graphs in the paper can be found in Supple-
mentary Data 1.

Received: 19 July 2023; Accepted: 11 April 2024;

References
1. Krishnaswamy, A., Yamagata,M., Duan, X., Hong, Y. K. & Sanes, J. R.

https://doi.org/10.15252/embj.2020105763
https://doi.org/10.15252/embj.2020105763
https://doi.org/10.15252/embj.2020105763
https://doi.org/10.1016/j.neuron.2022.04.026
https://doi.org/10.1016/j.neuron.2022.04.026
https://doi.org/10.1016/j.neuron.2022.04.026


41. Cook, R. K. et al. The generation of chromosomal deletions to provide
extensive coverage and subdivision of the Drosophila melanogaster
genome. Genome Biol. 13, R21 (2012).

42. Roote, J. & Russell, S. Toward a complete Drosophiladeficiency kit.

https://doi.org/10.1523/jneurosci.1492-20.2020
https://doi.org/10.1523/jneurosci.1492-20.2020
https://doi.org/10.1523/jneurosci.1492-20.2020
https://doi.org/10.1038/s42003-024-06184-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	hkb is required for DIP-α expression and target recognition in the Drosophila neuromuscular circuit
	Results
	Genetic screen identifies hkb, a genetic interactor of Dpr10-�DIP-�α pathway
	hkb genetically interacts with DIP-α, but not dpr10
	hkb controls DIP-α expression in the dorsal�Is MNs
	hkb functions through eve to regulate DIP-α and dorsal Is MN innervation

	Discussion
	Methods
	Genetics
	Dissection, immunofluorescence, and imaging
	Quantification of Is MN innervation frequency
	Quantification of DIP-α-EGFP expression
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




