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Abstract

Obesity-related renal lipotoxicity and chronic kidney disease (CKD) are prevalent pathologies
with complex aetiologies. One hallmark of renal lipotoxicity is the ectopic accumulation of
lipid droplets in kidney podocytes and in proximal tubule cells. Renal lipid droplets are
observed in human CKD patients and in high-fat diet rodent models but their precise role
remains unclear. Here, we establish a high-fat diet model in Drosophila that recapitulates renal
lipid droplets and several other aspects of mammalian CKD. Cell-type specific genetic
manipulations show that lipid can overflow from adipose tissue and is taken up by renal cells
called nephrocytes. A high-fat diet drives nephrocyte lipid uptake via the multiligand receptor
Cubilin, leading to the ectopic accumulation of lipid droplets. These nephrocyte lipid droplets
correlate with ER and mitochondrial deficits, as well as with impaired macromolecular
endocytosis, a key conserved function of renal cells. Nephrocyte knockdown of diglyceride
acyltransferase 1 (DGATL), overexpression of adipose triglyceride lipase (ATGL) and epistasis
tests together reveal that fatty acid flux through the lipid droplet triglyceride compartment
protects the ER, mitochondria and endocytosis of renal cells. Strikingly, boosting nephrocyte
expression of the lipid droplet resident enzyme ATGL is sufficient to rescue high-fat diet
induced defects in renal endocytosis. Moreover, endocytic rescue requires a conserved
mitochondrial regulator, peroxisome proliferator-activated receptor-gamma coactivator lo
(PGC1la). This study demonstrates that lipid droplet lipolysis counteracts the harmful effects
of a high-fat diet via a mitochondrial pathway that protects renal endocytosis. It also provides
a genetic strategy for determining whether lipid droplets in different biological contexts

function primarily to release beneficial or to sequester toxic lipids.
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Introduction

In diabetic patients, hyperglycemia triggers complex hemodynamic, metabolic and
inflammatory changes that can lead to a constellation of renal dysfunctions termed diabetic
nephropathy [1,2]. Obesity is a major risk factor for type 2 diabetes and it is thought that once
adipose tissue has expanded to its maximum storage capacity, excess lipids then overflow into
the bloodstream and trigger lipotoxicity in the kidney and in other peripheral tissues [3-6].
Several mechanisms are thought to contribute to renal lipotoxicity and chronic kidney disease
(CKD). For example, the adipo-renal axis is deregulated such that an altered blend of adipokines
and other adipose-derived factors produces renal inflammation, fibrosis and oxidative stress,
leading to defective glomerular filtration and proteinuria [7,8]. Adipose-derived factors as well
as ectopic lipid accumulation in the kidney are thought to impact multiple podocyte, endothelial
and proximal tubule functions, at least in part via the promotion of renal insulin resistance [9].
Rodent studies using a high fat diet (HFD) have provided valuable insights into the links
between lipotoxicity and CKD. In mice, HFD is sufficient to trigger features of stress and
damage in mouse proximal tubule cells, including the endoplasmic reticulum unfolded protein
response, lipid peroxidation, and defective albumin reabsorption [10-13]. In both human
patients and mouse models, mitochondrial loss and dysfunction are central to the development
and progression of CKD [14]. The underlying abnormalities include decreased mitochondrial
biogenesis, loss of mitochondrial membrane potential, decreased ATP generation and altered

levels of reactive oxygen species (ROS).

One hallmark of CKD lipotoxicity is the accumulation of lipid droplets in podocytes and in
proximal tubule epithelial cells. Lipid droplets are intracellular organelles comprising a core of
neutral lipids, such as triglycerides, surrounded by a polar lipid monolayer containing many
different proteins, some of which function in lipid metabolism [15,16]. Nascent lipid droplets
form via a complex process involving neutral lipid synthesis by endoplasmic reticulum (ER)
enzymes such as diglyceride acyltransferase 1 (DGATL1) [17,18]. The neutral lipids stored in
lipid droplets can then be broken down by lipolysis, mediated via lipid droplet-associated
enzymes such as adipose triglyceride lipase (ATGL) [19]. This catabolic process is distinct
from lipophagy, which involves lysosomal acid lipase acting upon lipids delivered to
autolysosomes via autophagy [20]. As early as the 1930s, lipid droplets were observed as a sign
of pathology in podocytes and in proximal tubule cells during renal disease [21,22], yet it has
remained unclear whether they play a protective or a harmful role. Resolution of this question

is important for understanding CKD mechanisms and will likely require in vivo studies of HFD
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animal models with cell-type specific manipulations of enzymes that directly regulate the
neutral lipid cargo of droplets rather than acting on other aspects of fatty acid metabolism.
ATGL is of particular interest here as its specific function in renal cells in HFD and other CKD
mouse models is not yet clear, although whole-body knockouts fed a standard diet are known

to display proximal tubule damage and podocyte apoptosis [23,24].

The animal model Drosophila has powerful genetics for studying the molecular pathogenesis
of some human diseases. This approach is possible because of extensive physiological
similarities between major fly and human organs, including the kidney [25]. In Drosophila, the
renal system comprises two anatomically distinct components - Malpighian tubules and
nephrocytes [26-28] (Fig 1A). Malpighian tubules are excretory cells that also function in salt
and water balance, similar to mammalian renal tubules [29,30]. Nephrocytes are podocyte-like
cells that regulate the composition of the hemolymph (blood) via a filtration barrier consisting
of Sns and Kirre, orthologs of the mammalian slit diaphragm proteins Nephrin and Nephl
[31,32]. Nephrocytes also function like mammalian proximal tubule cells, efficiently
reabsorbing macromolecules via a Cubilin-dependent endocytic receptor complex [33,34].
Drosophila has thus been used to model several monogenic kidney diseases including steroid-
resistant nephrotic syndrome and renal Fanconi syndrome [34,35]. Previous work using
Drosophila has also shown that chronic high dietary sugar during adulthood increases O-
GlycNAcylation, in turn leading to decreased Sns expression and compromised nephrocyte
function [36]. Here we establish a Drosophila HFD model that recapitulates in nephrocytes the
ectopic lipid droplets and cellular dysfunction observed in CKD. This CKD model is then
interrogated with cell-type specific genetics and assays for mitochondria and endocytic function
to pinpoint the role of lipid droplets in renal lipotoxicity. Genetic rescues and other approaches
are then used to test whether lipid droplet enzymes are necessary and sufficient to ameliorate

multiple aspects of renal dysfunction induced by HFD exposure.
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83 Results

84  HFD induces lipid droplets and abnormal nephrocyte ER and mitochondria

85  We established a Drosophila model for diet-induced renal lipotoxicity by raising animals on a
86  high fat diet (HFD) throughout larval development (0-90 h after hatching, see Methods) (Fig
87  1B). Compared to standard diet (STD), HFD did not significantly alter body growth or
88  developmental timing but it did lead to a small increase in the size of nephrocytes (S1A-S1C
89  Fig). To begin characterising the effects of HFD on nephrocytes, a neutral lipid dye (LipidTOX)
90  was used to reveal that lipid droplets in pericardial nephrocytes are sparse in STD animals but
91  strikingly abundant in HFD animals (Fig 1C). GFP fused to lipid droplet associated hydrolase
92 (LDAH) localizes to the endoplasmic reticulum (ER) and to the surface of lipid droplets [37].
93 In STD animals, Dot-GAL4 driven expression of LDAH (Dot>LDAH::GFP) specifically in
94  nephrocytes was mostly ER-associated but, in HFD larvae, it predominantly localized to the
95 surface of 1-2 um diameter lipid droplets that stain strongly with the neutral lipid dye (Fig 1D).
96  Hence, chronic exposure to HFD leads to the strong accumulation of nephrocyte lipid droplets.
97  We also observed that HFD markedly decreased the overall volume of ER and mitochondria in
98  nephrocytes, approximately halving the proportion of the total cell volume that each organelle
99  occupies (Fig 1E). These observations together show that HFD in Drosophila, as in mammals,
100 induces renal lipid droplets and also a deficit in ER and mitochondrial volumes.

101

102 Fig 1: High fat diet (HFD) induces lipid droplets and decreases ER and mitochondria in
103  nephrocytes.

104  (A) Diagram comparing the mammalian nephron and the Drosophila renal system. Drosophila
105 nephrocytes share functions with mammalian kidney podocytes and proximal tubules.
106  Drosophila Malpighian tubules are functionally analogous to renal tubules.

107 (B) For the chronic dietary model, larvae are fed either a standard diet (STD) or a high fat diet
108 (HFD) throughout development. The chronic genetic model for lipid overflow on STD utilises
109  a fat-body specific GAL4 driver (Lpp-GAL4) to compare fat body overexpression of ATGL
110  (Lpp>ATGL) with the control genotype (Lpp>ctrl).

111 (C) Lipid droplets (LDs), stained with a neutral lipid dye (LipidTOX), are more abundant in
112 pericardial nephrocytes (dashed outlines) of HFD than STD larvae. Graph quantifies % of
113 nephrocyte volume occupied by lipid droplets in STD and HFD larvae. In this and subsequent
114 graphs, the boxplot encompasses the first to third quartile and shows the median, and whiskers
115 extend from the hinge by 1.5x inter-quartile range. Data points are coloured according to which
116  independent experiment they are from. Data were statistically analysed using linear mixed
117 models (LMMs) followed by a Wald Chi-Squared test. Asterisks show statistical significance
118 (*p<0.05, ** p<0.005, ***p<0.0005) and ns indicates p>0.05 in this and all subsequent graphs.
119 See Table S1 for details of p values and the type of LMM used for all graphs in this study.
120 Scale bar = 50 pm.

121 (D) In pericardial nephrocytes (dashed outlines), LDAH::GFP localizes primarily to the ER
122 (marked with anti-KDEL antibody) in STD larvae but to the surface of ER-associated lipid
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123 droplets (marked with the neutral lipid dye LipidTOX) in HFD larvae. Note that LDAH::GFP
124 induces clustering of lipid droplets [37].

125 (E) Low and high magnification views of pericardial nephrocytes (dotted outlines) from STD
126  and HFD larvae, showing that HFD decreases mitochondria (marked with anti-ATP5A) and
127 endoplasmic reticulum (ER, marked with anti-KDEL) but increases lipid droplets (marked with
128 LipidTOX). Quantitations of ER and mitochondrial volumes are shown as a % of nephrocyte
129 volume in STD and HFD larvae.

130

131

132 HFD compromises nephrocyte endocytosis

133 An important function of nephrocytes is to resorb circulating proteins and other
134 macromolecules from the hemolymph via Cubilin and Amnionless dependent endocytosis
135 [31,33]. This nephrocyte endocytic function can be quantified by monitoring ex vivo uptake of
136  the polysaccharide dextran [31]. A combination of fluorescently labelled 10 kDa and 500 kDa
137  dextrans has previously been used to assess size-selective filtration as well as overall
138 endocytosis [31]. Using this approach, we measured mean dextran intensities in nephrocytes
139 but observed only a modest increase in the 500:10 kDa dextran intensity ratio over an ex vivo
140 incubation timecourse of 3 to 20 min (S2 Fig). A 30 min ex vivo incubation time was therefore
141 subsequently used as a robust readout for nephrocyte endocytosis rather than size-selective
142 filtration. This assay revealed that endocytic uptake of dextran is decreased in the nephrocytes
143 of HFD animals and, although there is cell-to-cell variability, the mean overall reduction is
144 ~50% compared with STD animals (Fig 2A and 2B). This finding is further strengthened by a
145 modified ex vivo nephrocyte uptake assay that utilised labelled albumin. As with dextran,
146 nephrocyte accumulation of albumin was significantly decreased by HFD (Fig 2C and 2D).
147 We therefore conclude that HFD compromises the key renal function of nephrocyte
148 endocytosis.

149

150  Fig 2: HFD decreases nephrocyte uptake of dextran and albumin.

151  (A-B) Dextran uptake assay. (A) Nephrocytes from STD and HFD larvae shown after ex vivo
152 incubation with labelled 10 kDa (magenta) and 500 kDa (green) dextran. Bottom row shows
153 same field of view with lipid droplets revealed with a neutral lipid stain stain (LipidTOX).

154  Dashed outlines indicate the positions of all nephrocytes in the bottom row but only those that
155 show weak dextran uptake in the top row. (B) Graph shows that uptake of both 10 kDa

156 (magenta) and 500 kDa (green) dextran is significantly higher on STD than on HFD

157 (p<0.0005). Scale bar = 30 pum.

158 (C-D) Albumin uptake assay. (C) Nephrocytes from STD and HFD larvae shown after ex vivo
159 incubation with labelled bovine serum albumin (FITC-BSA). Bottom row shows same field of
160 view with lipid droplets revealed with a neutral lipid stain (LipidTOX). Dashed outlines

161 indicate the positions of all nephrocytes in the bottom row but only those that show weak

162 albumin uptake in the top row. (D) Graph shows that uptake of albumin is significantly higher
163 on STD than HFD (p<0.0005). Scale bar = 50 um.

164
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165  To determine the ultrastructural changes associated with HFD compromised endocytosis, we
166  used correlative light electron microscopy (CLEM) with Airyscan confocal microscopy and
167  serial blockface scanning electron microscopy (SBF SEM). The plasma membrane of
168 nephrocytes is organised into a dense undulating network of slit diaphragms and lacunae
169  [31,32,38]. These ultrastructural features of the plasma membrane network are visible with
170  serial blockface scanning electron microscopy (SBF SEM) in both STD and HFD nephrocytes
171 (Fig 3A). CLEM analysis of nephrocytes carrying the endogenous Rab7 gene tagged with
172 YFP™¢ Rab7::YFP™¢ [YRab7, 39], distinguished five endolysosomal compartments according
173 tothe "white", "light" or "dark" SEM luminal density, and the Dextran and Rab7 labelling status
174 (Fig 3A and S3 Fig). Comparing our CLEM analysis with previous nephrocyte studies [40-
175 42], strongly suggested that the "white" compartment corresponds to a mix of Dextran"Rab7-
176  early endosomes and Dextran'Rab7" endosomes (alpha-vacuoles). The "light" compartment
177  encompasses Dextran'Rab7" endosomes and Dextran'Rab7" late endosomes (beta-vacuoles),
178  whereas the "dark" compartment included both Dextran'Rab7" late endosomes and Dextran
179  Rab7 lysosomes. Based on this CLEM classification, the "white" and "light" compartments
180  were segmented from the SBF SEM stacks of entire nephrocyte cells to provide the size
181 distributions of endosomes. This segmentation approach revealed that HFD nephrocytes have
182 substantially fewer endosomes than STD nephrocytes (Fig 3B). This HFD deficit is particularly
183 striking for endosomes of less than 1um in diameter and it is likely to account for the observed
184  decrease in the capacity of nephrocytes to uptake macromolecules such as dextran.

185

186  Fig 3. HFD decreases the number of nephrocyte endosomes.

187 (A) CLEM images of midsections of STD and HFD nephrocytes expressing Rab7::YFP™¢ and
188 labelled with Alexa Fluor 568 10kDa dextran. Scale bars are 5um.

189 (B) Distribution of endosome number versus diameter for one STD and one HFD nephrocyte
190  segmented by SBF SEM according to the "white" and "light" classifications in S3A Fig.

191

192 We have provided evidence demonstrating that HFD induces a syndrome of nephrocyte
193 abnormalities including induction of lipid droplets and deficits in the endoplasmic reticulum,
194  mitochondria and endocytic compartment. Many of these abnormalities are strikingly similar
195  to those observed in the proximal tubule cells of HFD mice and CKD patients. This establishes
196  the Drosophila HFD paradigm as a useful model for kidney disease. We next combined our
197  new animal model with cell-type specific genetic manipulations in order to identify the
198  mechanisms linking high dietary lipid to nephrocyte dysfunction. In particular, we focused on
199  the role of lipid droplets, determining whether they are beneficial or harmful for renal function.
200
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201 Renal lipid droplets can be induced via adipose tissue lipolysis and blocked via Cubilin-
202  dependent endocytosis

203  To define the physiological pathway leading from dietary high fat to nephrocyte lipid droplets,
204  we directly tested the role of lipid overflow from the larval Drosophila adipose tissue (fat body)
205  to peripheral tissues [43]. Lpp-GAL4 was used to drive chronic expression of the adipocyte
206  triglyceride lipase (ATGL) orthologue Brummer [44] in the fat body (Lpp>ATGL) (Fig 1B).
207  As with HFD, fat-body specific ATGL expression in STD animals did not substantially alter
208  growth, developmental timing or nephrocyte size (S1D-S1F Fig). Nevertheless, this genetic
209  manipulation was sufficient to induce robust lipid droplet accumulation in nephrocytes of STD
210  animals, suggesting that lipid overflow from adipose tissue may also be relevant for HFD-
211 induced renal lipid droplets (Fig 4A and 4B). Lipid overflow from adipose tissue, like HFD,
212 also lead to a functional deficit in nephrocyte endocytosis, as Lpp=>ATGL animals also showed
213 impaired dextran uptake (Fig 4C and 4D).

214

215 In mammalian proximal tubule cells, the Cubilin (Cubn) receptor is known to be involved in
216  the endocytic uptake of lipoproteins as well as proteins [45]. Dot-GAL4 was therefore used to
217 drive RNA interference (RNAIi) for Drosophila Cubn specifically in nephrocytes
218 (Dot>Cubnl[i]). This revealed that, on HFD, Cubn is required for the accumulation of
219 nephrocyte lipid droplets (Fig 4E and 4F). With the preceding results, this provides evidence
220  supporting the conclusion that HFD leads to excess fat circulating in the hemolymph (blood),
221 which is then endocytosed by nephrocytes via the Cubn receptor and targeted to lipid droplets.
222 Given that Cubn knockdown did not significantly decrease nephrocyte uptake of a labelled free
223 fatty acid (BODIPY FL C12), itis likely that lipoproteins are the major form of circulating fat
224 that contributes to nephrocyte lipid droplets (Fig 4G and 4H).

225

226  Fig 4: Fat body lipolysis induces and Cubilin-dependent endocytosis blocks renal lipid
227 droplets.

228  (A-B) Confocal panels (A) and quantifications (B) show that lipid droplets (marked with
229  LipidTOX) accumulate in nephrocytes (dashed outlines in A) of STD larvae expressing ATGL
230 in the fat body (Lpp=>ATGL) but not in controls (Lpp> ).

231  (C-D) Confocal micrographs (C) and quantifications of dextran mean fluorescence intensity
232 (D) show that ex vivo dextran uptake is decreased in nephrocytes of larvae expressing ATGL
233 in the fat body (Lpp=>ATGL) but not in those of control larvae (Lpp> ). Similar results are
234 obtained with 10kDa and 500kDa dextrans.

235 (E-F) Confocal micrographs (E) and quantifications (F) show that lipid droplets (marked with
236 LipidTOX) are far less abundant in the nephrocytes (dashed outlines in E) of nephrocyte-
237  specific Cubilin knockdown (Dot>Cubn[i]) compared to control (Dot>) HFD larvae.

238 (G-H) Confocal micrographs (G) and quantifications of fluorescence intensity (H) show that
239 Cubilin knockdown in nephrocytes (Dot>Cubn[i]) does not decrease ex vivo uptake of a

8


https://doi.org/10.1101/2020.11.19.390146
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.19.390146; this version posted November 20, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

ATGL protects against renal dysfunction

240  fluorescent analogue of a C18 saturated free fatty acid (BODIPY FL C12) by nephrocytes from
241 STD or HFD larvae. Panel G shows BODIPY FL C12 (green) and LipidTOX (magenta).
242

243 Boosting ATGL expression rescues HFD-induced nephrocyte dysfunction

244 Our results show that excess circulating lipids are endocytosed by nephrocytes and targeted to
245 lipid droplets. This raises an important question - what, if any, contribution do lipid droplets
246 make towards HFD-induced renal dysfunction? To identify unambiguous functions for lipid
247  droplets, rather than for fatty acid metabolism more generally, we targeted two enzymes with
248  direct substrates/products corresponding to the triglyceride cargo of droplets, DGAT1/Midway
249  and ATGL/Brummer. Importantly, nephrocyte lipid droplets in HFD animals were efficiently
250  inhibited either by knocking down DGATL1 (Dot>DGATL[i]) or by increasing the expression
251  of ATGL (Dot>ATGL) (Fig 5A). Systematically comparing the HFD phenotypes of these two
252 genetic manipulations allows the roles of lipid droplet triglycerides to be parsed into synthesis
253 versus lipolysis functions. This comparative strategy revealed that DGAT1 knockdown in HFD
254 nephrocytes gave a small decrease in mitochondrial volume, although it did not significantly
255  decrease ER volume (Fig 5B and 5C). Blocking lipid droplets via ATGL expression, however,
256 did significantly increase both mitochondrial and ER volumes in HFD nephrocytes, consistent
257  with partial restoration of these cell parameters towards STD values (Fig 5B and 5C, compare
258 with Fig 1E). Using the ratiometric dye BODIPY 581/591 C11 to detect lipid peroxidation, we
259  observed no difference between STD and HFD nephrocytes (S4 Fig). Furthermore, lipid
260  peroxidation on HFD did not significantly change with ATGL expression but it was strongly
261  elevated with DGAT1 knockdown (S4 Fig). Together, these results demonstrate that abrogation
262 of lipid droplets in HFD nephrocytes by increasing ATGL lipolysis is able to rescue
263 significantly the mitochondrial and ER volumes without increasing lipid peroxidation. In
264  contrast, blocking lipid droplet biogenesis in HFD nephrocytes via inactivation of DGAT1
265  triglyceride synthesis fails to rescue mitochondria and ER and also increases potentially
266  cytotoxic lipid peroxidation.

267

268 We next assessed nephrocyte endocytic function. SBF SEM was used to analyse the entire cell
269  volumes of STD, HFD, HFD DGATL[i], and HFD ATGL nephrocytes (S1 Movie to S4
270 Movie). Using our CLEM classification to segment these four nephrocyte volumes revealed
271 that the HFD-associated decrease in the total number and volume of endosomes is fully rescued
272 by ATGL but not by DGATL[i] (Fig 5D and 5E). In line with this, both the dextran and albumin
273 uptake of HFD nephrocytes were completely rescued by ATGL expression but not by DGAT1
274 knockdown (Fig 5F and 5G). Importantly, DGAT1 knockdown was epistatic to ATGL

9
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275  expression with respect to nephrocyte dextran uptake (Fig 5H). Hence, ATGL protects renal
276  endocytic function via a mechanism requiring triglyceride substrates, rather than by any
277 moonlighting activity of the enzyme. Together, these striking findings show that nephrocyte-
278 specific ATGL expression is sufficient to ameliorate HFD-induced mitochondrial defects and
279  to stimulate full rescue of endocytic function.

280

281  Fig 5: ATGL rescues mitochondria and macromolecule uptake of HFD nephrocytes

282 (A) Confocal micrographs of nephrocytes (dotted outlines), stained with a dye for neutral lipids
283 (LipidTOX), and corresponding quantifications showing that LD accumulation observed on
284  HFD in control larvae (Dot> ) is almost completely blocked in nephrocyte-specific DGAT1
285  RNAI (Dot>DGATL[i]) or ATGL expression (Dot>ATGL) larvae. Scale bar = 50 um.

286 (B-C) Quantifications of nephrocyte ER volume (B) and mitochondrial volume (C) for HFD
287  larvae of the control (Dot>ctrl), Dot>DGATL1[i] and Dot>ATGL genotypes.

288  (D-E) SBF SEM quantifications of total endosome numbers (D) and volumes (E) in STD
289  control (Dot>ctrl), HFD control (Dot>ctrl), HFD Dot>DGAT1[i] and HFD Dot>ATGL
290  nephrocytes.

291  (F-G) Quantifications of 10kDa and 500kDa dextran uptake (F) and albumin (FITC-BSA)
292 uptake (G) in HFD nephrocytes showing that nephrocyte-specific ATGL expression
293 (Dot>ATGL), but not DGAT1 knockdown (Dot>DGATL1[i]), rescues HFD nephrocyte
294 endocytic function.

295 (H) Quantifications of nephrocyte uptake of 10kDa and 500kDa dextrans showing that the
296  genetic rescue of HFD nephrocyte endocytic function obtained with nephrocyte-specific ATGL
297  overexpression (Dot>ATGL) is blocked by concomitant DGAT1 knockdown
298 (Dot>DGATL[i]).

299

300 ATGL rescue of HFD nephrocyte function requires Srl and Delg

301 We reasoned that UAS-ATGL rescue of nephrocyte dysfunction may reflect restoration of HFD-
302 induced downregulation of the endogenous bmm/ATGL gene. To test this possibility, a bmm-
303  GFP transcriptional reporter (ATGL-GFP) was used to monitor ATGL gene expression [46].
304  This approach revealed that HFD leads to a significant decrease in ATGL expression (Fig 6A
305 and 6B). Together with the ATGL rescue experiments, this suggests that transcriptional
306  downregulation of ATGL could contribute to nephrocyte dysfunction on HFD. Interestingly,
307 ATGL-GFP expression in HFD nephrocytes was restored to approximately STD levels by
308  providing exogenous ATGL enzyme (Dot>ATGL), suggesting the existence of positive
309 feedback between ATGL activity and ATGL transcription (Fig 6C). Thus, ATGL in
310  nephrocytes regulates mitochondria as well as the transcription of its own gene, raising the
311 question of whether these two ATGL functions are separate or linked. To address this, we
312 manipulated peroxisome proliferator-activated receptor-gamma coactivator la (PGCla), a
313 transcriptional coactivator that controls mitochondrial biogenesis and energy metabolism, also

314  mediating proximal tubule recovery from kidney disease [47,48]. Spargel (Srl), the Drosophila

10
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315 PGCla ortholog, regulates mitochondrial activity and it functions redundantly with the
316  GABPA ortholog Ets97D/Delg to promote mitochondrial biogenesis [49,50]. Furthermore, Srl
317  overexpression is known to counteract HFD-induced dysfunction of the Drosophila heart [51].
318 Using nephrocyte-specific RNAi knockdowns, we found that Srl and Delg are each required
319 for the normal mitochondrial volume of STD nephrocytes (S5A Fig). Importantly, knockdown
320 of PGCLla/Srl also decreased ATGL-GFP expression in STD nephrocytes (Fig 6D). This
321 finding shows that a key transcriptional coactivator of mitochondrial genes, PGC1la, is required
322 directly or indirectly to regulate the expression of the ATGL gene.

323

324 To define the role of PGClo/Srl in HFD nephrocyte dysfunction, we used both
325  pharmacological and genetic approaches. Pyrroloquinoline quinone (PQQ), an indirect
326  activator of PGC1la/Srl [52,53], was able to restore substantially the mitochondrial volume of
327  control or DGATL[i] HFD nephrocytes (Fig 6E). Strikingly, the degree of rescue of HFD
328 mitochondrial volume with PQQ was comparable to that achieved via ATGL expression (Fig
329  6E). The PQQ experiments rule out that PGCla solely acts upstream of DGAT1-dependent
330  triglyceride biosynthesis and, together with the GFP reporter analysis, suggest that a HFD-
331 induced decrease in PGCla expression/activity could downregulate ATGL gene expression.
332 Importantly, genetic knockdown of PGC1la/Srl, or Delg, inhibited ATGL rescue of HFD
333 nephrocyte mitochondrial volume (Fig 6F). Srl knockdown also completely blocked ATGL
334 rescue of nephrocyte dextran uptake, which remained at or slightly below the level that is
335  observed in control genotype HFD animals (Fig 6G and S5B Fig). These pharmacological and
336 genetic experiments together demonstrate that PGCla is required for the ATGL rescue of HFD-
337 induced deficits in nephrocyte mitochondria and endocytosis.

338

339 Fig 6: Rescue of nephrocyte mitochondria and endocytosis on HFD requires PGCla/Srl.
340  (A-D) Confocal micrographs of nephrocytes and quantifications showing that ATGL-GFP
341 reporter expression is suppressed by HFD (A-B), restored by Dot>ATGL (C), and decreased by
342 Dot>Srl[i] on STD diet (D). Note that the GFP intensities of HFD and STD nephrocytes can
343 be directly compared in panel A because they are both imaged within the same field of view.
344  (E) Dietary supplementation with pyrroloquinoline quinone (PQQ) rescues nephrocyte
345 mitochondrial volume on HFD, in control or Dot>DGATL1[i] genotypes, back to a value similar
346 to that in HFD Dot>ATGL or STD larvae.

347 (F) Dot>ATGL rescue of nephrocyte mitochondrial volume is compromised by simultaneous
348 knockdown of PGClea (Dot>ATGL;Srl[i]) or Delg (Dot>ATGL;Delgl[i]).

349 (G) Dot>ATGL rescue of 10 kDa and 500 kDa dextran uptake on HFD is blocked by
350  simultaneous knockdown of PGClea (Dot>ATGL;Srl[i]).

351

352
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353 Discussion

354  This study establishes the first Drosophila model for high-fat diet induced CKD. Our results
355  reveal that exposure to HFD induces renal defects in Drosophila that are strikingly similar to
356  those observed in mammals. Key metabolic features of CKD in podocytes and proximal tubule
357  cells are recapitulated in Drosophila nephrocytes including lipid droplet induction, a decrease
358 in mitochondrial volume, as well as compromised endocytic uptake of albumin and other
359 macromolecules. The powerful genetics and high-throughput possibilities of the Drosophila
360  model open up a significant new avenue for in vivo mechanistic studies of CKD. We now
361  discuss the mechanism by which HFD induces CKD-like dysfunction in Drosophila and how
362 increased ATGL/Bmm expression rescues it. We also discuss how side-by-side functional
363 comparisons of the triglyceride metabolic enzymes DGAT1 and ATGL provide a widely
364  applicable strategy for clarifying the cellular functions of stress-induced lipid droplets.

365

366  Boosting fatty acid flux through the triglyceride compartment protects renal endocytosis
367  ATGL overexpression is predicted to increase the release of free fatty acids, a change that is
368  associated with lipotoxicity. Nevertheless, we find that the outcome of this genetic
369  manipulation can either be beneficial or harmful for renal endocytosis, depending upon whether
370 it is adipose or nephrocyte specific. We showed that HFD induction of lipid droplets and
371 endocytic dysfunction in nephrocytes are both mimicked on STD via overexpression of ATGL
372 inadipose tissue. Furthermore, HFD induction of nephrocyte lipid droplets requires the Cubilin
373 endocytic receptor. Together, these results suggest that excess diet-derived fatty acids are
374 mobilised from adipose tissue into the circulation, taken up by nephrocytes via receptor-
375 mediated endocytosis, and subsequently accumulate in the core of lipid droplets.

376

377 A key finding of this study is that experimentally boosting the expression of ATGL in
378  nephrocytes rescues most of the deleterious effects of HFD on the morphology and function of
379  these cells. Thus, ATGL expression substantially restored ER volume, mitochondrial volume,
380  endosomal number and, importantly, the endocytosis of dextran and albumin. This striking
381  protection of nephrocyte endocytic function by ATGL is strictly dependent upon DGAT],
382 strongly suggesting that it requires fatty acid flux into and out of the lipid droplet triglyceride
383 compartment. Our analysis also suggests that fatty acid flux through the triglyceride
384  compartment is suboptimal on HFD because ATGL becomes limiting. The observation that

385  HFD decreases nephrocyte ATGL reporter expression is indicative of repression at the
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386  transcriptional level. However, our results do not rule out an additional contribution to HFD
387  repression of ATGL from post-transcriptional mechanisms.

388

389 A general strategy for distinguishing between different lipid droplet functions

3900  Our systematic comparisons between two different genetic methods for inhibiting stress-
391 induced lipid droplets have important implications for interpreting the role of these organelles
392 inawide range of different biological contexts. In the case of nephrocytes, we have shown that
393 either blocking the last step of triglyceride synthesis (DGAT1 knockdown) or boosting lipolysis
394  (ATGL overexpression) efficiently prevent the accumulation of lipid droplets, yet these
395 manipulations produce different functional outcomes. We now outline how side-by-side
396  comparisons of both genetic perturbations can be used to distinguish whether lipid droplets are
397  harmful or protective and, if they are protective, to identify the underlying mechanism. DGAT1
398  knockdown in HFD nephrocytes increases lipid peroxidation damage and decreases
399  endocytosis. Hence, as for the hypoxic CNS [54], synthesis of the triglyceride core of the lipid
400  droplet has a net protective effect on nephrocytes. To determine how the triglyceride core
401  protects, it is then important to consider the functional effect of boosting lipolysis via ATGL.
402 A harmful outcome implies that the protection offered by the lipid droplet triglyceride core
403 involves sequestration of potentially toxic lipids [54], whereas a beneficial effect suggests that
404 it corresponds to the release of protective lipids, with signalling or other roles [19,55,56]. In the
405  case of HFD nephrocytes, we found that boosting ATGL rescues macromolecular uptake,
406  suggesting that nephrocyte lipid droplets protect by acting as a source of beneficial lipids.
407  Similar reasoning suggests a reinterpretation of two previous studies in the adult Drosophila
408  retina, which reported that glial lipid droplets induced either by mitochondrial defects or by loss
409  of ADAM17 metalloprotease act to promote neurodegeneration [57,58]. This conclusion was
410  based on evidence that decreasing lipid droplets via the overexpression of Bmm/ATGL leads
411  to less neurodegeneration. Our DGATL1 and ATGL comparisons now provide evidence that
412 boosting ATGL equates to a gain not a loss of function for lipid droplets, or more precisely for
413 their role as a platform for triglyceride lipolysis. Therefore, the previous retinal studies and our
414 own nephrocyte findings are consistent in demonstrating a beneficial role for the lipolysis
415 function of lipid droplets. This illustrates that caution is needed when assigning protective or
416 harmful roles to lipid droplets and argues for a more nuanced interpretation that parses their
417  various subfunctions.

418

419  ATGL rescues renal endocytic dysfunction via the PGC1la pathway

13
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420  This study reveals that ATGL/Bmm rescues HFD-induced dysfunction in Drosophila renal
421 cells via a mechanism that requires GABPA/Delg and also PGC1a/Srl, a conserved regulator
422 of mitochondrial biogenesis, membrane potential and R-oxidation [47,48]. A pharmacological
423 approach provided evidence that PGCla is sufficient to correct HFD deficits in nephrocyte
424 mitochondrial volume. Unlike ATGL rescue, PGCla rescue does not require DGATI1-
425  dependent triglyceride synthesis. Moreover, genetic epistasis tests demonstrated that PGCla is
426  necessary for ATGL to rescue both the mitochondrial volume and the endocytic dysfunction of
427  HFD nephrocytes. These findings together make it likely that triglyceride synthesis and ATGL-
428  dependent lipolysis act upstream of the PGCla-dependent mitochondrial processes required
429  for optimal nephrocyte endocytosis. Nevertheless, there is transgenic reporter evidence for the
430  reverse regulatory relationship, namely that PGCle« is required for ATGL expression. It is
431  therefore probable that there is bidirectional positive regulation between ATGL and PGCla,
432 which is important for mitochondrial function and compromised by exposure to HFD. Reporter
433 experiments also showed that boosting ATGL activity increases ATGL transcription, thus
434  suggesting the existence of an ATGL positive feedback loop. Even though the complete
435 molecular pathways accounting for how increased ATGL expression in HFD nephrocytes
436 rescues PGCla mitochondrial processes are not yet known, it is plausible that ATGL activates
437  transcription factors cooperating with the PGCla coactivator. For example, it has been reported
438  that mammalian ATGL releases lipolytic products that can activate the nuclear receptor
439  PPARa, a partner of PGCla, either directly or via the Sirtuin 1 deacetylase [59,60]. Another
440  non-mutually exclusive possibility is that ATGL could rescue HFD nephrocytes via channelling
441  fatty acids from lipid droplets into mitochondria for R-oxidation, as has been suggested in
442 cultured cells subject to nutrient deprivation or fatty acid toxicity [55,61]. In the context of
443 CKOD, it is known that 3-oxidation is downregulated and the pharmacological reversal of this
444 has been proposed as a potential treatment [62]. Our findings now raise the possibility that
445  pharmacological activators of lipid droplet lipolysis could be a useful addition to existing
446  treatments for CKD. For example, small-molecule ligands for a potent activator of ATGL can
447  boost lipolysis in adipose and muscle tissue and it has been argued that they might be developed
448 into therapeutic entities for obesity and diabetes [63]. In the context of CKD, our nephrocyte
449  study suggests that it will be important to test whether this approach has the ability to induce
450  enough beneficial lipolysis in renal cells to deal with the concomitant increase in lipid overflow
451 from adipose tissue. If this is the case, then therapies boosting lipid droplet lipolysis could

452 provide a novel strategy for targeting obesity-associated CKD as well as its comorbidities.
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453 Materials and Methods

454  Drosophila strains

455  Control Drosophila strains used in this study, including controls for Gal4/UAS experiments,
456 were a Wolbachia-negative derivative of the w!//% iso?! strain [64] and/or UAS-mCherry RNAi
457 (V! sc* vl sev?!; Piy[+t7.7] v[+t1.8]=VALIUM20-mCherry}attP2). Nephrocyte and fat-body
458  specific manipulations were performed using Dot-GAL4 [65] and Lpp-GAL4 [66] respectively.
459  The following UAS fly stocks were used in this study and previously validated in the associated
460  references: UAS-Cubn[i] (W8, P{GD6458}vi14613) [67], UAS-mdy[i] (P{KK102899}VIE-
461  260B) [54], UAS-bmm [44], Rab7::YFPmyc [39], UAS-LDAH::eGFP (UAS-CG9186::eGFP)
462 [37],and UAS-Delg[i] (' v!; P{y[+t7.7] v[+t1.8] =TRiP.JF01805}attP2). Similar results were
463  obtained using UAS-Srifi] (P{KKI100201}VIE-260B) [53] or UAS-Srifi] () sc* v! sev’!;
464 P{y[+t7.7] v[+t1.8]=TRiP.HMS00858}attP2) [68].

465

466  Standard and high fat diet, larval staging and PQQ treatment

467  All stocks were raised on our standard diet (STD) at 25°C unless otherwise stated. STD contains
468  58.5 g/L glucose, 6.63 g/L cornmeal, 23.4 g/L dried yeast, 7.02 g/L agar, 1.95 g/L. Nipagen and
469 7.8 mg/L Bavistan, unless specified otherwise. Flies were left to lay eggs for 2 hr, on plates
470  containing grape juice agar with yeast paste in the centre. After egg maturation for 24 hr,
471  hatched L1 larvae were collected from the agar plates during a 1 hr time window using blunt
472 forceps, 20-25 individuals transferred to each vial at 25°C with the appropriate diet and raised
473 to wandering L3 stage (~90 hr after larval hatching) for nephrocyte analysis. High fat diet
474  (HFD) corresponds to STD supplemented with 20 mM oleic acid. Pyrroloquinoline quinone
475 (PQQ) as added to the diet at 0.3 mM.

476

477  Immunostaining and confocal microscopy

478  Larvae were inverted and fixed in 4% PFA in PBS for 30 minutes at 25°C. After fixation,
479  samples were washed three times in PBS and dissected further, if necessary. Samples were
480  blocked in 10% normal goat serum (NGS) in PBS + 0.2% Triton (PBT), incubated overnight at
481  4°C with primary antibodies diluted in 10% NGS in PBT, washed three times in PBT over 1
482  hr, incubated overnight at 4°C with secondary antibodies diluted in 10% NGS in PBT, and then
483  washed three times in PBT over 1 hr. Primary antibodies used were chicken anti-GFP at 1:1000
484  (Abcam, ab13970), rat anti-KDEL 10C3 at 1:300 (Abcam, ab12223) and mouse anti-ATP5A
485  15HA4C4 at 1:100 (Abcam, ab14748), the secondary antibodies were Alexa Fluor conjugated
486  antibodies (ThermoFisher Scientific) used at concentration 1:500. For neutral lipid staining,
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487  larvae were inverted in PBS and fixed overnight at 4°C in 2% PFA in PBL (75mM lysine,
488  37mM sodium phosphate buffer at pH7.4). Pericardial nephrocytes were dissected further in
489  PBS, permeabilized for 4 min in 0.1% PBT, washed 3 times for 10 min in PBS, and stained
490  with LipidTox Deep Red o/n at 4°C. All samples were mounted in Vectashield. For volume
491  measurements, samples were mounted in a well generated by 1 layer of magic tape (Scotch) to
492 avoid compression. All samples were imaged on a Leica SP5 upright microscope using oil
493  immersion objectives. Samples for direct quantitative comparison were imaged on the same
494  day using the same settings. For volume measurements, confocal Z stacks spanning the entire
495  depth of the tissue were acquired (step size of 1 um) and analyses were carried out using
496  Volocity v6 (Quorum Technologies).

497

498  ex vivo nephrocyte uptake assays

499  Dextran uptake assays were performed as described [31] with some modifications. Wandering
500 L3 larvae were inverted in Schneider’s Insect Medium, excess tissue was removed and larval
501  carcasses with CNS and pericardial nephrocytes attached were incubated for 30 min at 25°C in
502  Schneider’s Medium with 10 kDa AlexaFluor568-dextran and 500 kDa FITC-dextran at a
503  concentration of 0.33 mg/ml. For albumin uptake assay, pericardial nephrocytes were incubated
504  for 30 min at 25°C in Schneider’s Medium (S0146, Merck) with FITC-albumin and Red DQ-
505 albumin at a concentration of 0.1 mg/ml. Next, tissues were washed with ice-cold PBS and
506  fixed with 4% formaldehyde for 20 min at RT. If neutral lipid staining was required, tissues
507  were permeabilised with 0.1% PBT for 5 min at RT, washed extensively with PBS and stained
508  with LipidTox 633 o/n at 4°C. For BODIPY FL C12 (Thermo Fisher Scientific, D3822) uptake
509  assays, pericardial nephrocytes were incubated for 30 min at 25°C in Schneider’s Medium with
510 0.5 mg/ml delipidated BSA (A9205, Merck) and 10 uM BODIPY FL C12 green fluorescent
511  fatty acid. Tissues were then washed with ice-cold PBS and fixed with 4% formaldehyde for
512 20 min at 25°C. Stained tissues were mounted in Vectashield on glass slides with a coverslip
513 spacer of one layer of Scotch tape, and imaged on a Leica SP5 as described above.

514

515  Lipid peroxidation assay

516  To detect lipid peroxidation in nephrocytes, nephrocytes were dissected in Schneider’s medium
517  and incubated for 30 min in Schneider’s medium containing 10% NGS and 2 uM BODIPY
518 581/591 C11 (Invitrogen, D3861). Samples were washed and mounted in Schneider’s medium,
519  then control and experimental samples were imaged sequentially for the non-oxidized

520  (excitation: 561 nm, emission: 570-610 nm) and oxidized (excitation: 488 nm, emission: 500-
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521 540 nm) forms. The oxidized: non-oxidized ratio was measured in each nephrocyte and
522 intensity modulated ratiometric images were generated using Volocity v6 (Quorum
523 Technologies).

524

525  Electron microscopy

526  For correlative light-electron microscopy (CLEM), dextran uptake assays were performed on
527  dorsal vessel-pericardial nephrocyte complexes from STD and HFD larvae as described above.
528  After washing in cold PBS, tissues were fixed with 4% paraformaldehyde in phosphate buffer
529  (PB) for lhr and flat mounted in 1.5% low-melting-temperature agarose in PB on glass
530  coverslips. Rab7::YFP™¢ expressing nephrocytes were imaged on a Zeiss LSM880 Airyscan
531  confocal microscope using a 63x 1.4 NA oil immersion objective. Z stacks were obtained at 0.5
532 um step size using Auto Z Brightness Correction. Airyscan processing was performed using
533 default settings in the ZEN software. Samples were then removed from the glass slide, excess
534  agarose trimmed off and postfixed with 2% paraformaldehyde and 2.5% glutaraldehyde for 1hr,
535  prior to serial block face scanning electron microscopy (SBF SEM).

536 For SBF SEM, nephrocytes dissected from Dot>DGATL1[i] and Dot>ATGL larvae were first
537  subjected to dextran uptake assays and representative cells then selected for SBF SEM analysis.
538  Nephrocytes were then fixed with 2% or 4% paraformaldehyde and 2.5% glutaraldehyde in PB
539 for 1h, washed in PB, and flat mounted in 1.5% low-melting-temperature agarose in PB on
540  glass coverslips. All samples, including those for CLEM, were processed for SBF SEM using
541  the previously described protocol with modifications [69]. Briefly, tissues were post-fixed in
542 2% osmium tetroxide and 1.5% potassium ferricyanide for lhr, incubated in 1%
543 thiocarbohydrazide for 20 min, followed by 2% osmium tetroxide for 30 min. Osmicated tissues
544  were then stained en bloc with 1% uranyl acetate overnight, followed by Walton’s lead aspartate
545  staining for 30 min at 40-60°C. Tissues were then dehydrated with a graded ethanol series, flat-
546  embedded in Durcupan ACM® resin, and polymerized at 60°C. Samples were mounted onto
547  aluminum pins using conductive epoxy glue (ITW Chemtronics) and trimmed to the region of
548  interest guided by light microscopy images. Trimmed blocks were sputter-coated with 5-10 nm
549  platinum using a Q150R S sputter coater (Quorum Tech). SBF SEM data was collected using
550  a 3View2XP (Gatan, Pleasanton, CA) attached to a Sigma VP SEM (Zeiss, Cambridge). The
551  microscope was operated at 2.0-2.3kV with 30-um aperture, using Variable Pressure mode or
552 Focal Charge Compensation mode [70]. Inverted backscattered electron images were acquired
553  through entire nephrocytes every 50 or 100 nm, at a resolution of 6.5-8.0 nm/pixel. Acquired
554  images were imported into Fiji [71] and aligned using the Register Virtual Stack Slices [72].
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555  For the Movies S1-S4, aligned data were scaled down to 50 nm/pixel and encoded into the H.

556 264 compression format using the ImagelJ plugin imagej-ffmpeg-recorder.

557

558  SBF SEM quantification of endosomes

559  CLEM was used to define the morphology of the endocytic compartments to be quantified using
560  SBF SEM. The Airyscan Z-stack was matched to the SBF SEM data using the Fiji plugin
561  BigWarp. Endolysosomes were manually selected in each stack as landmarks, and thin-plate
562 spline transformation was applied to match the two stacks. ~70 endolysosomes were classified
563  using CLEM into five morphology groups based on their SEM luminal density and their
564  Dextran and Rab7::'YFP™¢ status in the corresponding Airyscan images (S3A Fig). Dark
565  endolysosomes with a luminal density similar to or higher than the cytoplasm were all Dextran
566  (but Rab7" and Rab7") and therefore, along with Golgi apparatus associated vesicles, were not
567  segmented in SBF SEM images. White and light endosomes were segmented on one or more
568  SBF SEM slices including the midplane of the compartment by fitting the largest inscribed
569  circle using the Fiji plugin TrakEM2 [73]. Then using the Fiji 3D Object Counter [74], the size
570  of the bounding box was used to estimate the object diameter and this was used to calculate the
571  spherical volume. For quantitation of endosome numbers and volumes, a size threshold of 300
572 nm diameter was selected and validated by showing that it gave comparable endosome size
573 distributions for the different fixation protocols used for CLEM or for standard SBF SEM (S3B
574  Fig).

575

576  Statistical Analysis

577 Rversion 3.5.1 (2018-07-02) was used for all statistical analysis (R Core Team, 2018). Boxplots
578  were generated using ggplot2, show the median with first and third quartile, and whiskers
579  extend from the hinge by 1.5x inter-quartile range. Data points are coloured according to which
580  independent experiment they are from. For statistical analyses, the data was modelled using a
581  linear mixed model (LMM) with diet as fixed and independent experiment as random effect
582 followed by a Wald Chi-Squared test. Asterisks show statistical significance (* p<0.05, **
583  p<0.005, ***p<0.0005). The data were modelled using restricted maximum likelihood (REML)
584  linear mixed models (LMM) or general linear mixed models (GLMM) from the Ime4 package
585  [75]. The model fit was evaluated using normal quantile-quantile plots. Experimental
586 manipulation such as diet, genetic manipulation and dextran size were categorized as fixed
587  effects, and independent experiments were categorized as random effects. Statistical inference

588 for fixed effects was tested by Wald Chi-Square test from the R car package [76]. For multiple
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589  comparisons, estimated marginal means (EMM) were predicted using the R emmeans package
590  [77] and comparisons used Bonferroni correction. Statistical methods, parameters and results
591  for each figure are summarized in Table S1.

592
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03 Supporting Figure Legends

894  Figure S1. HFD and genetic lipid overflow models do not disrupt growth and

895  developmental timing.

896  (A-C) Graphs compare STD and HFD animals, indicating that they have similar larval weight
897  (mg), nephrocyte volume (um?) and developmental timing (% pupariation versus hours after
898 larval hatching).

899  (D-F) Graphs compare STD animals expressing ATGL in the fat body (Lpp>ATGL) with

900  controls (Lpp-GAL4). indicating that they have similar larval weight (mg), nephrocyte volume
901  (um?) and developmental timing (% pupariation versus hours after larval hatching). Note that
902  nephrocyte size is significantly different (p<0.0005) between control and ATGL expressing
903  animals.

904

905  Figure S2. Time course of dextran uptake in nephrocytes.

906  (A-B) Graphs quantify individual uptake (A) and uptake ratio (B) of fluorescently labelled
907 500 kDa and 10 kDa dextrans as a function of time (min) for ex vivo pericardial nephrocytes.
908

909  Figure S3. CLEM analysis of endolysosomes in STD nephrocytes.

910  (A) The five endolysosomal categories distinguished in correlative light-electron microscopy
911  (CLEM) analysis of Rab7::YFP™¢ STD nephrocytes subjected to dextran uptake assays. The
912  criteria used were scanning EM luminal density ("white", "light" or "dark"), and also the "+"
913  or "-" status of expression of Dextran and Rab7::GFP. Scale bar = 1 pm.

914  (B) Quantitations from SBF SEM volumes of a STD control and a STD Rab7::YFP™*

915  nephrocyte showing similar endosome size distributions. Note that "white" and "light"

916  endosomes but not "dark" endolysosomes were segmented and quantified per cell according
917  to their diameter (Um).

918

919  Figure S4. DGAT1 knockdown increases nephrocyte lipid peroxidation.

920  (A) Confocal panels represent ratio of oxidized (500-540 nm emission) to non-oxidized (570-
921 610 nm emission) forms of the lipid peroxidation sensor BODIPY 581/591 C11 in pericardial
922 nephrocytes (dotted outlines) from STD larvae and HFD larvae carrying Dot>DGATI[i] or
923 Dot>ATGL.

924  (B) Graph quantifies oxidized: non-oxidized ratios of the lipid peroxidation sensor BODIPY
925 581/591 C11 in pericardial nephrocytes for the dietary and genetic manipulations in A. On
926  HFD, lipid peroxidation is increased by DGAT1 knockdown but not by ATGL expression.

927

928  Figure SS. Srl knockdown prevents ATGL rescue of dextran uptake.

929  (A) Delg or Srl knockdown decreases mitochondrial volume in STD nephrocytes.

930  Quantitation of mitochondrial volumes (as % of cell volume) of STD pericardial nephrocytes
931  for control (Dot> ), Dot>Delg[i] and Dot> Srl[i] larvae.

932 (B) Confocal panels show 10 kDa and 500 kDa dextran uptake in ex vivo pericardial

933 nephrocytes of control (Dot> ) and Dot>ATGL; Sri[i] larvae on HFD. The dextran signals of
934  both genotypes, imaged within the same field of view, are comparable. Graph shows small
935  but significant decrease in 10 kDa and 500 kDa dextran uptake between control (Dot> ) and
936  Dot>ATGL; Sri[i] larvae on HFD. Note that in the absence of Srl knockdown, ATGL

937  significantly increases dextran uptake on HFD.

938

939  Movie S1. SBF SEM Z stack of a STD nephrocyte. Data were collected with a 0.1 um step
940  size and recorded at 25 fps.

941
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942  Movie S2. SBF SEM Z stack of a HFD nephrocyte. Data were collected with a 0.1 pm step
943  size and recorded at 25 fps.

944

945  Movie S3. SBF SEM Z stack of a Dor>DGATI[i] HFD nephrocyte. Data were collected with
946  a 0.1 um step size and recorded at 25 fps.

947

948  Movie S4. SBF SEM Z stack of a Dor>ATGL HFD nephrocyte. Data were collected with a
949 0.1 um step size and recorded at 25 fps.

950

951  Table S1. Summary of statistical methods and analysis. For each main and supporting figure,
952 the linear mixed models, statistical inference tests and p values are shown.
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CLEM analysis of endolysosomes in STD nephrocytes
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