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This important work contributes a transcriptional dataset that identifies potential genes
involved in axon initial growth and axon regrowth, followed by a characterization of axon
phenotypes after knockdown of a subset of these genes. Focused experiments on a single
gene, Pmvk, highlight the potential role of the mevalonate pathway in axon regrowth. The
methods are convincing, though partially incomplete. The data establish a basis for
further studies on axonal development and will be of interest to both developmental
neurobiologists and those seeking to develop molecular tools to target, monitor, and
manipulate axon morphology and function.

https://doi.org/10.7554/eLife.109630.1.sa2

Abstract

The ability of neurons to extend axons is governed by tightly regulated genetic programs that vary
across developmental stages and cell types. Understanding the molecular features that control
axon growth potential is critical for uncovering how neural circuits form, mature, and respond to
injury or disease. The Drosophila mushroom body (MB) offers a powerful model to dissect axon
growth programs, as lineage-related Kenyon cells (KCs) undergo different developmental events
under shared spatiotemporal conditions. During metamorphosis, y-KCs undergo axon pruning,
followed by developmental regrowth at the same time-frame as a/B-KCs initiate axon growth - thus
providing a unique opportunity to compare these distinct growth paradigms. We thus performed
RNA-sequencing of a/B-and y-KCs during their initial growth and developmental regrowth,
respectively, revealing dynamic transcriptional changes and identifying 300 shared genes
upregulated during both growth states. A targeted loss-of-function screen revealed genes
specifically required for either o/ initial growth, y regrowth, or both. Focusing on one such
candidate, Pmvk, we found that it plays a crucial role in axon regrowth by acting within the
mevalonate pathway. Notably, other enzymes in this pathway were also required, suggesting that
the entire metabolic pathway is essential for supporting regrowth. Genetic mutant analyses and
rescue exepriements suggest that Pmvk likely controls axon regrowth via Rheb, an effector of the
TOR pathway, which we previously found to be required for regrowth. Our developmental
transcriptomic atlas not only advances understanding of intrinsic axon growth programs, but also
provides candidate genes and a valuable framework for future studies aimed at enhancing axon
regeneration in the adult nervous system.
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Introduction

Axon growth is essential for correct circuit formation during development. It is a tightly controlled
process, and an emerging paradigm claims that axon growth and synaptogenesis are mutually
exclusive processe (Bradke, 2022 2 ; Hilton et al., 2022 (). Despite its significance, the cellular and
molecular mechanisms that govern different axon growth states are not fully understood. Axon

regenerate, the peripheral nervous system can sprout and grow new connections. Regeneration is
influenced by both intrinsic factors that determine axon growth potential, and extrinsic factors
such as deposits by glia or other cells (Sutherland and Geoffroy, 20202 ; Zheng and Tuszynski,
2023 2). Therefore, understanding how intrinsic axon growth capacity is mechanistically

regulated in different developmental contexts should also forward our understanding of what
limits axon regeneration in pathological states such as spinal cord injury.

Drosophila is an excellent model organism to investigate axon growth potential in different
developmental contexts, due to its unparalleled neurogenetic toolkit combined with the extensive
remodeling of its nervous system during metamorphosis. Neuronal remodeling is a conserved
strategy to refine neural circuits, by eliminating exuberant connections and promoting regrowth
toward adult-specific targets (Schuldiner and Yaron, 2015 ). The Drosophila mushroom body
(MB), a center of associative learning and memory in the fly brain (Belle and Heisenberg, 1994 @),
undergoes stereotypic remodeling during early pupal stages. The MB is comprised of three major
types of intrinsic neurons: the y-, a'/B'-and a/B-Kenyon Cells (KCs), sequentially born from four
neuroblasts per hemisphere (Lee et al., 1999 @@). The first-born y-KCs initially extend axons that
bifurcate to form the larval vertical and medial lobes. However, in early pupae (initiated at ~6
hours after puparium formation; h APF), both axonal lobes are pruned back to their branch point,
followed by axon regrowth (initiated at ~24h APF) to form the adult-specific y lobe that only
projects medially (Lee et al., 1999 ). In contrast, the later-born a'/f'-and a/B-KCs retain their

axons occurs at ~24h APF - the same time in which y-axons initiate developmental regrowth.

y-axons thus undergo dynamic transitions between intial growth, pruning, and regrowth, all of
Rabinovich et al., 20163 ; Yaniv et al., 2012 @), implying they are goverened by genetic programs.
We previously employed RNA-sequencing to characterize the transcriptional landscape of y-KCs
throughout development at high temporal resolution (Alyagor et al., 20182 ). Moreover, our lab
demonstrated that the molecular mechanisms underyling developmental regrowth are distinct
from those of initial axon growth, yet show similarities to regeneration after injury (Marmor-Kollet
and Schuldiner, 2016 % ; Rabinovich et al., 2016 &2 ; Sudarsanam et al., 2020 (%; Yaniv et al., 2020 @).
The fact that different axon growth states share core machinery yet also show distinct pathways
depending on the cellular and developmental context, motivated us to directly compare the

genetic programs of initial axon growth and developmental axon regrowth.

In this study, we took advantage of the temporal overlap between o/f initial growth and y
regrowth to compare the transciptional landscape of these distinct axon growth programs
occuring in a similar developmental, environmental and lineage context (Fig ). This
comparison laid the groundwork for a large-scale loss-of-function screen aimed at uncovering
genes and pathways required for both axon growth paradigms. Through this approach, we
identified 12 genes that are required for initial axon growth and/or regrowth. We delved deeper
into phosphomevalonate kinase (Pmvk), an enzyme in the mevalonate pathway, and found that it
likely promotes axon regrowth, but not initial growth, at least in part via the TOR pathway.
Together, our findings reveal shared and divergent molecular pathways underlying distinct axon
growth programs, offering new insights into how intrinsic factors shape neuronal growth capacity.

By combining time-course transcriptional profiling of defined neuronal populations with
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Figure 1. Lineage-related neuronal types undergo intial axon growth and regrowth in shared

spatiotemporal conditions.

(A) A model of MB development highlighting that the regrowth of y-axons temporally and spatially overlaps with the initial
growth of a/B-axons. (B) A Venn diagram depicting the theoretical and predicted comparison between a/p initial axon
growth and y-axon regrowth. (C) Confocal Z-projections of R16B01-Gal4 driving expression of membranal GFP (mCD8::GFP),
which specifically labels developing a/B-KCs during the pupal stage. The images were captured at five time points between

18h until 36h APF, when the axons reach the end of the lobes. At 18h APF, four groups of cell bodies can be observed,
corresponding to newly born cells from the four neuroblasts, each sending out short axons that progressively extend in each

subsequent image. The axon tips are marked with arrows. (D) Confocal Z-projections of y-KCs labeled with R71G10-Gal4
driving mCD8::GFP, as identified by (Alyagor et al., 2018 (2 ), between 18h to 30h APF. At 21h APF, the axons are completely
pruned and begin to re-extend for a second time. By 24h APF, the regrowing axons are visible (arrow). (E) PCA of a/B and y-

Neuroscience

KC expression profiles during development and in adult. Color code depicts neuronal type (green for y and magenta for a/B)
and developmental stage (from light to dark as development progresses).
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Figure 2. Comparative transcriptomic analysis of a/B-axon initial growth and y-axon regrowth.

(A) Heatmap showing k-means clustering of 3345 differentially expressed genes during a/B-KC development. Light blue and
magenta represent low and high relative expression, respectively. (B) Heatmaps showing k-means re-clustering of 842 genes
from cluster 1 or 320 genes from cluster 2 based on their y-KC transcriptional profiling. Blue and coral represent low and high
relative expression, respectively. For all the heatmaps, each horizontal line describes the relative expression of a single gene.
Gene expression was determined in five timepoints after pupa formation (18, 21, 24, 27 and 30 hours APF) and in adult. The
number of genes within selected clusters are specified to the right. A flow chart detailing the criteria used to select candidate
genes for the loss-of-function (LOF) screen.
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Figure 3. RNAi-based screen identifies 12 genes that are essential for y-and/or a/B-axon morphology.

(A) Schematic of the WT a/B-and y-axonal lobes, illustrating labeling patterns that match the corresponding confocal images.
y-axons are labeled in green using mtdT:3xHA under the control of R71G10-QF2. Fasll is visualized with antibody staining
shown in magenta, and also presented separately in greyscale. (B) Confocal Z-projection of a control MB in which y-KCs are
labeled by mtdT:3xHA (green) driven by R71G10-QF2, and OK107-Gal4 drives the expression of Luciferase. Magenta (left
panel) or greyscale (right panel) is anti-FaslI staining, which strongly labels a/B-axons and weakly labels y-axons. (C,G,P)
Schematics of a/B-and/or y-axon lobe defects. (D-F,H-0,Q) Confocal Z-projections of adult MBs in which y-KCs are labeled by
mtdT:3xHA (green) driven by R71G10-QF2, with OK107-Gal4 driving expression of RNAi targeting beag (beag; D); chameau
(chm; E); Heat shock gene 67Ba (Hsp67Ba; F); Chaperonin containing TCP1 subunit 5 (CCT5; H); Chaperonin containing TCP1
subunit 7 (CCT7; I); embargoed (emb; J); Dipeptidase B (Dip-B; K); Brahma associated protein 60kD (Bap60; L);
Phosphomevalonate kinase (Pmvk; M); twisted bristles roughened eye (twr; N); Cadherin-N (cadN; O); miranda (mira; Q). (R)
Pie charts showing the phenotypic distribution of the 300 screened genes (left), and of the axon growth phenotypes of the 12
‘positive hits’ (right). The putative WT y-and a/B-lobes are outlined in white and blue, respectively. Asterisks mark the missing
part of a/B or y lobes. Frame colors in (C-Q) represent the phenotypic group as depicted in (R). Numbers represent the
fraction of MBs displaying the presented phenotype. Scale bar is 10 ym.
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functional genetics, we not only uncovered key regulators of axon regrowth, but also provide a
rich, publicly available dataset that can serve as a foundation for future discoveries in neuronal
development.

Methods

Fly husbandry and strains

All fly strains were reared at 25°C (unless indicated otherwise) under standard laboratory
conditions on molasses-containing food. Unless specifically written, similar numbers of male and
female flies were taken. ‘Adult’ refers to flies 3-5 days post eclosion.

The 30 driver lines screened to specifically label a/B-KCs are described in Supplementary Table 1.
The RNAI lines used in the loss-of-function screen are detailed in Supplementry Table 3.

RNAI lines were obtained from the Vienna Drosophila Resource Center (VDRC), Austria, or from
Bloomington Drosophila Stock Center (BDSC), USA.

Genotypes

hsFLP is y,w,hsFLP122; 40A and 82B are FRTs on 2L and 3R respectively; 71G10 is GMR71G10-
GAL4; 71G10-QF2 is GMR71G10-QF2; OK107 is OK107-GAL4; R44E04 is GMR44E04-GAL4; 16B01 is
GMR16B01-Gal4; G80 is TubP-Gal80. QUAS-mtdT is QUAS-mtdt:HA, UAS-CD8:GFP is UAS-
mCD8::GFP.

Males and females were used interchangeably.

Figure 1:

(I) (C) UAS-CD8:GFP/+;71G10/+

(II) (D) UAS-CD8:GFP/+;16B01/+

Figure3:

(B) 71G10-QF2,QUAS-mtdT/+;UAS-Luciferase/+;0K107/+

(D) 71G10-QF2,QUAS-mtdT/+;UAS-beag RNAiTRIPHMC03533 . g1 07/+
(E) 71G10-QF2,QUAS-mtdT/+;UAS-chm RNAjTRIPHMS00487,,.0K107/+
(F) 71G10-QF2,QUAS-mtdT/+;UAS-Hsp67Ba RNAi T RIPHMJ21725,,.0K107/+
(H) 71G10-QF2,QUAS-mtdT/+;UAS-CCT5 RNAiHMC02988,,.0K107/+

(I) 71G10-QF2,QUAS-mtdT/+;UAS-CCT7 RNAi TRIPHMS01281), .01 07/+
(J) 71G10-QF2,QUAS-mtdT/+;UAS-emb RNAjTRIP.GL01246 ..k 107/+

(K) 71G10-QF2,QUAS-mtdT/+;UAS-Dip-B RNAiTRIPHMJ21488 ..ok 107/+
(L) 71G10-QF2,QUAS-mtdT/+;UAS-Bap60 RNAjTRIPHMS00909 . ok107/+
(M) 71G10-QF2,QUAS-mtdT/+;UAS-Pmvk RNAiTRIPHMJ21057,,. 0K 107/+
(N) 71G10-QF2,QUAS-mtdT/+;UAS-twr RNAjTRIPHMS05732,.0K107/+
(0) 71G10-QF2,QUAS-mtdT/+;UAS-cadN RNAiTRIPHMS02380/,.0K107/+
(Q) 71G10-QF2,QUAS-mtdT/+;UAS-mira RNAi TRIPHMS00347/, -0 107/+
Figure 4:

(A,C) 71G10,UAS-CD8:GFP/+;UAS-Luciferase/+

(B,D) 71G10,UAS-CD8:GFP/+;UAS-Pmvk RNAj TRIPHMJ21057,,

(E) R44E04,UAS-CD8:GFP/+;UAS-Luciferase/+

(F) R44E04,UAS-CD8:GFP/+;UAS-Pmvk RNAj TRIPHMJ21057/,

(G,I) hSFLP,UAS-CD8::GFP/+;G80,40A/40A;71G10/+

(H,]) hsFLP,CD8:GFP/+;UAS-PmvkRNAj TRIPHM21057(4¢tp40)/+:82B,Gal80/82B;0K107/+

Fahdan et al., 2026 eLife 15:RP109630. https://doi.org/10.7554/eLife.109630.1 6 of 27


https://doi.org/10.7554/eLife.109630.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/neuroscience

°Ye o Developmental Biology | Neuroscience
w9 eLife

Reagent or resource Source Identifier
Antibodies
Chicken anti GFP 1:500 AVES Cat#GFP-1020:;
RRID: AB_10000240
Mouse monoclonal anti Fasll 1:25 Developm | Cat#1D4;
ental RRID:AB_528235
Studies
Hybridoma
Bank
(DSHB)
Mouse monoclonal anti dac 1:10 Developm | Cat¥mAbdac2-3;RRID:
ental AB_528190
Studies
Hybridoma
Bank
(DSHB)
Goat anti mouse Alexa fluor 647 1:300 Invitrogen | Cat#A32728;
RRID:AB_2633277
FITC goat anti chicken 1:300 Invitrogen | Cat#16055;RRID:
AB_2534728
Chemicals, peptides, and recombinant
proteins
Cell dissociation solution Sigma Cat# C1544
Aldrich
Collagenase/dispase mix Roche Cat# 10269638001
Critical commercial assays
Pico pure RNA isolation kit Life Cat# KIT0204
Technologi
es
Deposited Data
Raw data files for developmental seq NCBI GEO: GSE308165
Gene
Expression
Omnibus
Experimental models: organisms/strains
w[1118];P{y[+17.7]w[+mC]=GMR16B01GA4}at | BDSC 48712

tP2

Key resources table.

Fahdan et al., 2026 eLife 15:RP109630. https://doi.org/10.7554/eLife.109630.1 7 of 27


https://doi.org/10.7554/eLife.109630.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/neuroscience

°Ye o Developmental Biology | Neuroscience
w9 eLife

w[1118];P{y[+t7.7]w[+mC]=GMR71G10GA4}a | BDSC 39604
ttP2
w[*];P{y[+t7.7]w[+mC]=10XUASIVSmCD8:: BDSC 32185
GFP}attP2
y[11w[1118];P{w[+mC]=QUASmtdTomato3xH | BDSC 30004
A}14/CyO
GMR71G10-QF2 (2nd Chromosome) (Bornstein | N/A

et al.,

2015)
y[1]sc[*]v[1]sev[21];P{y[+t7.7]v[+11.8]=TRiP.H | BDSC 34021
MS00991}attP2 (UAS-emb RNAI)
y[1]sc[*]v[1]sev[21];P{y[+t7.7]v[+11.8]=TRiP.H | BDSC 32356
MS00347}attP2 (UAS-mira RNAI)
y[1]sc[*]v[1]sev[21];P{y[+t7.7]v[+11.8]=TRiP.H | BDSC 32484
MS00487}attP2 (UAS-chm RNAI)
y[1]sc[*]v[1]sev[21];P{y[+t7.7]v[+t1.8]=TRiP.H | BDSC 53306
MC03533}attP2 (UAS-beag RNAI)
y[1]sc[*]v[1]sev[21];P{y[+t7.7]v[+t1.8]=TRiP.H | BDSC 34931
MS01281}attP2 (UAS-CCT7 RNAI)
y[1]sc[*]v[1]sev[21];P{y[+t7.7]v[+t1.8]=TRiP.H | BDSC 67881
MS05732}attP40 (UAS-twr RNAI)
y[1]sc[*]v[1]sev[21];P{y[+t7.7]v[+11.8]=TRiP.H | BDSC 41982
MS02380}attP2 (UAS-CadN RNAI)
y[1Iv[1];P{y[+t7.7]v[+t1.8]=TRiP.HMS00909}at | BDSC 33954
tP2 (UAS-Bap60 RNAI)
y[1Iv[1];P{y[+t7.7]v[+t1.8]=TRiP.GL01246} BDSC 41818
attP2 (UAS-CCT5 RNAI)
y[1Iv[1];P{y[+t7.7]v[+t1.8]=TRiP.HMJ21725}att | BDSC 53007
P40 (UAS-Hsp67Ba RNAI)
y[1Iv[1];P{y[+t7.7]v[+t1.8]=TRiP.HMJ21488}att | BDSC 54045
P40 (UAS-Dip-B RNAI)
y[1Iv[1];P{y[+t7.7]v[+t1.8]=TRiP.HMJ21057}att | BDSC 50955
P40/CyO (UAS-Pmvk RNAI)
P{hsFLP}1y[1lw[1118];P{HD_CFD00252}attP | VDRC 341218
40/CyO-GFP (Pmvk gRNA)
Pmvk E20*/Cyo This study | N/A
y[1Iv[1];P{y[+t7.7]v[+t1.8]=TRiP.HMJ22759}att | BDSC 60442
P40 (UAS-Mvk RNAI)
P{KK101807}VIE-260B (UAS-Hmgcr RNAI) VDRC 108617
P{w[+mC]=UAS-Dcr-2.D}1 BDSC 24648

Key resources table. (continued)
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P{KK105673}VIE-260B (UAS-GGT1 RNAI) VDRC 110288

y[1Iv[1];P{y[+t7.7]v[+t1.8]=TRiP.HMJ21755}att | BDSC 53029

P40 (UAS-Fntb RNAI)

y[1]sc[*Iv[1]sev[21];P{y[+17.7]v[+t1.8]=TRiP.G | BDSC 36873

L01026}attP2 (UAS-FntaRNAI)

y[1IV[1];P{y[+t7.7]v[*+t1.8]=TRiP.HMC03386} BDSC 51815

attP40 (UAS-Dhdds RNAI)

y[1Iv[1];P{y[+t7.7]v[+t1.8]=TRiP.HMC03486} BDSC 51910

attP40 (UAS-Pdss2 RNAI)

w[1118]P{GD4696}v47001 (UAS-gm RNAI) VDRC 47001

w[1118];P{w[+mC]=UAS-S6k.STDETE}2 BDSC 6914

(UAS-S6KCA)

w[*];P{w[+mC]=UAS-Rheb.Pa}3 (UAS-Rheb) | BDSC 9689

w[*];P{w[+mC]=UAS-Rho1.V14}2.1/TM6 BDSC 8144

(UAS-Rho)

y[1Iv[1];P{y[+t7.7]v[+t1.8]=UASLUC.VALIUM1 | BDSC 35788

O}attP2 (UAS- Luciferase)

Primers used for Pmvk mutation screening: This study | N/A

TAAACACAACAGGCCGCAGT

AATAGAGCTTGTGTGGCGGT

Software and algorithms

DEseq2 Love etal. | N/A
(2014)

STAR (Dobin et | N/A
al., 2013)

FI1JI Image J https://imagej.net/Fiji/D

ownloads

Other

NovaSeq6000 instrument (lllumina) lllumina N/A

BD FACSArialll BD N/A
Bioscience

Zeiss LSM 800 and 980 confocal microscope | Zeiss N/A

Key resources table. (continued)
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(K) hsFLP,UAS-CD8::GFP/+;G80,40A/40A;R44E04/+

(L) hsFLP,UAS-CD8::GFP/+;G80,40A/PmvkE20" 40A;RA4E04/+

Figure 5:

(A) 71G10-QF2,QUAS-mtdT/+;UAS-Luciferase/+;0K107/+

(B) UAS-Dicer;71G10-QF2,QUAS-mtdT/+;UAS-Hmgcr RNAi KK 101807/+;0K107/+
(C) 71G10-QF2,QUAS-mtdT/+;UAS-Mvk RNAj TRIPHMJ22759,,.0K107/+

Figure 6:

(C) hsFLP,UAS-CD8::GFP/+;G80,40A/40A;71G10/+

(D) hsFLP,UAS-CD8::GFP/+;G80,40A/PmvkE20*40A;71G10/+

(C) (E) hsFLP,UAS-CD8::GFP/+;G80,40A/PmvkE20*40A;71G10/UAS-Rho

(D) (F) hsFLP,UAS-CD8::GFP/+;G80,40A/PmvkE20*40A;71G10/UAS-Rheb

(E) (G) hsFLP,UAS-CD8::GFP/+;G80,40A/PmvkE20*40A;71G10/UAS-S6KCA
Figures S3:

(A) hsFLP,UAS-CD8:GFP;G80,40A/40A;0K107/+

(B) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-emb RNAjTRIPHMS00991),.0K107/+
(C) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-CCT5 RNAiTRIPGL01246 ..o 107/+
(D) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-CCT7 RNAiTRIPHMS01281 /.. 0107/+
(E) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-CadN RNAjTRIPHMS02380,,.0K107/+
(F) hsFLP,CD8:GFP/+;UAS-Pmvk RNAi TRIPHM]J21057,.99B G80/82B;0K107/+
(G) hsFLP,CD8:GFP/+;UAS-twr RNAiTRIPHMS05732,..89B G80/82B;0K107/+

(H) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-Bap60 RNAjTRIPHMS00909 -0 107/+
(I) hsFLP,CD8:GFP/+;UAS-Dip-B RNAjTRIPHMJ21488 /. -g9B 80/82B;0K107/+

(J) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-beag RNAiTRIPHMC03533 .. g 107/+
(K) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-chm RNAjTRIPHMS00487,,. oK 107/+
(L) hsFLP,CD8:GFP/+;UAS-Hsp67Ba RNAiTRIPHMJ21725 /.09 B G80/82B;0K107/+
(M) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-mira RNAiTRIPHMS00347;,. 0K 107/+
Figures S4:

(A) hsFLP,UAS-CD8:GFP;G80,40A/40A;0K107/+

(B) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-emb RNAjTRIPHMS00991 .0 107/+
(C) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-CCT5 RNAiTRIPGL01246 .0 107/+
(D) hsFLP,UAS-CD8:GFP;G80,40A/40A;UAS-CCT7 RNAi TRIPHMS01281),.0 K 107/+
Figure S5:

(B) 71G10-QF2, QUAS-mtdT/+;UAS-Luciferase/+;0K107/+

Neuroscience

(B) UAS-Dicer;71G10-QF2,QUAS-mtdT/+;UAS-GGT1 RNAi KK 105673/+;0K107/+ (D)71G10-QF2,QUAS-

mtdT/+;UAS-Fntb RNAi TRIPAMJ21755,,.0K107/+

(E) 71G10-QF2,QUAS-mtdT/+;UAS-Fnta RNAi TRIP.GL01026/,-0K107/+

(F) 71G10-QF2,QUAS-mtdT/+;UAS-Dhdds RNAj TRIPHMC03386, ..ok 107/+
(G) 71G10-QF2,QUAS-mtdT/+;UAS-Pdss2 RNAi TRIPHMC03486,,.0K107/+
(H) 71G10-QF2,QUAS-mtdT/+;UAS-qm RNAi GD 4696/+;0K107/+

Figure S6:

(A) hsFLP,UAS-CD8::GFP/+;G80,40A/40A;71G10/+

(B) hsFLP,UAS-CD8::GFP/+;G80,40A/40A;71G10/UAS-Rheb
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(C) hsFLP,UAS-CD8::GFP/+;G80,40A/40A;71G10/UAS-Rho

(D) hsFLP,UAS-CD8::GFP/+;G80,40A/40A;71G10/UAS-S6KCA

Figure S7:

(A) hsFLP,UAS-CD8::GFP/+;G80,40A/40A;71G10/+

(B) hsFLP,UAS-CD8::GFP/+;G80,40A/PmvkE20" 40A;71G10/+

(C) hsFLP,UAS-CD8::GFP/+;G80,40A/PmvkE20™ 40A;71G10/UAS-Rho
(D) hsFLP,UAS-CD8::GFP/+;G80,40A/PmvkE20" 40A;71G10/UAS-Rheb
(E) hsFLP,UAS-CD8::GFP/+;G80,40A/PmvkF20% 40A;71G10/UAS-S6K A

Materials and methods

Cell dissociation and sorting

Brains were dissected in a cold Ringer’s solution and incubated at 29°C with a collagenase/dispase
mix for 15 minutes for larval and pupal brains, and 30 minutes for adult brains. After enzymatic
digestion, the tissue was washed with a dissociation solution (Sigma-Aldrich) and mechanically
dissociated into single cells. The cell suspension was then passed through a 35um mesh (Falcon) to
remove debris and cell clusters. A total of 1000 GFP+ cells were sorted using a BD FACSArialll (BD
Biosciences) equipped with a 100um nozzle under low pressure, directly into 100ul of Pico-Pure
RNA isolation kit extraction buffer (Life Technologies). RNA extraction was subsequently
performed using the Kkit, or frozen at-80°C for future use. To minimize potential injury responses,
samples were kept on ice throughout the procedure, from dissection to RNA extraction except
from the dissociation enzyme incubation.

RNA amplification and library preparation Bulk smart-seq2

Bulk RNA-seq libraries were prepared at the Crown Genomics Institute of the Nancy and Stephen
Grand Israel National Center for Personalized Medicine (G-INCPM), Weizmann Institute of Science.
Libraries were prepared based on the smart-seq2 protocol (Picelli et al., 2014 ) with small
modifications. Briefly, 250 pg of RNA was used as input. Reverse transcription was performed
using Oligo-dT primers, followed by PCR (16 cycles). After Agencourt Ampure XP beads cleanup
(Beckman Coulter), the amplified cDNA underwent library generation using Nextera XT (Illumina).
Libraries were quantified by Qubit (Thermo Fisher Scientific) and TapeStation (Agilent).
Sequencing was done on a NovaSeq6000 instrument (Illumina) using an SP 100 cycles kit,
allocating approximately 13M reads per sample (single read sequencing).

Analysis of RNA-Seq data

Two sequencing runs of RNA were combined, yielding a mean of 22.5 million reads (single-read
sequencing) and a minimum of 10 million reads per sample. The reads were aligned with STAR
(DOI: 10.1093/bioinformatics/bts635) v2.5.2 to the reference genome of Drosophila melanogaster
(DMS6, UCSC). Gene annotations were obtained from FlyBase.org @ (Dmel r6.46). Gene expression
levels were quantified using STAR. 12,493 genes had been identified in total across the two
datasets (in either y or a/p or both). Out of these, only genes that were expressed in at least four
samples (replicates) of a single time point (condition) were kept, so that the 8,221 genes that met
this requirement were used in further analysis. To get relevant p-values and fold-changes for
comparisons of a condition with all-zeros vs. a condition with non-zero value, zero values were
replaced with randomly assigned numbers between 1 and 7. The updated count matrix was
subjected to normalization and statistical analysis using the UTAP2 pipeline (Lindner et al.,

y 7). Genes were considered differentially expressed if they had an adjusted p-value (padj) <
0.05, a fold change > 1.5 and a mean read counts of >10 reads.
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Clusters and sub-clusters generation and analysis

Based on the a/f transcriptome, gene expression at each of the five developmental stages (18, 21,
24,27, and 30 hours APF) was compared to the adult stage. Genes were classified as differentially
expressed during development if, at any time point, their expression was at least 1.5-fold different
from the adult expression, with an adjusted p-value (padj) < 0.05 and a mean read count of at least
10, resulting in the identification of 3,345 genes. Using Partek ™ Genomics Suite (version 7), we
performed k-means clustering on the mean expression across replicates at each developmental
time point, selecting k = 8 after testing multiple values, as this produced the most distinct and
coherent clusters. For subclustering the o/f Cluster 1 and Cluster 2, we employed k-means
clustering based on the average expression of those genes in y-KCs across replicates at each time
point. Cluster 1 was further subdevided into 10 additional subclusters 1A-], and cluster 2 into 7
subclusters 2A-G. We identified statistically enriched terms using Metascape (Zhou et al., 2019 (3).
This tool integrates multiple authoritative databases to identify enriched Gene Ontology (GO)
terms, canonical pathways, and functional gene groups. For each cluster, the input gene lists were
analyzed against the default background, and significantly enriched categories were reported
based on a hypergeometric test with multiple-testing correction. The resulting enrichment
networks and bar plots were used to interpret the biological processes and pathways associated
with each gene cluster.

Immunohistochemistry

Brains were dissected in cold Ringer’s solution, fixed with 4% paraformaldehyde (PFA) for 20
minutes at room temperature (RT), and subsequently washed in phosphate buffer (PB) containing
0.3% Triton-X (PBT). The washing protocol consisted of three rapid rinses followed by three
additional washes, each lasting 20 minutes. To minimize non-specific staining, the samples were
incubated in PBT supplemented with 5% heat-inactivated goat serum. They were then treated with
primary antibodies overnight at 4°C, followed PBT washes (as above), then incubation with
secondary antibodies for 2 hours at RT, followed by PBT washes. The brains were then mounted
using SlowFade (Invitrogen) and visualized using Zeiss LSM800 or LSM980 confocal microscopes.
Image analysis was carried out with Image] 1.51 (NIH).

Generation of CRISPR mutant flies

To generate the Pmvk mutant, we used a fly strain (VDRC#341218) that expresses two guide RNAs
(sgRNAs) under the control of a UAS promoter. These sgRNAs target coding exons in the 5' region
of the Pmvk gene, without overlapping the start codon. This design facilitates the introduction of
small insertions or deletions (indels) in the presence of Cas9. To drive germline mutagenesis, we
incorporated a nanos-Gal4 on the third chromosome and crossed these flies with a UAS-Cas9
expressing fly, which also carries a 40A FRT site on the second chromosome. After two
generations, individual males were crossed with balancer flies for mutation screening. We
recovered a Pmvk mutant allele that contained a nucleotide substitution (G>T) at position 60

MARCM analysis

Mosaic Analysis with a Repressible Cell Marker (MARCM) clones were generated in a similar
strategy as previously described (Lee and Luo, 1999(%). To generate y-or a/B-clones, newly hatched
larvae (NHL) or pupae at Oh APF, respectively, underwent a heat shock treatment at 37°C for 40
minutes. Larvae and pupae were then transferred to a 25°C incubator where they remained until
eclosion.

Regrowth quantification

To quantify regrowth, we used a method described in a previous publication (Bornstein et al.,

representing the full length of the y-lobe (determined based on FasII staining), and line x (yellow),

Fahdan et al., 2026 eLife 15:RP109630. https://doi.org/10.7554/eLife.109630.1 12 of 27


https://doi.org/10.7554/eLife.109630.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/neuroscience

Developmental Biology | Neuroscience

= eLife

y driver o/ driver
} Adult

Pmvk-RNAI Control

Control-SCCs

n
O
O
@
8
:
Q

M Substitution "G" —"T"

stop \ at position 60

PmvkE?",,

Figure 4. Pmvk is cell autonomously required for y-axon regrowth but not for initial axon extension of y nor
a/B.

(A-F) Confocal Z-projections of L3 (A-B) or adult (C-F) MBs with y-KCs labeled by mCD8::GFP (green) driven by the y-specific
R71G10-Gal4 (A-D), or the a/B-specific R44E04-Gal4 (E-F). MBs in images (B-F) also express RNAI targeting Pmvk driven by
R71G10-Gal4 (B,D) or R44E04-Gal4 (F). (G-L) Confocal z-projections of control (G,I,K) or PmvkE20* (H,J,L) MARCM clones in L3
(G-H) or Adult (I-L). R71G10-Gal4 (G-J) or R44E04-Gal4 (K-L) drive expression of mCD8::GFP (green). Clones were generated by
heat-shocking at 24 hours after egg-laying (G-J) or at 0h APF (K-L). The full extent of the y lobe in adult and L3 is outlined in
white (as determined by the FaslI staining; magenta). Arrows demarcate axon growth defects. Scale bar is 10 ym. Numbers
represent the fraction of MBs displaying the presented phenotype. (M) Schematic representation of the PmvkE29* mutant
allele, which includes a single-nucleotide substitution (G>T) at position 60, corresponding to amino acid 20, leading to the
replacement of glutamic acid (E) with a stop codon.
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indicating the extent of clonal y-axon regrowth (determined as the most distal point the axons
reach). The regrowth index was calculated as the ratio of x to y (x/y), providing a normalized
measure of axonal regrowth.

Statistical analyses for regrowth quantification were performed in R, v.4.5.1. Proportional data
were logit-transformed prior to testing to meet assumptions of normality and homogeneity of
variance. Group differences were evaluated using one-way ANOVA, followed by Dunnett’s post hoc
test comparing all groups to Pmvk. A significant difference was detected only between control and
PmvkE20™ (p < 0.001).

Results

Lineage-related neuronal types in the Drosophila mushroom body
undergo intial axon growth and developmental regrowth in similar
spatiotemporal conditions

In a previous study (Alyagor et al., 2018 @), we found that the developmental age was by far the
most dominant factor in defining the transcriptional profile of y-KCs - a principle that was later
observed in developing projection neurons as well (Xie et al., 2021 (2). Remarkably, adult y-KCs
were more similar, on a global level, to other adult neurons than to larval or pupal y-KCs. Notably,
while initial axon growth occurs in embyonic and early larval life, developmental regrowth occurs
during metamorphosis. Therefore, to reliably compare the genetic programs of initial axon growth
and developmental regrowth, we sought to profile two similar neuronal types that undergo
different axon growth states at the same developmental window. The lineage-related o/B- and y-

KCs were a perfect match, as within a similar timeframe during the pupal stage, a/B-KCs extend

To achieve our goal, we screened for drivers that would specifically label a/B-KCs at the pupal
stage, when they send out axonal processes. We screened 30 Gal4 driver lines considered to be a/B-
specific in adult flies (Supplementary Table 1), and imaged them at 24h APF. To our surprise, only
one line - R16B01-Gal4 - was specific to the MB (i.e., not expressed elsewhere in the brain), and
within the MB, specific to a/B-KCs throughout their growth (Figure 1C%). At 18h APF, a/B-KCs
labeled with R16B01-Gal4 showed cell bodies with short, loosely arranged axons that were still
difficult to follow. By 21h APF, these axons had gathered into a tight bundle, and their growing
axon tips were visible. Observations throughout the pupal stage revealed that these axons

extended and reached the tips of the lobes by 36h APF (Figure 1C(®).

Identifying this driver enabled us to isolate a/B-KCs throughout their initial axon growth. For
comparative purposes, we also repeated the isolation and profiling of y-KCs, as previously done in
our lab (Alyagor et al., 2018 (@), using the same driver that specifically labels developing y-KCs
(R71G10-Gal4; Figure 1D (). Labeling both types of neurons gave us the opportunity to isolate and
sequence each population while they extend their axons for the first (a/B) or second (y) time.
Altogether, we sorted and sequenced a/B-and y-KCs at 5 pupal timepoints-every three hours from

18h until 30h APF - in addition to adult.

We used Principal Component Analysis (PCA) to compare the transcriptional profiles of developing
and adult a/B-and y-KCs. Our results confirmed our prior knowledge (Alyagor et al., 20182) that
adult y-or a/B-KCs are more similar to each other than to their own developmental forms. Notably,

Comparative transcriptomic analysis of a/B-axon initial growth
and y-axon regrowth

Our bulk smart-seq2 (see materials and methods) dataset includes reads from 8,221 distinct genes
expressed in at least in one cell type (y and/or a/B) across six developmental time points. To
identify developmentally-regulated patterns of gene expression, we first analyzed the expression
profiles of a/B-KCs. We thus concentrated on 3,345 genes that demonstrated dynamic expression in
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a/B-KCs, i.e., showed statistically significant differential expression during at least one
developmental timepoint compared to adult. k-means clustering of those a/B-KC dynamic
expression patterns resulted in eight distinct clusters with unique developmental expression
profiles (see materials and methods). For example, genes in clusters 1 and 2 are upregulated
during the pupal stage but show decreased expression in adults, and thus potentially include
activators of axon growth (Figure 2A(@). In contrast, cluster 5 genes are downregulated during the
pupal stage and upregulated in adults, suggesting that they are required for adult-specific
functions. Gene Ontology (GO) term analysis further supports this observation. Cluster 1 is
enriched for genes involved in axon development and other key developmental processes,
including Toll pathway signaling, cytoskeletal rearrangement, and PTEN regulation. In contrast,
cluster 5 is enriched for genes associated with synaptic transmission as well as learning and
memory (Figure S2).

As a/p clusters 1+2 include the best candidates for axon growth promoters but contain a large
number of genes (1162 genes; Figure 2A2, C), we sought to narrow down the list of candidates.
Since we aimed to identify genes required for axon growth in both neuronal types, we decided
focus on genes within o/ clusters 1+2 and examine their expression in the y-KC dataset. We
therefore re-clustered the 1,162 genes in o/ clusters 1+2 based on their transcriptional expression

in y-KCs (Figure 2B®): cluster 1 was subdivided into clusters 1A-1], while cluster 2 was subvidided

(clusters 1A-C; 2A-C), as they are comprised of genes that are upregulated during axon growth of
both neuronal types. From these six clusters, we compiled a set of 676 genes, out of which we
selected a subset of 300 genes, which are strongly upregulated during axon growth, associated
with biologically relevant functions based on GO term analysis, and have availabe tools to perturb
their function (namely - flies expressing RNAi targeting these specific genes). Genes primarily
associated with processes less directly related to axon growth—such as cell cycle regulation, DNA
replication, chromosome organization, chromatin remodeling, and ribosomal structure—were
excluded from further analysis.

RNAi-based screen identifies 12 genes that are essential for y-
and/or a/B-axon morphology

For the loss-of-function screen, we employed an RNAi-mediated knockdown (KD) strategy, where
we expressed RNAI species targeting candidate genes using the OK107-Gal4 driver (which is
strongly expressed in all KC types - y, &’/p’ and a/pB). y-axons were visualized in adult brains using a
second, independent binary system, via expression of myristylated tandem Tomato (mtdT) driven
by R71G10-QF2 - which consistently labels y-KCs and stochastically labels a/B-KCs. Due to this
stochasticity, we additionally stained the brains with anti-Fasciclin II (FasII) antibody, which
strongly labels o/B-axons (and weakly labels y-axons, but never o’/f’-axons).

Out of the 300 genes we screened, KD of 40 genes resulted in various morphological and structural
defects (such as thinner axonal lobes, axon misguidance, and branching abnormalities; list of
genes in Supplementary Table 2; phenotypic data not shown), 12 of which showed axonal defects —
which we categorized into three phenotypic groups (Figure 3 @): defects in y-axons but normal o/

as altered number and shape of cell bodies (data not shown). Notably, 7 of the 12 genes identified
in the screen are involved in protein maturation, encompassing post-translational modifications
such as folding, cleavage, and prenylation.
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Pmvk, cadN and twr are cell-autonomously required for y-axon
regrowth

To inspect the KD phenotypes at better resolution, as well as gain information regarding cell-
autonomous requirement, we silenced the genes specifically within neuroblast (NB) clones using
the mosaic analysis with a repressible cell marker (MARCM) technique (Lee and Luo, 1999 ). We
used the pan-KC driver OK107-Gal4, resulting in NB clones in which all KC types are labeled as
well as express the relevant RNAi. To our surprise, we observed that only Pmvk, cadN and twr
showed severe defects in y-axon regrowth (Figure S3E-G), while the others exhibited y lobes that
were either WT-like, or showed weak regrowth defects (Figure S3). For mira KD, which we
expected to affect a/p growth, the lobes seemed to form normally (Figure S3M). In the case of emb,
CCTS5, and CCT7, the neuroblast clones included only y-, but no a/B-or o’/B’-KCs (Figure S3B-D), most
likely due to a proliferation defect of the neuroblast, which prevented it from generating later
born neurons.

The proliferation defects in the emb, CCT5 and CCT7 NB clones might suggest that the lack of a/p
never born, rather than a bona fida axon growth defect. To more specifically examine the role of
these three candidate genes in a/pf-axon growth, we selectively silenced emb, CCT5 and CCT7 in o/

Taken together, our findings indicate that Pmvk, cadN, and twr are cell-autonomously required for
y-axon regrowth. For the purpose of this study, we chose to focus on Pmvk, although cadN and twr
remain compelling candidates for future investigation.

Pmvk is cell autonomously required for y-axon regrowth but not
for initial axon extension of y- nor a/B-KCs

To further investigate the role of Pmvk in axon growth during development, we specifcially
silenced it in y-KCs using the y-specific driver R71G10-Gal4. We found that while y-axons extended
normally during the larval stage (L3; Figure 4A-B (%), the medial y-lobe failed to fully regrow as
evident in the adult stage (Figt % ). To determine whether Pmvk is also required for a/p-
axon growth, we silenced it using the R44E04-Gal4 driver (of note, R44E04-Gal4 is strongly
expressed in a/p throughout development but also transienty in non-MB neurons, which is why it
was not chosen for the RNA profiling experiment; Supplementary Table 1). In contrast to the y-
axons, o/B-axons showed no detectable defects following Pmvk KD (Figure 4E-F(2).

We next used CRISPR/Cas9 to generate a novel Pmvk mutant allele - PmvkZ?0 - which carries a
single-nucleotide substitution resulting in a premature stop codon at amino acid 20 (Figure 4M@).

Due to its homozygous lethality, we analyzed this mutant allele in MARCM clones. In Pmvk£20
single-cell y clones, initial axon growth appeared normal (Figu %- H), but, as expected, axons

Pmvk in neuroblast proliferation or cell survival.

The mevalonate pathway is essential for y-axon regrowth

Pmvk is part of the mevalonate pathway — a highly conserved metabolic enzymatic pathway that
consumes acetyl coenzyme A to synthesize a wide variety of isoprenoids, such as cholesterol,

dolichol, and ubiquinone (Figure 5D (% ; Edwards and Ericsson, 20257 ; Hinson et al., 1997 (7). We
knocked down the additional seven key enzymes in the pathway and found that pan-KC silencing
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of either Hmgcr or Mvk led to seemingly similar y- regrowth defects (but not defects in a/B

axon regrowth.

Pmvk likely regulates axon regrowth via the TOR pathway

The mevalonate pathway generates a common isoprenoid product that can be directed into five
major downstream pathways (Figure 5D (%). In mammals, one of these is cholesterol biosynthesis,

protein prenylation, through the addition of either farnesyl (4) or geranylgeranyl (5) groups.
Prenylation increases protein hydrophobicity, thereby regulating their association with cellular
membranes and influencing their function.

To test which of these branches might contribute to axon regrowth, we knocked down the major
enzymes required for each process. However, none of these manipulations produced a regrowth
defect (Figure S5). This could be due to insufficient efficiency of RNAi KD, or because simultaneous
KD of two or more enzymes is necessary to reveal an effect. Since we were unable to pinpoint a
specific downstream pathway, we decided to focus on the prenylation branch, as it was previously
shown that prenylated proteins, such as the Rho GTPase and Rheb (Ras homolog enriched in
brain), are associated with axon growth (Ng and Luo, 2004 (% ; Hall and Lalli, 2010 ®@).

Importantly, previous work from our lab demonstrated that the nuclear receptor unfulfilled (UNF)
promotes axon regrowth by activating a program mediated, at least in part, by the Rheb-TOR-S6
kinase pathway (Figure 6A(%; Yaniv et al., 2012 2). We thus conducted rescue experiments in
Pmvk mutants by overexpressing Rho, Rheb, and most importantly - a constitutively active variant
of the Rheb downstream effector S6 kinase (S6K2). Overexpression of Rho within Pmvk mutant
clones showed no suppressive effect on the regrowth defect (Fig. 6B,E(%). Rheb overexpression did

which is consistent with the requirement for prenylation to achieve full Rheb activity and TOR
activation. In contrast, S6K“A overexpression showed an obvious trend toward suppression of the
regrowth defect (7/10 clones displaying near-complete y-axon extension; Fig. 6B,G 2 ). However,
this effect did not reach statistical significance with the current sample size, which we
unfortunately were unable to further increase (see acknowledgements). Taken together, these
results suggest that Pmvk promotes y-axon regrowth, at least in part, through the Rheb-TOR

pathway.

Discussion

How axon growth is regulated across different cellular and developmental contexts remains
largely unknown. In this study, we used the remodeling MB as a model to uncover the
transcriptional profiles of two lineage-related neuron types - y-and a/B-KCs - which undergo
developmental axon regrowth and initial axon growth, respectively, in similar spatiotemporal
conditions. By comparing their transcriptional programs, we identified shared and unique
expression patterns, highlighting candidates for an RNAi screen through which we identified
genes promoting y-and/or a/B-axon formation. One gene we found to be essential for regrowth of
y-axons is Pmvk, an enzyme in the mevalonate pathway responsible for isoprenoid biosynthesis.
While Pmvk has not previously been directly linked to axon growth, isoprenoids are known to be
required for the prenylation of small GTPases such as RhoA, Ras, and Cdc42—key regulators of the
cytoskeleton and axon guidance (Hakeda-Suzuki et al., 2002 % ; Hall and Lalli, 2010 ; Lee et al.,
2021 ; Ng and Luo, 2004 (2). Our findings suggest that Pmvk contributes to axon regrowth, at
least in part, by supporting the membrane localization of Rheb, a prenylation-dependent GTPase
previously shown to promote y-axon regrowth (Yaniv et al., 2012).

A major strength of this study lies in its high temporal resolution, enabled by RNA-seq analysis
across five developmental stages (at 3-hour intervals) plus adulthood. This was enabled due to a
Gal4 line that we characterized and found to be specific to a/B-KCs throughout development,
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Figure 5. The mevalonate pathway is essential for y-axon regrowth.

(A-C) Confocal Z-projections of adult MBs from control (A) or those expressing RNAi targeting Hmgcr (B) or Mvk (C) driven by
the pan-KC driver OK107-Gal4. y-KCs are labeled by mtdT:3xHA (green) driven by R71G10-QF2. Magenta is FaslI staining. The
putative WT a/B- and putative y-lobes are outlined in blue and white, respectively. Arrows indicate axon growth defects.
Numbers represent the fraction of MBs displaying the presented phenotype. Scale bar is 10 pm. (D) A schematic of the
mevalonate pathway, illustrating key metabolites and enzymes. Enzymes shown in red are those found to influence y-axon
development. The diagram also highlights the different downstream routes that FPP can take—either toward the synthesis of
sterol isoprenoids (e.g., cholesterol) or non-sterol isoprenoids (such as ubiquinone, dolichol, and isopentenyl-tRNA).
Additionally, FPP serves as a precursor for protein prenylation, which occurs in two main forms: farnesylation and
geranylgeranylation. The dashed arrows emphasize that cholesterol biosynthesis is absent in Drosophila
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Figure 6. Pmvk likely regulates axon regrowth via the TOR pathway.
(A) Scheme of developing y-KCs in which UNF promotes regrowth via the TOR pathway (adapted from Yaniv et al., 2012 ).

Rheb is a CAAX protein that undergoes prenylation, enabling its translocation to the plasma membrane to activate
downstream effectors. (B) Quantification of axon regrowth for the genotypes displayed in (C-G). The x/y ratio indicates
relative axon position along the adult y lobe (quantification described in Figure S7). Box plots represent the median (line),
interquartile range (box), and spread within 1.5xIQR (whiskers), circles indicate individual data points. Groups were
compared using one-way ANOVA on logit-transformed data followed by Dunnett’s post-hoc test. A significant difference was
observed only between control and PmvkE20* (***p < 0.001). Comparisons of PmvkE20* only with PmvkE29" and UAS-Rho (p=
0.696), or UAS-Rheb (p = 0.704), or UAS-S6K (p = 0.120) were not significant. (C-G) Confocal Z-projections of y single-cell
MARCM clones in adult MBs, either control (C, comprised of multiple single cell clones), PmvkE20* homozygous mutant (D), or
PmvkE20* homozygous mutant also overexpressing Rho (E), Rheb (F) or S6K“ (G). The y-specific driver R71G10-Gal4 drives
expression of membranal GFP (mCD8::GFP; green). Magenta is FaslI staining. The y lobe is outlined by a dashed white line.
Arrows indicate axon growth defects. Numbers represent the fraction of MBs displaying the presented phenotype. Scale bar
is 10 pm

Fahdan et al., 2026 eLife 15:RP109630. https://doi.org/10.7554/eLife.109630.1 19 of 27


https://doi.org/10.7554/eLife.109630.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/neuroscience

°Ye o Developmental Biology | Neuroscience
w9 eLife

which allowed us to capture these neurons during active axon growth. Notably, our screening
approach was aimed at uncovering shared genes required for both a/f growth and y regrowth.
However, despite identifying several y regrowth-promoting genes, we did not uncover any strong
candidates cell-autonomously required for a/B axon growth. This may reflect the robustness
and/or redundancy of the genetic programs controlling a/p axon extension, where the loss of
individual genes might be buffered by compensatory pathways. Previous studies suggested that
larval y axons provide a structural template for later-born KC types, including a/B-KCs, which
follow a relatively stereotyped and stable developmental trajectory (Kurusu et al., 2002 ). Most of
the genes known to affect a/B-KC development, such as FasII, Drl, and Netrin, impact guidance,
branching, or stability but not necessarily initial axon extension (Bates et al., 2014 ; Fushima and
Tsujimura, 2007 Z; Hatch et al., 2021 % ; Kang et al., 2019 (Z; Lin et al., 2009 & ; Reynaud et al.,
2015%). One exception is twinstar (tsr), which encodes Cofilin and is required for early a/f axon
growth, highlighting actin regulation as a potential neuron-intrinsic vulnerability in these cells
(Ng and Luo, 2004 (?). Similarly, Sickie was shown to be required for early o/p growth, functioning
through a non-canonical Rac-Cofilin pathway (Abe et al., 2014(%). Notably, even in these cases, a
scenario of normal initial growth followed by late developmental axonal degeneration has not
been directly ruled out. Our findings suggest that combinatorial loss-of-function experiments, or
temporally-targeted approaches, may be necessary to uncover additional regulators of o/ initial
growth.

Our data provide a valuable resource for the Drosophila neuroscience community, particularly
given that y-and a/B-KCs together constitute the majority of the intrinsic MB neurons. The
identification of Pmvk as a growth-promoting factor opens new avenues for dissecting how
metabolic processes shape axonal remodeling. Since Pmvk is involved in isoprenoid synthesis
required for protein prenylation, its role likely intersects with the activity of small GTPases such as
Rheb, which are essential for growth signaling. This suggests a model in which metabolic enzymes
like Pmvk act upstream to facilitate the activation of growth-promoting pathways through post-
translational modification of key signaling molecules. Understanding this link between
metabolism and signaling may shed light on how neurons integrate internal metabolic states with
external developmental cues to regulate growth.

The broader role of the mevalonate pathway in axon growth is complex and context-dependent.
While some studies have shown that inhibiting this pathway impairs axon extension, others
suggest it may promote regeneration under certain conditions (Li et al., 2016 (2 ; Schulz et al.,
2004 Z). This may reflect the dual role of the pathway in both isoprenoid and cholesterol
synthesis. Pharmacological inhibition of the pathway aimed at reducing cholesterol levels —as
with the widely used statins, which directly inhibit Hmgcr, the rate-limiting enzyme of the
mevalonate pathway—could thus potentially have unintended effects on neuronal growth.
Moreover, this pathway is tightly regulated by nutrient-sensitive signals, including insulin and
TOR signaling (Belgacem and Martin, 2007 @), which activate SREBP, a transcription factor
controlling lipid metabolism regulators like Hmgcr. In Drosophila, SREBP is known to regulate
lipid homeostasis; therefore, it would be interesting to examine whether SREBP is required for
neuronal remodeling (Seegmiller et al., 2002 %). Together, our findings highlight a critical link
between cellular metabolism, signaling, and axon growth, suggesting that a neuron’s ability to
remodel relies on sustained metabolic support and coordination between growth and nutrient-
sensing pathways.

Finally, understanding axon growth capacity is key for understanding what limits axon
regeneration following injury. Our transcriptomic and genetic analyses identify candidate genes
that may therefore be relevant to axon repair following injury. Future efforts to injure y-axons
and compare their injury-evoked transcriptional program with those of initial o/f growth and
developmental y regrowth could provide valuable insights into shared and regeneration-specific
molecular pathways.
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Data availability

RNA sequence data were deposited in GEO (accession number GSE308165). All data generated or
analyzed are included in the manuscript and supporting files. Some of the reagents (including
transgenic flies) generated in this study might not be readily available due to the complete
destruction of our lab on June 15th.
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Summary:

Fahdan et al. present a study investigating the molecular programs underlying axon initial
growth and regrowth in Drosophila mushroom body (MB) neurons. The authors leverage the
fact that different Kenyon cell (KC) subtypes undergo distinct axonal events on the same
developmental timeline: y KCs prune and then regrow their axons during early pupation,
whereas a/p KCs extend their axons for the first time during the same pupal period. Using
bulk Smart-seq2 RNA sequencing across six developmental time points, the authors identify
genes enriched during y KC regrowth and o/f KC initial outgrowth, and subsequently
perform an RNAi screen to determine which candidates are functionally required for these
processes.

Among these, they focus on Pmvk, a key enzyme in the mevalonate pathway. Both RNAi
knockdown and a CRISPR-generated mutant produce strong y KC regrowth defects.
Knockdown of other mevalonate pathway components (Hmgcr, Mvk) partially recapitulates
this phenotype. The authors propose that Pmvk promotes axonal regrowth through effects on
the TOR pathway.

Overall, this work identifies new molecular players in developmental axon remodeling and
provides intriguing evidence connecting Pmvk to y KC regrowth.

While the Pmvk knockdown and loss-of-function data are compelling, the evidence that the
mevalonate pathway broadly regulates y KC axon regrowth is less clear. RNAi knockdown of
enzymes upstream of Pmvk (Hmgcr, Mvk) produces only mild phenotypes, and knockdown of
several downstream enzymes produces no phenotype. The authors attribute this discrepancy
to the possibility of weak RNAi constructs, which is plausible but not fully demonstrated. It
would be helpful for the authors to discuss alternative explanations, including non-canonical
roles for Pmvk that may not require the full pathway, and clarify the extent to which the
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current data support the conclusion that the mevalonate pathway, rather than Pmvk
specifically, is a core regulator of regrowth.

It is not clear from the Methods whether y KCs and a/f KCs were sorted from the same brains
using orthogonal binary expression systems (e.g., Gal4 > reporter 1 and LexA > reporter 2), or
isolated separately from different fly lines. If the latter, differences in genetic background,
staging, or batch effects could influence transcriptional comparisons. This should be
explicitly clarified in the Methods, and any associated limitations discussed in the
manuscript.

The authors have made important findings that contribute to our understanding of axon
growth and regrowth. As written, some major claims are only partially supported, but these
issues can be addressed through reframing and clarification. In particular, the manuscript
would benefit from (1) a more cautious interpretation of the mevalonate pathway's role,
potentially considering Pmvk non-canonical functions, and (2) addressing methodological
ambiguities in the transcriptomic analysis.

https://doi.org/10.7554/eLife.109630.1.sa1

Reviewer #2 (Public review):

Fahdan et al. set out to build upon their previous work outlining the genes involved in axon
growth, targeting two axon growth states: initial growth and regrowth. They outline a debate
in the field that axon regrowth (For instance, after injury or in the peripheral nervous
system) is different from initial axon growth, for which the authors have previously
demonstrated distinct mechanisms. The authors set out to directly compare the
transcriptomes of initial axon growth and regrowth, specifically within the same neuronal
environment and developmental time point. To this end, the authors used the well-
characterized genetic tools available in Drosophila melanogaster (the fruit fly) to build a
valuable dataset of genes involved at different time points in axon growth (alpha/beta
Mushroom Body Kenyon cells) and regrowth (gamma Mushroom Body Kenyon cells). The
authors then focus on genes that are upregulated during both initial axon growth and axon
regrowth. Then, using this subset of genes, they screen for axonal growth and regrowth
deficits by knocking down 300 of these genes. 12 genes are found to be phenotypically
involved in both axon growth and regrowth based on RNAI gene-targeted knockdown in the
Mushroom Body. Of these 12 genes, the authors focus on one gene, Pmvk, which is part of the
mevalonate pathway. They then highlight other genes in this pathway. But these genes
primarily affect axon regrowth, not initial axon growth, implicating metabolic pathways in
axon regrowth. This comprehensive RNA-seq dataset will be a valuable resource for the field
of axon growth and regrowth, as well as for other researchers studying the Mushroom Body.

Strengths:

This paper contains many strengths, including the in-depth sequencing of overlapping
developmental time points during the alpha/beta KCs' initial axon growth and gamma KCs'
regrowth. This produces a rich dataset of differentially expressed genes across different time
points in either cell population during development. In addition, the authors characterized
expression patterns at developmental time points for 30 Gal4 lines previously identified as
alpha/beta KC-expressing. This is very helpful for Drosophila

Mushroom Body researchers because the authors not only characterized alpha/beta
expression but also alpha'/beta’ expression, gamma expression, and non-MB expression. The
authors comprehensively walked through identifying differentially expressed genes during
alpha/beta axon growth, identifying a subset of overlapping upregulated genes between cell
types, then systematically characterized whether knockdown of a subset of these genes
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produced an axonal growth defect, and finally selected 1 of 3 cell-autonomous genes
important for gamma KCs regrowth to further study.

The authors utilized the developing Mushroom Body in Drosophila melanogaster, which
happens to have new neurons developing axons and neurons that have undergone pruning
and are regrowing neurons at the same developmental time. They are also in the same part of
the brain (the Mushroom Body) and, in theory, since the authors implicate a metabolic
pathway, they will have similar metabolic growth conditions.

Identifying Pmvk and two other components of the mevalonate pathway in axon regrowth
opens up novel avenues for future studies on the role this metabolic pathway may have in
axon growth. The authors of this paper are also very upfront about their negative results,
allowing researchers to avoid running redundant experiments and truly build on this work.

Weaknesses:

While the dataset produced in this study is a strength, certain aspects make it more
challenging to interpret. For instance, the authors state that roughly equal numbers of males
and females are used for sequencing, and this vagueness, coupled with only taking a subset of
the GFP-labeled neurons during FACs sorting, can introduce confounds into the dataset. This
may hold true in imaging studies as well, in which males and females were used
interchangeably.

Additionally, a rationale is needed to explain why random numbers of 1-7 were assigned to
zero-expressing genes in the DESeq analysis. This does not seem to conform to the usual way
this analysis is normally performed. This can alter how genes across the dataset are
normalized and requires further explanation.

The display and discussion of the data set do not always align with the authors' stated goal of
having a comprehensive description of the genes that dynamically change during axon

growth and regrowth. Displaying more information about genes differentially expressed in
the alpha/beta KCs, or any information about the genes diUerentially expressed in the gamma
KCs when using the same criteria as the alpha/beta KCs, or the 676 overlapping upregulated
genes, would significantly add to this paper. The authors previously performed a similar
study across developmental time points for gamma KCs, and it is not clear whether any
overlapping genes were identified. Also, more information on the genes consisting of PC1 and
PC3 when showing the PCA analysis would be helpful. Within the text, there is a discussion of
why certain genes or gene groups were omitted or selected, such as clusters 1 and 2, and then
some of their subgroups based on expected genes. There is also some discussion of omitted
gene groups, but this is not complete across the different clusters, nor is there a discussion of
why PC2 was not selected or of which genes might exhibit greater variability than cell type.
The authors would make a stronger case for the genes they pursued if they showed that
groups of genes already known to be involved in axon growth clustered within the selected
groups. Since we do not see the gene lists, this is unclear and adds to the sometimes arbitrary
nature of the author's choices about what to pursue in this paper. A larger set of descriptors,
such as gene lists and Gene Ontology analysis beyond what is shown, would be very helpful
in putting the results in context and determining whether this is a resource beneficial to
others.

While the Pmvk story is interesting, the authors appear to make some arbitrary decisions in
what is shown or pursued in this paper. Visually, CadN and Twr appear to be more severe
axon regrowth phenotypes, where the peduncle appears intact, and axons are not regrowing
in Figures 3 N and O. In contrast, Pmvk visually appears to lose neurons in Figure 3 M. With a
change of the Gal4 driver (Figure 4), Pmvk now produces a gamma axon regrowth phenotype
similar to CadN and Twr in Figure 3. This diUerence in the use of Gal4 for characterizing
axonal phenotypes is not discussed, making some interpretations more challenging due to
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diUerences in Gal4 expression strength. For instance, the sequencing work was done with a
diUerent Gal4 MB expressing line than the characterization of gene knockdowns. Further
characterization of the Pmvk was performed in the same Gal4 lines as the sequencing (Figure
4), suggesting a potential diUerence in Gal4 strength that may play a role in their rescue
experiments if they are using a slightly weaker Gal4 for gamma lobe expression. A broader
discussion of this may make the selection of Pmvk less arbitrary if the phenotype is similar to
those of CadN and Twr. Along the lines of the sometimes arbitrary nature of the genes chosen
to pursue further, the authors state that they selected genes that showed differential
expression at any time point. As they refine their list of genes to pursue further, they seem to
prioritize genes that change at 18-21 APF. This appears to be the early period for axon growth
in alpha/beta KCs and gamma KCs, based on Figure 1. A stronger case might be made at
longer time points when the axon is growing or regrowing.

The paper would benefit from scaling back the claim that the mevalonate pathway is
involved. The authors identified only a subset of genes from the mevalonate pathway, all
immediately upstream of Pmvk, with no effect on downstream genes. Along these lines, the
paper would benefit from a discussion of non-canonical PmvK signaling.

While the ability to take neurons at the same developmental time and from the same brain
region is a strength, they are still 2 different types of neurons. Although gamma neuron axon
growth occurs very early in development, it would be interesting to know whether the same
genes are involved in their initial growth. A caveat to the author's conclusion is that these are
2 different cell types, and they might use different genetic programs or use overlapping ones
at other times. The authors did not show that gamma KCs use these genes in their initial axon
growth.

https://doi.org/10.7554/eLife.109630.1.sa0
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