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SUMMARY

Invasive cells use transient, energy-consuming protrusions to breach basement membrane (BM) barriers.
Using the ATP sensor PercevalHR during anchor cell (AC) invasion in Caenorhabditis elegans, we show
that BM invasion is accompanied by an ATP burst from mitochondria at the invasive front. RNAi screening
and visualization of a glucose biosensor identified two glucose transporters, FGT-1 and FGT-2, which bathe
invasive front mitochondria with glucose and facilitate the ATP burst to form protrusions. FGT-1 localizes at
high levels along the invasive membrane, while FGT-2 is adaptive, enriching most strongly during BM breach-
ing and when FGT-1 is absent. Cytosolic glycolytic enzymes that process glucose for mitochondrial ATP pro-
duction cluster with invasive front mitochondria and promote higher mitochondrial membrane potential and
ATP levels. Finally, we show that UNC-6 (netrin), which polarizes invasive protrusions, also orients FGT-1.
These studies reveal a robust and integrated energy acquisition, processing, and delivery network that

powers BM breaching.

INTRODUCTION

Basement membrane (BM) is a dense, cross-linked, planar
extracellular matrix (ECM) that underlies or surrounds most tis-
sues (Jayadev and Sherwood, 2017; Pozzi et al., 2017). Although
BMs pose a barrier to cell migration, many cells acquire a
specialized ability to breach BMs to carry out important develop-
mental and physiological processes. These include cytotropho-
blasts that penetrate uterine-wall BM to implant, sensory neu-
rons that extend pioneering axons through BM into the spinal
cord, neural crest cells that breach BM to leave the neural
tube, and leukocytes that transmigrate BM to enter and exit tis-
sues during immune surveillance (Leonard and Taneyhill, 2020;
Moser et al., 2018; Nichols and Smith, 2019; Schwartz et al.,
2021). Dysregulated cell invasion also underlies diseases such
as the pregnancy disorder pre-eclampsia, premature skull
bone fusion in craniosynostosis, rheumatoid arthritis, and cancer
metastasis (Al-Rekabi et al., 2017; Fisher, 2015; Reuten et al.,
2021; Xing et al., 2016). Understanding the mechanisms that
allow cells to traverse BMs is thus of both basic and clinical
importance.

Cell-invasion events are often stochastic and occur deep
within tissues and are therefore difficult to experimentally dissect
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in vivo (Kelley et al., 2014). As a result, most studies on BM inva-
sion have been carried out using artificial matrices on 2D
surfaces that mimic planar BMs (Cambi and Chavrier, 2021; Ez-
zoukhry et al., 2018). These experiments have identified invado-
somes, which are force producing, F-actin-based membrane
protrusions that bind to and proteolytically degrade ECM (Pater-
son and Courtneidge, 2018). Often referred to as podosomes in
normal cells and invadopodia in cancer cells, these invasive
structures are likely a related continuum of membrane-associ-
ated protrusions that alter their dynamics, arrangements, and
composition in response to the environment (Di Martino et al.,
2016; Hastie and Sherwood, 2016; Paterson and Courtneidge,
2018). Confirming their importance, invadosomes have been
observed in many matrix-degrading cell types in vivo, such as
pioneering axons, remodeling neuromuscular junctions, and iso-
lated tumor cells (Chan et al., 2020; Chen et al., 2019; Nichols
and Smith, 2019). While the mechanisms that build and modulate
invadosomes are being resolved, it is unknown how cells
metabolically support these energy- demanding protrusive
structures (Garde and Sherwood, 2021). F-actin turnover, prote-
ase trafficking, and dynamic membrane addition at invado-
somes are high ATP-consuming processes (Li et al., 2019;
Marshansky and Futai, 2008; Shah et al., 2015). Recent studies
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Figure 1. A transient surge in the ATP:ADP ratio at the invasive front accompanies AC-BM invasion

(A) A timeline of AC (magenta) invasion through BM (green) in C. elegans (top, schematic of lateral view; bottom, micrographs of lateral view of AC membrane
labeled by cah-3p::mCherry::PLC6™ and BM labeled by laminin::GFP) from the P6.p 1-cell stage of the 1° vulval precursor cells (VPCs, differential interference
contrast [DIC], gray) to the P6.p late 4-cell stage.

(B) (Left) Spectral fluorescence intensity maps of the ATP:ADP ratio in the AC visualized by the ATP:ADP ratiometric sensor PercevalHR (lin-29p::PercevalHR)
before (P6.p 1-cell and 2-cell stage), during (P6.p 2-4-cell and early 4-cell stage), and after BM breaching (P6.p late 4-cell stage). ATP:ADP ratios are highest at the
(legend continued on next page)
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have found that mitochondria localize to the leading edge of
pancreatic, prostate, ovarian, and glioblastoma cancer cells,
where they are thought to provide localized ATP to fuel F-actin
polymerization, actomyosin contractility, and cell-matrix adhe-
sions required for cell movement (Caino et al., 2015; Cunniff
et al., 2016; Papalazarou et al., 2020; Rivadeneira et al., 2015).
Whether localized mitochondria and ATP support invadosomes
during BM breaching, and how cells supply a carbon source to
fuel localized mitochondria are unknown.

Anchor cell (AC) invasion in C. elegans is a highly stereotyped
and experimentally accessible model of cell invasion (Sherwood
and Sternberg, 2003). The AC is a specialized uterine cell that in-
vades the underlying uterine and vulval BMs to initiate uterine-
vulval connection. The AC breaches the BM with dynamic inva-
dosomes, which have been termed invadopodia because of their
similar protrusive nature to cancer cell invadopodia (Hagedorn
et al., 2013). Numerous AC invadopodia rapidly form and disas-
semble prior to invasion and are polarized to the AC-BM inter-
face by UNC-6 (netrin), a cue secreted by the underlying vulval
cells (Hagedorn et al., 2014; Naegeli et al., 2017; Wang et al.,
2014a; Ziel et al., 2009). When an invadopodium breaches the
BM, a large protrusion forms at the site via exocytosis of
lysosomes, which widens the BM opening through proteolytic
degradation and physical displacement (Naegeli et al., 2017).
Mitochondria and ATP polarize to the invasive front of the AC,
where they are implicated in promoting a nonproteolytic, adap-
tive form of BM invasion (Kelley et al., 2019). Like cancer cells,
however, the role of localized mitochondria and ATP production
in supporting the normal BM invasive machinery is unclear, as is
the source of fuel for localized mitochondria.

Using the genetically encoded ATP biosensor PercevalHR, we
show that ATP levels at the AC’s invasive front dramatically in-
crease during BM breaching. To understand how this ATP burst
is fueled, we conducted an RNAI screen of carbohydrate, lipid,
and amino-acid transporters, and found that FGT-1, a facilitated
glucose transporter, is required for normal invasion. Endogenous
tagging revealed that FGT-1 enriches at the AC’s invasive
plasma membrane and that, like the BM breaching protrusive
machinery, FGT-1 is polarized by UNC-6 (netrin). A glucose
biosensor showed that FGT-1 polarization facilitates an intracel-
lular gradient of glucose that bathes the invasive front mitochon-
dria with high glucose and supports increased ATP production,
which promotes invasive protrusion formation. We further
discovered that glycolytic enzymes, which breakdown glucose
to fuel mitochondrial ATP production, cluster in puncta that co-
localize with mitochondria at the invasive front and that these
mitochondria have increased membrane potential for ATP
production. Finally, through a sensitized genome-scale RNAi
screen, we identified FGT-2, another glucose transporter, that
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specifically increases its enrichment at the invasive membrane
during BM breaching and enhances glucose import and peak
ATP generation. We also identified the mitochondrial adaptor
TRAK-1 and the O-GIcNAc transferase OGT-1, which have
been shown to arrest mitochondria in the presence of high
glucose and found that they function to concentrate mitochon-
dria at the glucose-rich invasive front. Together, these results
reveal a localized glucose uptake, breakdown, and, mitochon-
drial ATP delivery system that both powers the BM invasive ma-
chinery and is itself an integrated component of that machinery.

RESULTS

BM invasion is accompanied by an ATP burst from
mitochondria at the invasive front
BM transmigration by the AC is a highly stereotyped cell-inva-
sion event (Sherwood and Sternberg, 2003). The uterine AC in-
vades over a specific ~90-min window during the L3 larval stage
that correlates with the divisions of the underlying 1° fated vulval
precursor cells (VPCs) (Figure 1A). The AC is specified and grows
in size during the early L3 larval stage (VPC P6.p 1-cell to 2-cell
stage) and begins breaching the BM during the mid-L3 larval
stage (P6.p 2-cell stage) using dynamic invadopodia that pene-
trate the BM (Hagedorn et al., 2014). Once an invadopodium
penetrates the BM, F-actin polymerization is enriched at the
site of the BM breach and a single large protrusion forms,
clearing a wide opening in the BM during the period between
the P6.p 2-4-cell and early P6.p 4-cell stage (Naegeli et al.,
2017). The AC completes invasion before the late P6.p 4-cell
stage and attaches to the central VPCs, which initiates the
uterine-vulval connection (Figure 1A). Through analysis of mito-
chondria localization and the use of the ATP sensor ATeam,
we previously showed that mitochondria and ATP enrich at the
invasive front of the AC during BM breaching (Kelley et al.,
2019). Whether ATP levels are specifically increased at the
time of invasion to facilitate BM breaching, however, is unknown.
To examine ATP levels over the course of AC invasion, we
used the ratiometric biosensor PercevalHR (Tantama et al.,
2013). PercevalHR consists of a circularly permuted fluorophore
(cpmVenus), fused to the bacterial ATP-binding protein GInK.
ATP and ADP compete for binding to GInK, and each binding
state has a unique excitation spectrum, allowing the cytosolic
ATP:ADP ratio to be determined (STAR Methods; Figures S1A
and S1B). The ATP:ADP ratio calculated using PercevalHR is in-
dependent of the concentration of the sensor, which allows
robust temporal analysis of ATP dynamics. An increase in the ra-
tio is a strong indicator of greater ATP production and reflects the
free energy of ATP hydrolysis available for driving energy-
demanding processes (Tantama et al.,, 2013). Ratiometric

invasive side of the AC (arrows) during BM breaching. This and all subsequent color bars show a spectral representation of fluorescence intensity displaying the
minimum and maximum pixel value range of the acquired data. The numbers represent minimum and maximum pixel intensity where all images within a panel are
shown with the same constrained ranges. Where hi-lo is shown in subsequent figures, the spectral range for each image was set independently to highlight apical
over basal fluorescence enrichment differences within the AC (see STAR Methods). (Right) Quantification of total ATP:ADP ratio over developmental time (n > 5
ACs per time point, mean + SEM, ** p < 0.01, ** p < 0.001, one-way ANOVA with post hoc Tukey’s test).

(C) Visualization of CH, bonds in lipids using stimulated Raman scattering (SRS) microscopy images at 2,485 cm™' during the P6.p 2-cell stage shows lipid
droplets in intestinal cells (top, arrow) and no lipid droplets in the AC (bottom, dotted line outlines AC; n = 8 animals imaged).

(D) An ATGL-1::GFP translational reporter localizes to lipid droplets in the intestine (top, arrow). No lipid droplets are apparent in the AC at the P6.p 2-cell stage

(bottom, dotted lines outline AC; n = 11 animals imaged).
Scale bars: 5 um. See also Figure S1.
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Figure 2. Invasive membrane-enriched FGT-1 and localized glucose import promote ATP production and BM invasion
(A) Representative AC (magenta) invasion phenotypes in wild-type, fgt-1 (tm3165) null mutant, phloretin-treated, and 2-DG-treated animals at the P6.p late 4-cell
stage. Arrows indicate BM (green) breach in a wild-type animal.
(B) Endogenous FGT-1 (fgt-1::mNG) distribution in the AC over developmental time. Arrows indicate regions of FGT-1 enrichment.
(legend continued on next page)
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imaging of AC-expressed PercevalHR (/in-29p::PercevalHR) re-
vealed an ATP:ADP ratio gradient that was ~75% greater at
the invasive basal side of the AC compared with the apical
side during BM breaching (Figures 1B and S1A). Examination
of PercevalHR prior to (P6.p 1-cell and 2-cell stages), during
(P6.p 2—4-cell and early 4-cell stages), and after (P6.p late 4-
cell stage) invasion, also revealed a transient 2.5-fold increase
in the ATP:ADP ratio during BM clearance (Figure 1B). Further-
more, cytosolic GFP, driven by the same promoter as Perce-
valHR, showed that while cytosolic GFP fluorescence increased
slowly during AC invasion, the ADP signal remained constant
and the ATP signal rapidly doubled during BM breaching (Fig-
ures S1B and S1C). To verify that gradients of pH in the AC did
not impact PercevalHR’s readout of ATP:ADP ratios, we exam-
ined cytosolic GFP (pKa 6.0), whose fluorescence can be
quenched by low pH and mCherry whose fluorescence is insen-
sitive to low pH. GFP and mCherry had similar uniform fluores-
cence in the cytoplasm (Figure S1D), indicating the absence of
a low-pH domain in the cytoplasm of the AC (Shinoda et al.,
2018). Similarly, the pH biosensor Rosella (Rosado et al., 2008,
see STAR Methods) also demonstrated the absence of a low-
pH domain in the AC (Figure S1E). Together, these observations
indicate that the AC dramatically increases cytosolic ATP levels
at the site of invasion during BM breaching.

The facilitated glucose transporter FGT-1 promotes AC
invasion
How cells acquire carbon sources to fuel the energy-intensive
process of invasion through ECM is not well understood (Garde
and Sherwood, 2021). We hypothesized that the rapid increase
in the ATP:ADP ratio during BM invasion could be due to catab-
olism of either an intracellular nutrient store or an imported fuel
source. Lipid droplets are a cytoplasmic storage organelle for
neutral lipids that can be oxidized to fuel ATP production (Ram-
bold et al., 2015). Using label-free stimulated Raman scattering
(SRS) microscopy (Mutlu et al., 2021), we visualized CH, bonds
that are abundant in the fatty-acid chains of neutral lipids stored
in lipid droplets. Unlike the intestine, the main fat-storage tissue
of C. elegans, the AC did not have any lipid droplets prior to or
during invasion (N = 0/8) (Figure 1C). In addition, we examined
a GFP-tagged lipid-droplet-resident protein ATGL-1 (ATGL-
1::GFP), and found abundant lipid droplets in intestinal cells,
but none in the AC (N = 0/11; Figure 1D).

Given the lack of an internal lipid store, we examined whether
the AC imports a nutrient source to fuel rapid ATP production.
Using an AC-specific RNAi knockdown strain (STAR Methods),
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we targeted 35 genes encoding proteins involved in transmem-
brane transport of lipids, amino acids, and hexose sugars (Table
S1). We predicted that reduction of a carbon source catabolized
for ATP production would perturb AC invasion. AC invasion was
scored at the late P6.p 4-cell stage, ~45 min after wild-type ACs
complete invasion. RNAi-mediated knockdown of only one
gene, fgt-1, resulted in significant AC invasion defects, where
~35% of AC invasions failed (Table S1). The fgt-1 gene encodes
the only known functional C. elegans homolog of mammalian
glucose transporters (GLUTs), which are 12-pass transmem-
brane proteins that facilitate bidirectional, passive transport of
glucose down concentration gradients (Feng et al., 2013; Ki-
taoka et al., 2013). Animals harboring a fgt-7-null allele
(tm3165) had an invasion defect (~30%) similar to fgt-1 RNAI
(Figure 2A; Table S1). Examination of invasion in fgt-1 mutant an-
imals at the time of invasion initiation (P6.p 2-4-cell stage)
revealed a highly penetrant invasion-initiation delay (86%),
although most fgt-1 mutants completed invasion by the P6.p
6-cell stage (~9% defective) (Figure S2A; Table S2).

To further verify that GLUT transporters and glucose function in
promoting invasion, animals were treated prior to AC invasion with
100 uM phloretin, a pharmacological GLUT inhibitor. Supporting a
role for glucose transport in AC invasion, inhibition of GLUTs per-
turbed invasion (Figure 2A; Table S1). Glucose metabolism was
impaired by culturing worms on a low dose of the nonmetaboliz-
able glucose ortholog 2-deoxyglucose (2-DG), which also in-
hibited invasion (Figure 2A; Table S1). Taken together, these ob-
servations suggest that both glucose transport and glucose
metabolism facilitate AC invasion and that imported glucose
might fuel heightened ATP generation during BM breaching.

FGT-1 and glucose enrichment at invasive front elevates
ATP levels during invasion

Next, we investigated how FGT-1 protein and glucose transport
are localized and contribute to increased ATP levels during BM in-
vasion. We used CRISPR-Cas9-mediated genome editing
to endogenously tag FGT-1 (fgt-1::mNG). FGT-1::mNG was
broadly localized to the plasma membrane of cells throughout
the animal, including the AC and its neighboring uterine and vulval
cells. Notably, FGT-1::mNG was uniquely polarized to the basal
invasive plasma membrane of the AC (Figures 2B and 2E),
compared with its neighboring noninvasive uterine cells (Fig-
ure S2B). To visualize FGT-1::mNG polarity within the AC without
membrane signal from neighboring cells, FGT-1 was expressed
under an AC-specific promoter (lin-29p::fgt-1::mNG). AC-specific
expression revealed FGT-1 enrichment at the invasive cell

(C) AC-specific FGT-1 (lin-29p::fgt-1::mNG) distribution in the AC over developmental time. Arrows indicate regions of FGT-1 enrichment.

(D) Spectral fluorescence-intensity maps of glucose distribution in the AC over developmental time visualized by the glucose sensor Green Glifon 4000 (/in-
29p::Glifon 4000). Glucose levels were highest in the invading side of the AC (indicated by arrows).

(E) Quantification of invasive enrichment of endogenous FGT-1 (black), AC-specific FGT-1 (green), and Green Glifon 4000 (gold) in the AC over developmental

time (n > 5 ACs for each timepoint, mean + SEM).

(F) (Top) glucose distribution (lin-29p::Glifon 4000) in the ACs of a wild-type and fgt-7 mutant animal during invasion. BM position (from DIC image, not shown),
dotted line. (Bottom) Quantification of invasive enrichment of Green Glifon 4000 signal (ACs imaged and quantified at the P6.p 2-4-cell and early 4-cell stages,

boxplot, n > 15 per genotype, * p < 0.05, unpaired two-tailed t test).

(G) (Top) ATP:ADP ratio (lin-29p::PercevalHR) in the ACs of a wild-type and fgt-1 mutant animal during invasion. BM position (from DIC image not shown), dotted
line. (Bottom) Quantification of ATP:ADP ratio (ACs imaged and quantified at the P6.p 2—4-cell and early 4-cell stages, boxplot, n > 13 per genotype, ** p < 0.01,

unpaired two-tailed t test).
Scale bars: 5 um.
See also Figure S2.
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membrane beginning at the P6.p 1-cell stage and increasing to the
time of invasion, reaching 2-fold greater levels at the invasive
plasma membrane compared with the apical membrane at the
time of invasion (Figures 2C and 2E). Due to the passive and bidi-
rectional transport of glucose through GLUT-family transporters,
we hypothesized that FGT-1 enrichment could facilitate local
glucose import. To visualize intracellular glucose, we expressed
the genetically encoded glucose biosensor Green Glifon 4000 in
the AC (lin-29p::Green Glifon 4000). Green Glifon 4000 is
composed of fluorescent protein Citrine fused to the bacterial
glucose- and galactose-binding protein MgIB. Green Glifon
4000 undergoes a conformational change and subsequent in-
crease in fluorescence intensity in response to glucose binding
(Mita et al., 2019). Supporting a functional role for enriched FGT-
1 localization, Green Glifon 4000 signal was also enriched at the
invasive region of the AC by the P6.p 1-cell stage, and its concen-
tration further increased until the time of BM breaching (Figures 2D
and 2E). These findings indicate that localized FGT-1 may facili-
tate import of glucose to the site of BM breach.

To determine whether FGT-1 enables polarized glucose
import, we examined fgt-1null mutants expressing Green Glifon
4000. Wild-type ACs had an ~2-fold glucose enrichment at the
invasive front during BM breaching (P6.p 2-4-cell and early 4-
cell stages). In contrast, fgt-7 mutants had a reduction of ~25%
in glucose enrichment at the ACs’ invasive side during BM
breaching (Figures 2F and S2C). Finally, we examined if FGT-1
is required for the increase in ATP:ADP ratio during AC invasion.
Consistent with this notion, the ATP:ADP ratio was ~40% lower in
fgt-1 mutant animals during BM breaching (Figure 2G). These re-
sults indicate that FGT-1 promotes polarized glucose import,
which is required for increased ATP levels during BM breaching.

Oxidative phosphorylation drives increased ATP
production during invasion

We next examined how imported glucose is used by the AC to
generate ATP during invasion. Most ATP in cells is produced by
mitochondrial oxidative phosphorylation (OXPHOS) (Bonora
etal., 2012). Prior to entering the mitochondria, glucose is metab-
olized into pyruvate by glycolysis, a process catalyzed by 10
enzymatic steps in the cytoplasm that generates two molecules
of ATP per molecule of glucose (Figure 3A). Cytoplasmic pyruvate
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can be transported into mitochondria by mitochondrial pyruvate
carriers (MPCs) (Bricker et al., 2012; Herzig et al., 2012) to be
oxidized by the tricarboxylic acid (TCA) cycle. The electrons pro-
duced by glycolysis and the TCA cycle flow through electron car-
riers, i.e., the electron-transport chain (ETC) in the mitochondrial
inner membrane and set up a proton gradient that helps create a
membrane potential across the inner mitochondrial membrane.
This membrane potential is harnessed for ATP production, with
the overall process termed OXPHOS. Some cancer cells, howev-
er, rely on glycolysis followed by reduction to lactate as their pri-
mary mode of ATP production in aerobic conditions in a process
called aerobic glycolysis (Chen et al., 2015).

To determine whether the AC uses aerobic glycolysis or
OXPHOS to generate the bulk of ATP for invasion, we impaired
cytosolic glycolytic enzymes and the import of pyruvate into
the mitochondria for OXPHOS. We hypothesized that if the AC
relied primarily on aerobic glycolysis, impairing glycolysis alone
would hinder invasion, while the knockdown of pyruvate import
would not affect invasion. However, if the AC required OXPHOS,
impairing glycolysis and pyruvate import would both impair AC
invasion. AC-specific RNAi knockdown of the glycolytic enzyme
glucose-6-phosphate isomerase gpi-1 (the sole C. elegans or-
tholog) and the mitochondrial pyruvate carrier mpc-2 both per-
turbed AC invasion (Table S1), strongly suggesting that mito-
chondrial OXPHOS produces the ATP to fuel BM breaching.

To further test the idea that the AC generates ATP from
glucose-fueled OXPHOS, we examined the impact of impairing
glycolysis and OXPHOS on ATP production. The RNAi knock-
down of a rate-limiting glycolytic enzyme pyruvate kinase
(pyk-1) dramatically decreased the ATP:ADP ratio at the time
of BM breaching (~60% reduction; Figure 3B). Inhibition of
OXPHOS with the ETC Complex | inhibitor rotenone similarly
reduced the ATP:ADP ratio (~66%) during invasion (Figure 3B).
These results indicate that pyruvate generated by glycolysis is
used by mitochondria to drive OXPHOS and fuel ATP production
during AC invasion.

Glycolytic enzymes co-localize with highly active
mitochondria at the invasive front

Although glycolytic enzymes are primarily found throughout
the cytosol of cells, they have been shown to concentrate at

Figure 3. Invasive front mitochondria have a high membrane potential, co-localize with glycolytic enzyme clusters, and produce ATP via
OXPHOS

(A) A schematic of glucose metabolism in eukaryotic cells including glucose import into the cytoplasm, glucose processing by glycolytic enzymes, import of
pyruvate into mitochondria, and its conversion to acetyl CoA, the tricarboxylic acid (TCA) cycle, mitochondrial ATP production via OXPHOS, and rotenone in-
hibition of complex | of the electron-transport chain (ETC).

(B) (Top) ATP:ADP ratio (lin-29p::PercevalHR) in the ACs of empty vector control (L4440) and pyk-1 RNAi-treated animals (left), and control (DMSO) and rotenone-
treated animals (right) during invasion. (Bottom) Quantification of ATP:ADP ratio in ACs of empty vector and pyk-7 RNAi-treated (left, boxplots, n > 5 per
condition; ** p < 0.01, unpaired two-tailed t test) and control and rotenone-treated animals (right, all ACs imaged and quantified at the P6.p 2—4-cell and early
4-cell stages, boxplots, n > 10 per condition, *** p < 0.0001, unpaired two-tailed t test).

(C) (Left) Colocalization of punctate signal of glycolytic enzymes PFK-1.1 and PYK-1A (lin-29p::pfk-1.1::mNG and lin-29p::pyk-1a::mNG, green) and mitochondria
stained with Mitotracker CMXRos (magenta) at the invasive side of the AC. Arrows indicate glycolytic enzyme puncta that co-localize with basal mitochondria;
arrowheads show apical mitochondria with no glycolytic enzyme colocalization in merged images. (Right) Quantification of Pearson’s correlation coefficient
between glycolytic enzymes PFK-1.1 and PYK-1A and mitochondria at the basal and apical regions of the AC (ACs imaged and quantified during invasion at the
P6.p 2-4-cell and early 4-cell stages, boxplot, n = 5 for each enzyme).

(D) (Left) Mitotracker CMXRos-stained ACs (top, fluorescence; bottom, DIC Merge), showing basal (arrow) and apical (arrowhead) mitochondria selected for
Mitotracker enrichment analysis. (Middle) Spectral fluorescence-intensity maps of Mitotracker CMXRos staining in ACs of empty vector control (L4440) and pyk-1
RNAi treated. (Right) Quantification of relative Mitotracker CMXRos enrichment in basal mitochondria (ACs imaged and quantified during invasion at the P6.p 2—4-
cell and early 4-cell stages, basal/apical; boxplot, n > 5 per condition, **** p < 0.0001, unpaired two-tailed t test).

Scale bars: 5 um. See also Figure S3.
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Figure 4. FGT-1 is required for invadopodia and invasive protrusion formation and is polarized by UNC-6 (netrin)
(A) (Left) Ventral view (represented by schematic, top), 3D time series of invadopodia imaged with the AC F-actin probe (cdh-3p::mCh::moeABD) in wild-type and
fgt-1 mutant animals at the P6.p 2-cell stage. ACs were imaged every 30 s for 15 min. Colored spots are overlaid on invadopodia as identified and tracked by

(legend continued on next page)
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synapses independent of mitochondria under conditions of en-
ergy stress to support synaptic function (Jang et al., 2016).
Thus, we examined whether glycolytic enzymes might concen-
trate near mitochondria at the AC’s invasive front to support
increased ATP generation. We tagged with mNG three glycolytic
enzymes that function near the entry and exit points of glycol-
ysis—phosphofructokinase (pfk-1.1), enolase (enol-1a), and py-
ruvate kinase (pyk-1) (Blanco and Blanco, 2017) (Figure 3A).
Strikingly, all three glycolytic enzymes formed clusters at the
invasive side of the AC and co-localized with mitochondria in
the region of high ATP production. In contrast, all three glycolytic
enzymes were localized diffusely in the cytosol of the ACs’ apical
domain (Figures 3C and S3A). The distribution of PYK-1 in neigh-
boring noninvasive uterine cells (ced-10p::pyk-1::mNG) was also
exclusively cytosolic (Figure S3B). We next stained mitochondria
with the membrane-potential-sensitive dye Mitotracker CMXRos
(Pendergrass et al., 2004) and the mitochondrial ATP reporter
dye Biotracker ATP-Red 1 (Wang et al., 2016). Mitochondria at
the invasive side of the AC had 2-fold greater Mitotracker
CMXRos incorporation and ~1.75-fold greater ATP staining
than those at the apical side (Figures S3C and S3D). Further-
more, RNAi knockdown of pyk-1 led to invasive mitochondria
no longer being enriched in Mitotracker CMXRos staining, indi-
cating a loss of mitochondrial membrane potential and a
reduced capacity to generate ATP (Figure 3D). Taken together,
these results indicate that glycolytic enzymes specifically
concentrate and co-localize with mitochondria at the site of inva-
sion and enhance capacity for ATP production.

FGT-1 promotes invadopodia formation, stability, and
invasive protrusion formation

The invasive protrusion machinery that breaches and removes
BM is energy-intensive. Thus, we wanted to determine what as-
pects of BM breaching and clearance are affected by fgt-1 loss
and associated reduced ATP levels. To assess invadopodia for-
mation and dynamics, we imaged the F-actin binding domain
(ABD) of moesin (cdh-3p::moeABD::mCherry) and observed
AC invadopodia using live-cell imaging from a ventral perspec-
tive (Figure 4A). While the size of the invadopodia in the fgt-1
mutant were unaffected, fgt-7 mutants had ~35% fewer invado-
podia and those that formed had an ~35% shorter lifetime than
wild-type animals (lifetime of ~160 versus ~240 s; Figure 4A).
We next examined invasive protrusion formation in fgt-7 mutants
that breached the BM and found that while the F-actin was
distributed normally at the invasive side of the AC, fgt-1 mutant
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ACs had ~30% reduced F-actin volume (Figure 4B). The volume
of the protrusion was also less than half of wild-type protrusions
(Figures 4C and S4A). We conclude that FGT-1 is necessary for
normal invadopodia formation and stability and for the genera-
tion of the large invasive protrusion that clears the opening in
the BM.

UNC-6 (netrin) polarizes FGT-1 and glucose enrichment
to the ACs’ invasive front

UNC-6 (netrin) is secreted by the vulval P6.p cell and its descen-
dants and orients a specialized invasive cell membrane rich in
the phospholipid PI(4,5)P2 and invadopodia localized actin reg-
ulators, such as Rac GTPases and UNC-34 (ENA/Vasp) toward
the BM (Hagedorn et al., 2013; Naegeli et al., 2017; Wang
et al., 2014b). In unc-6 (ev400) mutants, PI(4,5)P2 and invadopo-
dial actin regulators undergo dynamic clustering in all regions of
the cell and no longer tightly polarize toward the BM (Wang et al.,
2014a). Since FGT-1 similarly displays basal polarity in the
AC, we hypothesized that FGT-1 might also be directed to the
invasive membrane by UNC-6. Consistent with this idea,
FGT-1 was no longer strongly localized toward the BM in
unc-6 mutant animals and was mislocalized in clusters to other
regions of the cell (Figures 4D and S4B). Similarly, glucose
enrichment toward the BM was lost in unc-6 mutants, and
glucose was concentrated in different regions of the AC mirroring
FGT-1 mispolarization (Figure 4D). We also found that invasive
enrichment of mitochondria and the associated glycolytic
enzyme PFK-1.1 were disrupted in unc-6 mutant animals.
Instead, mitochondria and PFK-1.1 clusters were distributed to
other regions of the AC (n = 5/6) (Figure S4C). These observa-
tions suggest that UNC-6 directs a complete invasive metabolic
network—glucose transport, glucose, glycolysis, and mitochon-
dria—to the site of BM invasion.

A synergistic screen identifies genes that function with
FGT-1 to promote invasion

Complete blocks of AC invasion result in failure of the uterine-
vulval connection and lead to a protruding vulva (Pvl) phenotype
(Figure 5A). In fgt-1 null mutants, Pvls rarely occur because AC
invasion is delayed, but not usually blocked (Table S2; Fig-
ure S2A). The delayed invasion and reduced but still present
ATP at the invasive front in fgt-1 mutants (Figure 2G) suggested
that an additional mechanism exists for importing or generating
carbon sources to produce ATP for invasion. We thus conducted
a synergistic interaction screen in the fgt-1 (tm3165) null mutant

Imaris 3D software. (Right) Quantification of the number of invadopodia per time point (boxplot) and the lifetime (in seconds) of each invadopodium (scatter plot)
tracked (n = 4 animals per genotype, boxplot, *** p < 0.001, scatterplot, red lines indicate mean lifetime, **** p < 0.0001, unpaired two-tailed t tests).

(B) (Top) Maximum intensity projections of the dense F-actin network in the AC (visualized with cdh-3p::mCherry::moeABD at the normal time of BM breaching—
P6.p 2-4-cell stage) and isosurface renderings of F-actin volume using Imaris (magenta) in wild-type and fgt-1 mutant animals. (Bottom) Quantification of F-actin
volume determined from isosurface renderings (boxplot, n = 12 per genotype, ** p < 0.01, unpaired two-tailed t test).

(C) (Top) Maximum intensity projections of the largest volume achieved by the invasive protrusion (magenta, visualized with cdh-3p::mCherry::PLC6™, BM in
green) during a 60-min time series. Isosurface rendering (magenta) of the volume of invasive protrusion beneath the BM. (Bottom) Quantification of invasive
protrusion volume determined from isosurface renderings (ACs imaged and quantified beginning at the P.6p 2-4-cell stage, boxplot, n > 4 animals per genotype,
* p < 0.05, unpaired two-tailed t test).

(D) (Top, left) FGT-1 (lin-29p::fgt-1::mNG) is polarized toward the invasive plasma membrane in the AC of a wild-type animal but is mispolarized to the apical and
lateral membranes in the AC of an unc-6 mutant animal. (Bottom, left) glucose (lin-29p::Green Glifon 4000) is enriched at the invasive side in the AC of a wild-type
animal but is distributed in apical and lateral regions of the AC of an unc-6 mutant animal. (Right) Quantification of invasive enrichment of FGT-1 and glucose (ACs
imaged and quantified at the P6.p 2-4-cell and early 4-cell stages, boxplots, n > 12 per genotype, * p < 0.05, ** p < 0.001, unpaired two-tailed t test).

Scale bars: 5 um. See also Figure S4.
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background to identify candidate genes that act in parallel to
fgt-1 and converge on the common function of energy acquisi-
tion and ATP generation during AC invasion. We first screened
for genes whose knockdown on their own did not cause a Pvl
phenotype, and only did so in combination with loss of fgt-7. Us-
ing feeding RNAI, we targeted ~8,300 genes in fgt-7 mutants and
identified three genes that met these criteria: a mitochondrial-
trafficking adaptor protein (trak-1), an ortholog of mammalian
GLUTs (F14E5.1, which we have now named fgt-2), and an
O-linked GIcNAc transferase (ogt-1) (Figure 5A; Table S3). We
next examined whether the loss of these genes synergistically
enhanced the ~30% fgt-1 mutant AC invasion defect. While in-
dividual loss of trak-1 and fgt-2 via RNAI in wild-type animals
(~70% and ~90% knockdown efficiency, respectively), (Fig-
ure S5D) both caused minimal invasion defects, an ogt-1
(0k430) null mutant displayed an ~18% invasion defect (Table
S1). Notably RNAi-mediated loss of trak-1 and fgt-2 in the fgt-1
mutant displayed a synergistic invasion perturbation (a defect
greater than the sum of the two individual defects) (Wang and
Sherwood, 2011). In contrast RNAi knockdown of ogt-1 (~70%
knockdown efficiency) (Figure S5D) in the fgt-17 mutant was ad-
ditive (Table S1). These results suggest that ogt-7 might function
in a pathway parallel to fgt-1 to promote invasion, whereas trak-1
and fgt-2 act with fgt-1 to promote carbon import and localized
ATP production to fuel invasion.

TRAK-1 and OGT-1 promote mitochondrial enrichment
at the invasive front

The trak-1 gene encodes the C. elegans ortholog of the adaptor
protein Milton/TRAK1, which links mitochondria to microtubule
motor proteins for directional trafficking (Henrichs et al., 2020),
and the ogt-1 gene encodes the ortholog of O-GIcNAc trans-
ferase (OGT), which catalyzes the transfer of a sugar moiety
onto nuclear and cytoplasmic proteins (Pekkurnaz et al., 2014).
To understand the distribution, localization, and mitochondrial
association of TRAK-1 in the AC, we endogenously tagged the
trak-1 locus (trak-1::mNG) and found that TRAK-1 puncta are
localized in cells throughout the animal but are present at higher
levels in the AC compared with neighboring uterine cells (Fig-
ure S5A). Further, TRAK-1 is enriched at ACs’ invasive side but
is distributed symmetrically in neighboring uterine cells (Figures
5B and S5A). Staining animals expressing TRAK-1::mNG with
Mitotracker CMXRos showed that TRAK-1 co-localizes with
AC mitochondria (Figure 5B). In addition, visualizing microtu-
bules in the AC with the microtubule-binding domain of enscon-
sin (lin-29p::emtb::GFP) showed that microtubules also enrich at
the ACs’ invasive side (Figure S5B). Endogenous OGT-1 (ogt-
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1::GFP) (Urso et al., 2020) fluorescent signal was localized
to both the nucleus and cytoplasm of the AC and uterine
neighbors (Figure S5C). Given the known role of TRAK-1 and
OGT-1 in regulating mitochondrial motility in neurons (Pekkurnaz
et al.,, 2014; van Spronsen et al., 2013), we examined the
role of FGT-1, TRAK-1, and OGT-1 in localizing AC mitochondria.
A strain with AC mitochondria tagged with GFP (zmp-1p::
MLS::GFP) revealed that mitochondria are concentrated more
than 4-fold at the invasive side during BM breaching (Figure 5C).
Surprisingly, this invasive enrichment was nearly halved in fgt-1
mutants (Figure 5C). This suggests that glucose import and a
steep intracellular glucose gradient, enhance mitochondrial
positioning at the invasive front of the AC. RNAi knockdown of
trak-1 or ogt-1 in fgt-1 mutants further decreased mitochondrial
enrichment to less than 2-fold (Figure 5C). Consistent with its
synergistic genetic interaction, upon the loss of trak-1 in fgt-1
mutants, ACs displayed a further reduction in ATP:ADP ratio
and ratio gradient compared with fgt-1 mutants alone (Fig-
ure S5E). Notably, neither trak-1 nor ogt-1 RNAi alone impaired
mitochondrial polarization at the ACs’ invasive side (Figure S5F),
indicating that TRAK-1 and OGT-1 cooperate with FGT-1 to
enrich mitochondria. Together, these data indicate that FGT-1-
mediated glucose import, OGT-1, and TRAK-1 are all required
to position mitochondria and facilitate heightened ATP produc-
tion at the invasive front to promote BM invasion.

FGT-2 cooperates with FGT-1 to import glucose for ATP
production

The fgt-2 gene (formerly F14E5.1) encodes a second C. elegans
homolog of mammalian GLUTs which was previously thought to
be nonfunctional based on exogenous expression in Xenopus
laevis oocytes (Feng et al., 2013). We endogenously tagged
FGT-2 (fgt-2::mNG), and although verified for proper insertion
did not detect fluorescence in the animal, suggesting that it
may be present at very low levels or is not capable of endoge-
nous tagging. Thus, for further analyses, FGT-2 was driven by
an AC-specific promoter (cdh-3p::FGT-2::mNG). In wild-type
ACs, FGT-2 was polarized toward the invasive membrane prior
to AC invasion and increased in polarity throughout invasion (Fig-
ure 6A). Notably, there was a striking rise in FGT-2 polarity right
at the time of invasion (P6.p 2—4 cell stage) (Figure 6A), suggest-
ing that FGT-2 polarization might be responsive to the increased
energy needs during BM breaching. Consistent with this notion,
in fgt-1 mutants, FGT-2 enriched at the invasive membrane even
more dramatically during BM breaching (Figure 6A). A greater
proportion of the total FGT-2 protein within the AC was also pre-
sent at the invasive membrane in fgt-1 mutants, suggesting that

knockdown did not cause Pvls in wild-type worms. Three genes—trak-1, ogt-1, and fgt-2 met these criteria (green box). (Right) Table shows incidence of Pvl
phenotype (at early adulthood) and invasion defects (P6.p late 4-cell stage) upon knockdown of trak-1, ogt-1 or fgt-2 in wild-type and fgt-1 mutant animals (Tables

S1 and S3).

(B) (Left) Endogenous TRAK-1 (trak-1::mNG) is polarized to the invasive front (left) and co-localizes with mitochondria (middle) in the AC (circled in dotted line).
Arrow in merged image indicates TRAK-1 puncta co-localized with mitochondria. (Right) Quantification showing TRAK-1 levels enriched in the AC compared with
neighboring uterine cells (UC) and TRAK-1 enriched at the basal side of the AC compared with UCs (ACs imaged and quantified during invasion at the P6.p 2—4-
cell and early 4-cell stages, boxplot, n = 9 animals, ** p < 0.01, unpaired two-tailed t test).

(C) (Top) Mitochondria (visualized with zmp-1p::mis::GFP) are highly enriched at the invasive side of wild-type ACs at the P6.p early 4-cell stage, and the
enrichment is halved in ACs of fgt-1 mutant animals. RNAi knockdown of trak-1 or ogt-1 in fgt-1 mutants reduced AC mitochondrial enrichment further. (Bottom)
Quantification of mitochondrial invasive enrichment (ACs imaged and quantified during invasion at the P6.p 2—4-cell and early 4-cell stages, boxplots, n > 17 for
wt and fgt-1 mutant conditions and n > 20 per RNAi condition, **** p < 0.0001, * p < 0.05, unpaired two-tailed t tests).

Scale bars: 5 um. See also Figure S5.
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Figure 6. FGT-2 cooperates with FGT-1 to import glucose for ATP production

(A) (Top) Timeline of FGT-2 distribution in the AC (cdh-3p::fgt-2::mNG) shows that FGT-2 enriches at the invasive membrane at the P6.p 2—-4-cell stage in wild-type
animals. ACs of fgt-1 mutant animals show greater FGT-2 invasive enrichment at the P6.p 2—4-cell stage (arrows indicate regions of enrichment). (Bottom)
Quantification of invasive enrichment (basal/apical ratio) and invasive fraction of total (basal/total ratio) FGT-2 signal in wild-type (black) and fgt-1 mutant (orange)
ACs from the P6.p 1-cell to late 4-cell stages (time-course, mean + SEM, n > 5 ACs per time point, * p < 0.025, ** p < 0.01, unpaired two-tailed t tests).

(B) (Left) ATP:ADP ratio (lin-29p::PercevalHR) in ACs of wild-type animals, fgt-7 mutants on empty vector RNAI (T444T), and fgt-1 mutants on fgt-2 RNAI before
(P6.p 1-cell and 2-cell stage), during (P6.p 2—4-cell and early 4-cell stage), and after (P6.p late 4-cell stage) BM breaching; fgt-7 mutants with fgt-2 loss fail to
generate an increase in the ATP:ADP ratio during the developmental time of BM breaching as seen in wild-type animals. (Right) Quantification of total ATP:ADP
ratio in ACs of wild-type (black), fgt-7 mutants (orange), and fgt-7 mutants on fgt-2 RNAI (blue) over developmental time (n > 4 ACs per time point, mean + SEM,
* p < 0.05, one-way ANOVA with post hoc Tukey’s test).

Scale bars: 5 um. See also Figure S6.

more FGT-2 within the cells endomembrane system is trafficked To further test whether FGT-2 could be adaptively responsive
to the invasive membrane (Figure 6A). In contrast, FGT-1 enrich-  to the metabolic needs of BM breaching, we examined the local-
ment to the invasive membrane was not increased by fgt-2 ization of FGT-2 in the ACs of animals that were genetically null
knockdown (Figure S6A). for five matrix metalloproteinases (MMP-animals) that are
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expressed either in the AC or neighboring tissues at the time of
invasion (Kelley et al., 2019). We have previously shown that in
MMP-animals, ACs adaptively polymerize more F-actin to
breach the BM with physical force and that this adaptation is
supported by increased mitochondrial enrichment at the invasive
front. Consistent with an adaptive role for FGT-2 in supplying
increased glucose during invasion, FGT-2 was more enriched
at the AC’s invasive plasma membrane in MMP-animals and a
greater proportion of total FGT-2 in the AC was present at the
invasive plasma membrane (Figure S6C).

Finally, we examined how fgt-2 loss affects glucose import
and ATP production in the fgt-1 mutant. RNAi-mediated knock-
down of fgt-2 in fgt-1 null mutants further reduced glucose
enrichment at the invasive front (Figure S6B). Examination of
the ATP:ADP ratio during the entire period of invasion revealed
that, in fgt-1 mutants alone, the peak increase in the ATP:ADP ra-
tio was delayed, which is consistent with the delay in invasion
and the apparent compensatory increased enrichment of
FGT-2 at the invasive membrane (Figure 6B). Notably, RNAI-
mediated reduction of fgt-2 in fgt-1 mutant animals eliminated
the burst of ATP during the time of BM breaching (Figure 6B).
We conclude that FGT-2 works in concert with FGT-1 to adap-
tively tune glucose import and fuel rapid ATP production to
breach the BM during AC invasion.

DISCUSSION

Extensive studies have revealed the F-actin regulators,
membrane-trafficking mechanisms, and signaling inputs that
generate invasive protrusions that breach BM barriers (Di Mar-
tino et al., 2016; Eddy et al., 2017; Hastie and Sherwood, 2016;
Masi et al., 2020). In contrast, little is known about how inva-
sive cells metabolically support these energy-consuming
cellular structures. By expressing the PercevalHR biosensor
in the AC (Tantama et al., 2013), we found that the ATP:ADP
ratio increased dramatically during the time of BM breaching
and that this increase was driven by ATP production. Recent
metabolic profiling and pharmacological inhibition studies
have indicated that mitochondrial OXPHOS promotes inva-
siveness in a number of cancers, such as melanoma (Salhi
et al., 2020), breast (Wu et al., 2021), ovarian (Sun et al.,
2017), prostate (Rivadeneira et al., 2015), and pancreatic (Pa-
palazarou et al., 2020). Consistent with a role for mitochondrial
OXPHOS in supporting invasion, mitochondria localize to inva-
sive protrusions of metastatic ovarian cancer and melanoma
cells during invasion through dense collagen gels (Cunniff
et al.,, 2016). Our work also indicates that a reliance on
OXPHOS during a developmental invasion event—as we found
that mitochondria enrich at the AC’s invasive front where the
highest ATP levels are concentrated—and the impairment of
OXPHOS with rotenone, an inhibitor of ETC Complex |, mark-
edly decreased ATP levels and inhibited invasion. Our findings
that ATP levels increased dramatically during BM crossing also
add to growing evidence that invasive cells must provide high
levels of ATP to meet the energy demands of transmigrating
dense ECMs. For example, the ATP:ADP ratio of breast cancer
cells increases when migrating through compact collagen
matrices (Wu et al., 2021; Zanotelli et al., 2018) and pancreatic
ductal carcinoma cells produce more ATP when cultured in
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Matrigel, a reconstituted BM-derived matrix (Papalazarou
et al., 2020).

Localized mitochondria and ATP production are not unique
to invasive cells. Mitochondria also localize near energy-
demanding contractile muscle myofibrils (Glancy et al., 2015)
and at neuronal synapses, growth cones, and dendrites (Devine
and Kittler, 2018; Rangaraju et al., 2019; Smith and Gallo, 2018).
Understanding how cells acquire nutrients to fuel localized mito-
chondria has been stymied by numerous nutrient transporters
and flexible nutrient storage and uptake mechanisms (Palm
and Thompson, 2017). By conducting a targeted AC-specific
RNAIi screen and an unbiased synthetic interaction screen, we
identified two facilitated GLUTs, FGT-1 and FGT-2, which coop-
erate to import glucose into the AC during BM breaching. Both
FGT-1 and FGT-2 polarized along the AC’s invasive cell mem-
brane prior to BM breaching. Notably, FGT-2 enrichment at the
invasive membrane increased specifically during BM breaching,
and in the absence of FGT-1, FGT-2 became even more concen-
trated at the invasive membrane by shifting out of a cytoplasmic
pool. In contrast, FGT-1 polarization did not increase upon loss
of FGT-2. This suggests that FGT-1 and FGT-2 form a robust
and adaptable glucose-import system that can tune glucose
import to meet increased energy demands during BM breaching.
Consistent with the localization of FGT-1 and FGT-2, a glucose
biosensor revealed an intracellular gradient of glucose origi-
nating at the invasive plasma membrane that is dependent on
FGT-1 and FGT-2. Our evidence suggests that glucose import
near the invasive front mitochondria is required to generate
high levels of ATP during invasion, as the loss of FGT-1 together
with reduction of FGT-2 eliminated the ATP burst. Local import
might be required because glucose diffusion within cells is
limited by the structured cytoplasmic environment (Kreft et al.,
2013). Adaptable glucose import may support invasion in many
contexts. For example, in vitro selection for super invasive hu-
man cervix squamous cell carcinoma cells identified cells with
increased invasive ability that also gained enhanced glucose
uptake (Porporato et al., 2014). In addition, visualization of the
fluorescent glucose analog 2-NBDG has revealed that both indi-
vidually invading breast cancer cells, as well as leader cells of
collectively invading groups, increase their glucose uptake in
dense collagen matrices (Zanotelli et al., 2018; Zhang et al.,
2019). Thus, tunable local glucose uptake might be a common
strategy to fuel the highly localized and changing needs of inva-
sive cells.

Glucose must be converted into pyruvate to allow its break-
down within mitochondria to produce ATP via OXPHOS (Wilson,
2017). Glycolysis involves the sequential action of ten enzymes
that convert glucose into two molecules of pyruvate. There is
growing evidence that diverse formations and subcellular local-
izations of glycolytic enzymes help channel substrates between
enzymes to meet cellular and subcellular needs for glycolytic
output: ATP, pyruvate, and possibly nucleotide biosynthesis me-
tabolites (Jang et al., 2021; Kohnhorst et al., 2017). For example,
mitochondria-independent condensates of glycolytic enzymes
form adjacent to synapses in C. elegans neurons during energy
stress to support synaptic function (Jang et al., 2016). In addi-
tion, during hypoxia, yeast glycolytic enzymes coalesce in
a phase-separated G-body compartment, which promotes
glucose consumption and cell survival (Jin et al., 2017).
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Figure 7. A localized, integrated, and adaptive metabolic network fuels AC-BM invasion

(A) The glucose transporter FGT-1 is enriched at the invasive plasma membrane of wild-type ACs in response to the UNC-6 (netrin) invasive polarity cue and sets
up an intracellular glucose gradient. FGT-2 is also localized to a lesser extent. Mitochondria concentrate to the invasive side of the AC in part via the glucose-
dependent activity of TRAK-1 and OGT-1 (OGT-1 not shown). Glycolytic enzymes cluster and co-localize specifically with invasive front mitochondria. Together,
high levels of local glucose, local glycolytic breakdown to pyruvate, and elevated mitochondria numbers, produce high levels of ATP at the invasive front to power

the protrusive cellular machinery for BM breaching.

(B) In the absence of FGT-1, more FGT-2 localizes to the AC’s invasive cell membrane, revealing adaptive properties. However, AC glucose levels are still lower
than wild-type animals, and mitochondria fail to localize correctly to the invasive side and less ATP is produced at the invasive front, thus delaying invasion

through the BM.

Glycolytic enzymes also concentrate along erythrocyte mem-
branes for ATP production where they support channel activity
and signaling (Campanella et al., 2005, 2008). By fluorescently
tagging and examining the localization of three glycolytic en-
zymes near the entry and at the exit points of glycolysis—phos-
phofructokinase (PFK-1), enolase (ENOL-1), and pyruvate kinase
(PYK-1)—we discovered that all three formed clusters that co-
localize with the ACs’ invasive front mitochondria. Staining with
the membrane potential-sensitive dye Mitotracker CMXRos
and the mitochondrial ATP dye BioTracker ATP-Red 1 indicated
that these invasive mitochondria have greater ATP production
capacity and ATP output, which is lost after impairing glycolysis.
Notably, biochemical analyses and enzyme-activity assays have
shown that all glycolytic enzymes associate with mitochondria in
Arabidopsis thaliana (Giegé et al., 2003; Graham et al., 2007) and
Saccharomyces cerevisiae (Brandina et al., 2006). Respiration
and metabolite analysis have suggested mitochondrial associ-

ated glycolytic enzymes facilitate rapid channeling of substrates
between enzymes to more efficiently convert glucose to pyru-
vate and support mitochondrial OXPHOS (Graham et al,
2007). Our observations are consistent with a similar but spatially
restricted system that rapidly converts the high levels of im-
ported glucose at the invasive front into pyruvate to generate
highly active mitochondria that supply ATP to fuel the AC’s
invasive machinery. It will be important to determine if mito-
chondria localized to the leading edge of other migratory and
invasive cancer cells and fibroblasts, as well as in neurons in en-
ergy-demanding synapses, growth cones, and dendrites also
associate with glycolytic enzymes, as this might be a shared
means to provide a robust fuel source for highly active
mitochondria.

Invadopodia and large protrusions that breach and clear BM
barriers require energy-demanding F-actin turnover and mem-
brane trafficking (Li et al., 2019; Marshansky and Futai, 2008;
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Shah et al., 2015). We found that FGT-1-mediated glucose
import supports the formation and stability of invadopodia and
the generation of the invasive protrusion that clears the BM.
Our work also revealed that the invasive machinery and the
metabolic components that fuel it are interlinked. We previously
showed that UNC-6 (netrin) secreted from the central vulval cells
polarizes the specialized invasive cell membrane rich in the
phospholipid PI(4,5)P2, the lysosomal membrane store that con-
tributes to the invasive protrusion, and numerous actin regula-
tors that form the invasive machinery, toward the BM (Naegeli
etal., 2017; Wang et al., 2014b; Ziel et al., 2009). We discovered
here that UNC-6 also polarizes FGT-1 to the invasive membrane,
which generates a glucose gradient emanating from the invasive
side of the AC. Our work suggests that this glucose gradient not
only provides a fuel source for mitochondria, but also helps
localize mitochondria, as loss of FGT-1 decreased mitochondrial
enrichment at the invasive front. Studies in cultured neurons
have found that high levels of extracellular glucose arrest mito-
chondrial movement via the activity of the enzyme OGT, which
diminishes mitochondrial motility by modifying the mitochondrial
adaptor protein TRAK1 (Pekkurnaz et al., 2014). Strikingly, our
genome-scale synergistic screen identified ogt-1 and trak-1 as
enhancing the fgt-1 invasion defect. Our genetic and cell biolog-
ical studies indicate that these genes act together to localize
mitochondria at the invasive front of the AC, as TRAK-1 co-local-
izes with mitochondria near the site of invasion and reduction
of ogt-1 or trak-1 in fgt-1 mutants led to a further loss of invasive
mitochondrial enrichment. Further, locally imported glucose
via FGT-1 and FGT-2 might also serve as the source of a sub-
strate for OGT-1 enzymatic activity at the site of invasion.
Together, our findings reveal a robust, adaptable, and high-
capacity metabolic network in the AC that is an integrated
component of the specialized invasive program (Figure 7). This
metabolic network facilitates local and dynamic ATP production
to fuel the specialized invasive protrusions that breach and clear
BM barriers. We expect that similar metabolic networks might
fuel matrix breaching in other invasive cells and may provide
new therapeutic strategies in human diseases such as cancer,
where unchecked invasive behavior underlies metastasis and
disease progression.

Limitations of the study

Our study used an RNAi-knockdown-based screen to identify
synthetic genetic interactions with fgt-7 during invasion and
found three candidate genes that interact with FGT-1 mediated
glucose import to promote cell invasion. Due to the inherent lim-
itations of RNAi-based knockdown, we might have failed to iden-
tify other synthetic interactions due to the lack of full C. elegans
gene representation in the RNAI library, insufficient RNAi knock-
down, functional redundancy with another ortholog, or interac-
tions producing mild invasion defects that would not result in a
plate-level Pvl phenotype. Finally, while we show that FGT-2
can adaptively tune glucose import in the absence of FGT-1 or
MMPs, how the AC detects an increased requirement for
glucose, and the mechanisms by which FGT-2 is trafficked to
the cell surface to meet this adaptive need were not determined
in this study. Future work to address this adaptive mechanism
could explore the mechanosensing and energy-sensing path-
ways in the AC during BM breaching.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

RNAI feeding strain Caenorhabditis Genetics Center HT115(DE3)

Vidal RNA: library
Ahringer RNA: library

Open Biosystems
Source BioScience

ORF RNAi Collection V1.1
C.elegans RNAI Collection (Ahringer)

Chemicals, peptides, and recombinant proteins

Phloretin

2-deoxyglucose (2-DG)
Rotenone

Levamisole hydrochloride
Mitotracker Red CMXRos

Sigma Life Science
Sigma Life Science
EMD Millipore Corp.
Millipore Sigma
ThermoFisher Scientific

Cat. # P7912
Cat. # D8375
Cat. # 557368
Cat. # L9756
Cat. # M7512

Experimental models: Organisms/strains

C. elegans wild-type strain N2

C. elegans unc-119 injection strain; Genotype: unc-
119 (ed4) Il

Wild-type strain with ratiometric ATP sensor
PercevalHR

Genotype qyls551 (lin-29p::PercevalHR)

Wild-type strain expressing AC specific

cytoplasmic GFP

Genotype qyls362 (lin-29p::GFP)

Wild-type strain expressing AC-specific

cytoplasmic mCherry

Genotype qyls17 (mp-1p::mCherry)

Wild-type strain with AC-specific membrane
targeted GFP

Genotype: qyls509 (cdh-3p::GFP::caax)

ATGL:GFP reporter

hjls67 (atgl-1p::atgl-1::GFP)

Uterine-specific RNAI strain with AC and BM markers
for scoring invasion; Genotype rrf-3 (pk1426) Il; qyls10
(lam-1p::lam-1::GFP) IV; rde-1(ne219) V; qyls24 (cdh-
3p::mCherry::PLCdPH); qyls102 (fos-1ap::rde-1,
myo-2>GFP)

fgt-1 null mutant

fgt-1 (tm3165) Il

Wild-type strain with AC and BM markers for scoring
invasion

Genotype qyls23 (cdh-3p::mCherry::PLCdPH) Il;
qyls10 (lam-1p::lam-1::GFP) IV

fgt-1 mutant with AC and BM markers for scoring
invasion.

Genotype fgt-1 (tm3165) Il; qyls23 (cdh-
3p::mCherry::PLCdPH) II;

qyls10 (lam-1p::lam-1::GFP) IV

Wild-type strain with FGT-1::mNG knockin
Genotype fgt-1 (qy65 [fgt-1::mNG]J) ||

Wild-type strain with FGT-1::mNG expressed in the AC
Genotype qySi99 (lin-29p::fgt-1::mNG) |

Caenorhabditis Genetics Center

Caenorhabditis Genetics Center

this study

this study

Hagedorn et al., 2009

Naegeli et al., 2017

Caenorhabditis Genetics Center

Morrissey et al., 2014

C. elegans Gene
Knockout Consortium

Ziel et al., 2009

this study

this study

this study
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WB Cat# N2_(ancestral).
RRID: WB-STRAIN:N2_(ancestral)

WB Strain

NK2627

NK1382

NK268

NK2099

VS20

NK1316

FX18478

NK361

NK2629

NK2540

NK2632

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Wild-type strain with glucose biosensor Green Glifon this study NK2637

4000 expressed in the AC.

Genotype qyls553 (lin-29p::Green Glifon 4000)

fgt-1 (tm3165) II; qyls551 (lin-29p::PercevalHR) this study NK2778

fgt-1 (tm3165) II; qyls553 (lin-29p::Green Glifon 4000 this study NK2779

AC-specific PFK-1.1::mNG this study NK2780

qySi564 (lin-29p::pfk-1.1::mNG) |

AC-specific PYK-1A:mNG this study NK2781

qySi565 (lin-29p::pyk-1a::mNG) |

AC-specific ENOL-1A::mNG this study NK2782

qySi566 (lin-29p::enol-1a::mNG) |

PYK-1A expressed under the ced-70 promoter this study NK2783

qySi567 (ced-10p::pyk-1a::mNG) |

wild-type strain with AC F-actin and BM markers. Hagedorn et al., 2009 NK439

qyls50 (cdh-3p::moeABD::mCh) V; qyls10 (lam-

1p::lam-1:GFP) IV

fgt-1 (tm3165) II; qyls50 (cdh-3p::moeABD::mCh) V this study NK2635

unc-6 (ev400) X; qy65 (fgt-1::mNG) Il this study NK2794

unc-6 (ev400) X; qySi99 (lin-29p::fgt-1::mNG) | this study NK2631

unc-6 (ev400) X; qyls553 (lin-29p::Green Glifon 4000) this study NK2795

unc-6 (ev400) X; qySi564 (lin-29p::pfk-1.1::mNG) | this study NK2833

wild-type strain with TRAK-1::mNG knockin this study NK2784

Genotype qy158 (trak-1::mNG) |

wild-type strain with AC microtubule marker this study NK2799

Genotype: qyls570 (lin-29p::emtb::GFP)

wild-type strain with AC mitochondria and F-actin this study NK2609

markers

Genotype qyls550 (zmp-1p::MLS::GFP); qyls50 (cdh-

3p::moeABD::mCh) V

fgt-1 (tm3165) II; qyls550 (zmp-1p:MLS:GFP); qyls50 this study NK2639

(cdh-3p:moeABD:mCh) V

wild-type strain with FGT-2::mNG expressed in the AC. this study NK2721

Genotype qySi569 (cdh-3p::fgt-2::mNG) |

fgt-1 (tm3165) Il; qySi569 (cdh-3p::fgt-2:mNG) | this study NK2785

MMP- [zmp-1 (cg115); zmp-3 (tm3482); zmp-4 this study NK2850

(tm3484); zmp-5 (tm3209); zmp-6 (tm3073)]; qySi569

(cdh-3p::fgt-2::mNG) |

Oligonucleotides

See Table S4 for details

Recombinant DNA

PercevalHR (C. elegans codon optimized) Bohnert and Kenyon, 2017 Calico Labs
pDONR221

Green Glifon 4000 Mita et al., 2019 Addgene (#126208);

Green Glifon 4000 (C. elegans codon optimized)
Rosella (C.elegans codon optimized)

lin-29 promoter expression plasmid
unc-47p::pfk-1.1::GFP::unc-54 3’utr

unc-47p::pyk-1a::GFP::unc-54 3’utr

unc-47p::enol-1a::GFP::unc-54 3’utr

this study
this study
this study
Jang et al., 2016

Jang et al., 2016

Jang et al., 2016

RRID: Addgene_126208
ceGlifon 4000

ceRosella
lin-29bp::GFP::unc-54 3’utr
Colén-Ramos Lab

DACR 1851

Colén-Ramos Lab
DACR 2626

Colén-Ramos Lab
DACR 2629

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
T444T RNAI vector Sturm et al., 2018 Addgene (#113081);

trak-1 RNAI (in T444T vector)
fgt-2 RNAI (in T444T vector)
Microtubule binding domain of ensconsin

Mitochondrial import signal (MtLS) from Chicken
Aspartate aminotransferase

zmp-1p::mis::GFP::unc-54 3’utr

this study

this study

Richardson et al., 2014

Fire Lab Vector Supplement 1999

this study

RRID: Addgene_113081
T444T- trak-1

T444T- fgt-2
PCR8-EMTP::GFP entry vector

Addgene (Fire Vector, #1504);
RRID: Addgene_1504

zmp-1p::mis::GFP

Software and algorithms

uManager

Fiji

Imaris
GraphPad Prism
GPower

Excel

lllustrator

Edelstein et al., 2014
Schneider et al., 2012
Bitplane

GraphPad

Faul et al., 2007
Microsoft

Adobe

Version 1.4.23
Version Imaged 1.52p
Version 9.2

Version 7

GPower 3.1

Version 2106

Version CC 2020

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David R.
Sherwood (david.sherwood@duke.edu).

Materials availability
All worm strains will be available from the Caenorhabditis Genomics Center (CGC, gc.umn.edu).

Data and code availability
All raw data that were generated are available on request in a Dropbox file.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains were raised under standard conditions at 18°C or 20°C on standard NGM media and fed Escherichia coli OP50. N2
Bristol strain was used as wild type (Brenner, 1974). All animals scored and imaged were hermaphrodites during the L3 stage when
the anchor cell (AC) invades. AC invasion was precisely staged in reference to vulval precursor cell (VPC) divisions and gonad devel-
opment as previously described (Sherwood and Sternberg, 2003). Briefly, the AC becomes positioned over the central P6.p VPC at
the early L3 stage prior to invasion. During the mid L3 stage, the P6.p divides once (P6.p 2-cell stage) and at the late P6.p 2-cell stage
the AC initiates BM breaching. At the P6.p 2 to 4-cell stage (when the P6.p daughters divide) the AC forms a protrusion and clears an
opening in the BM. Wild-type ACs complete BM removal by the early P6.p 4-cell stage (mid-to-late L3 stage) and the protrusion re-
tracts back into the AC. L1 synchronization was performed by hypochlorite treatment. All alleles and strains used in this study are
listed in key resources table and annotated according to WormBase guidelines: (https://wormbase.org/about/userguide/
nomenclature#tecgkh5m87dlji1bf923a064-10).

METHOD DETAILS

Construction of transgenic strains

Worm strains expressing PercevalHR, Green Glifon 4000, mitochondrial localized GPF (m/s::GFP) and ensconsin microtubule binding
domain fused to GFP (emtb.::GFP)in the AC were constructed as unc-119 rescue integrated transgenes expressing multicopy arrays
of the sensors (Sherwood et al., 2005). Worm strains expressing Rosella were constructed as lines expressing an extrachromosomal
array. We found the ~1.5kb upstream regulatory region of /in-29b drove early and strong AC-specific GFP expression (pBlueScript
lin-29bp::GFP::unc-54 3’utr, beginning ~4 hours prior to invasion at the P6.p 1-cell stage and throughout invasion). Thus, we used
the lin-29p to drive most transgenes in the AC in this study. lin-29p::PercevalHR::tbb-2 3’utr was generated by directional cloning
the following fragments in order: the linearized plasmid containing the /in-29 promoter (lin-29bp::GFP::unc-54 3’utr), and
PercevalHR::tbb-2 3'UTR, amplified from pDONR221 plasmid (see Table S4 for oligonucleotide sequences). lin-29p::Rosella
was generating by Gibson assembling the following fragments in order, the linearized plasmid containing the /in-29 promoter
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(lin-29bp::GFP::unc-54 3’utr), and Rosella amplified from a codon-optimized synthesized gene block (BioBasic). lin-29p::Green Gli-
fon 4000 was generated by Gibson assembling the following fragments in order, the linearized plasmid containing the /in-29 promoter
(lin-29bp::GFP::unc-54 3’utr), and Green Glifon 4000 amplified from a codon-optimized synthesized gene block (New England Bio-
labs). zmp-1p::MLS::GFP was generated by Gibson assembling the following fragments in order: the linearized plasmid containing
zmp-1p::GFP (Kelley et al., 2019) and the mitochondrial localization signal (MLS) amplified from Fire Vector pPD96.32. lin-
29p::emtb::GFP was generated by Gibson assembling the following fragments in order, the linearized plasmid containing the lin-
29 promoter (lin-29bp::GFP::unc-54 3’utr), and emtb::GFP sequence amplified from a PCR8 entry vector.

All four constructs were coinjected with 50 ng/ml unc-119 rescue DNA, 50ng/ml pBsSK, and 25 ng/ml EcoRlI cut salmon sperm
DNA into unc-119(ed4) hermaphrodites. Multiple extrachromosomal lines with high transmission frequency were established and
selected lines were integrated by gamma irradiation (Sherwood et al., 2005). Integrated lines were outcrossed to remove possible
background mutations.

All other fusion proteins were generated via CRISPR-Cas9 mediated recombination to insert promoter driven translational re-
porters near the standard MoSCI insertion site ttTi4348 on chromosome | (Dickinson and Goldstein, 2016). Repair templates were
made by Gibson assembly of protein coding sequences amplified from either genomic DNA or supplied plasmids (see key resources
table for recombinant DNA and Table S4 for oligonucleotide sequences) into modular ttTi4348 directed plasmids containing lin-
29p::mNG, ced-10p::mNG, zmp-1p::GFP or cdh-3p::mNG. For each strain, we injected 50ng/ml Cas9-sgRNA plasmid (pDD122),
100ng/ml repair template plasmid, and 2.5ng/ml pCFJ90 (myo-2p::mCherry as a co-injection marker) into the gonads of ~20-30
young adult N2 hermaphrodite animals and selection of edited lines was carried out as described previously (Al-Rekabi et al.,
2017) and confirmed via observation of fluorescence.

Construction of Genome-edited Strains

To visualize endogenous protein levels, we used CRISPR-Cas9 mediated genome editing with a self-excising hygromycin selection
cassette (SEC) based on previous methods and modifications (Al-Rekabi et al., 2017; Blanco and Blanco, 2017). Briefly, both fgt-1
and trak-1 were endogenously tagged at their C-termini, with mNG being inserted just before the stop codon. First, 2-3kb of DNA
centered on the insertion site was amplified from N2 genomic DNA and cloned into an intermediate vector (TOPO) to be used as
the template homology arms. Homology arms were mutated to introduce silent point mutations adjacent to the Cas9 cut site.
Mutated homology regions were inserted into a repair plasmid using Gibson assembly. We generated one or two guide RNA (sgRNA)
plasmids for each target by inserting the respective sgRNA sequences into the pDD122 plasmid. The sgRNA sequences used are
listed (Table S4). Injections into animals and subsequent selection and excision were carried out as described (Dickinson and Gold-
stein, 2016; Keeley et al., 2020). Homozygous, wild-type animals with confirmed fluorescence signal were also PCR genotyped and
the site of insertion sequenced to verify proper insertion.

Feeding RNAi

RNAi was delivered by feeding worms Escherichia coli strain HT115(DE3) expressing double-stranded RNA (Bonora et al., 2012).
Bacteria harboring an empty RNAi vector (L4440 or T444T) was used as a control. RNAI clones originated from the C. elegans
ORF-RNAI Collection V1.1 (Open Biosystems), an RNAI library constructed by the Ahringer lab (Brandina et al., 2006) or were gener-
ated in this study (Table S4).

RNAi bacterial cultures were grown in selective media for 12-14 h at 37°C, and then for an additional hour following addi-
tion of ImM IPTG to induce double-strand RNA expression. 60mm nematode growth medium agar plates containing topi-
cally applied 1TmM IPTG and 100-mg/ml ampicillin (5ul each) were then seeded with these RNAIi bacterial cultures and left at
room temperature overnight for further induction. Synchronized L1-arrested larvae were plated on the RNAi-expressing
HT115(DE3) and grown for 36-42 hours at 18-20°C before scoring AC invasion at the L3 stage. The strain NK1316 was
used for AC-specific RNAIi experiments (Brenner, 1974; Bricker et al., 2012). NK1316 harbors mutations in rrf-3 (pk1426),
an RNA-directed RNA polymerase whose loss sensitizes the worms to RNAI, as well as rde-1 (ne219), an argonaut protein
required for RNAI. Expression of rde-1 in the somatic uterine cells (fos-71ap::rde-1) specifically restores RNAi in the AC. The
genome-scale RNAi screen used clones from the C. elegans Ahringer feeding RNAI library (Kamath and Ahringer, 2003).
Synchronized fgt-1 mutant L1 animals were plated on bacterial lawns of Escherichia coli expressing double stranded
RNA, fed for 51 hours at 20°C in six-well plates, and screened for the presence of a protruding vulval (Pvl) phenotype using
a dissecting microscope. 50-100 animals were examined per well and the number of Pvl animals recorded. The empty RNAI
vector, L4440, was used as a control and an RNAI clone encoding fos-7a, which produces Pvl phenotypes following RNAi
knockdown (Caino et al., 2015; Cambi and Chavrier, 2021), was used as a positive control. All RNAi clones that resulted in
the presence of multiple Pvl animals (>5) and had no ‘protruding vulva’ annotation in Wormbase under ‘Phenotypes’ were
re-screened alongside wild-type counterparts. Clones that had a high number of Pvl in fgt-1 mutants and no Pvls in wild-
type animals over two experiments were then scored for AC invasion defects (see Table S3). Following the initial RNAI
screen, all clones that resulted in greater than 5 Pvls in fgt-1 mutants were sequenced to verify their identity. For the three
genes that were validated in the screen, ogt-1, trak-1, and fgt-2, we generated new RNAI clones in the more efficient T444T
RNAI vector (Campanella et al., 2005) via Gibson assembly. Empty vector (T444T) was used as a negative control and RNAI
against fos-71a in the T444T vector was used a positive control.
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Microscopy and image acquisition

Most confocal microscopy images were acquired on a Zeiss Axiolmager microscope equipped with a Yokogawa CSU-10 spinning
disc confocal controlled by Micromanager software (Campanella et al., 2008) using a Zeiss 100x Plan-Apochromat 1.4NA oil immer-
sion objective and a Hamamatsu Orca-Fusion sCMOS camera or ImageEM EMCCD camera. Additionally, a subset of PercevalHR
analyses (Figure 6B) were acquired on a Zeiss 880 Airyscan point scanning confocal equipped with GaAsP QE32 detectors controlled
by Zen 3.2 software using a Zeiss 63x Plan-Apochromat 1.4NA oil immersion objective.

For staging AC invasion, P6.p developmental stages were identified at 63x or 100x magnification in L3 larva collected from OP50 or
RNAI plates and mounted onto 5% agar. Exposure times for confocal images varied based on fluorescence intensity. For time-lapse
imaging of invadopodia and invasive protrusions and still images of fluorescent biosensors PercevalHR and Green Glifon 4000,
worms were anesthetized in a solution of 5mM Levamisole for 30 mins and then mounted onto 5% agar pads, immobilized with
1uL undiluted 100nm polystyrene bead solution (CV 5%; Polysciences cat. #64010), the slide sealed with VALAP and imaged at
23°C. Additionally, for time-lapse imaging of invadopodia, animals were rolled ventrally as previously described (Kelley et al., 2017).

Stimulated Raman scattering (SRS) microscopy

For the SRS microscope system, pulsed Pump (tunable from 790 to 990 nm) and Stokes (1045 nm) beams were provided by Insight
X3 femtosecond laser (Spectra-Physics), and spatiotemporally overlapped by a Spectral Focus Timing and Recombination Unit (SF-
TRU, Newport). The intensity of Stokes beam is modulated at 20 MHz by an electro-optic modulator (EOM, 4103, New Focus). Over-
lapping pump and Stokes beams were emitted from the port of SF-TRU and coupled into a multiphoton laser scanning microscope
(FVMPE-RS, Olympus). After passing through the sample, the forward going Pump and Stokes beams were collected by an air
condenser. A flip mirror was used to direct the transmitted laser to a photodiode module, which includes a telescope to relay and
change the beam size to fit the area of the photodiode, as well as an optical filter to remove the modulated Stokes beam and let
the pump beam transmit for the detection of stimulated Raman loss signal. The output current from the photodiode was terminated,
filtered, and demodulated by a lock-in amplifier (SRS Detection Module, APE) at 20 MHz to ensure shot noise-limited detection sensi-
tivity. The lock-in amplifier output was then fed into the analog box of an FVMPE-RS microscope system to process the SRS signal.
The microscope was controlled by Olympus Fluoview software. The AC was identified in mid-L3 larvae using a strain expressing AC-
specific plasma membrane targeted GFP (cdh-3p::GFP::caax) using 2-photon imaging with the same microscopy setup, with the flip
mirror flipped back to direct transmitted laser to photomultiplier tube detector. For lipid imaging, CH, signals were detected at
2845 cm™ using a 60x water objective (UPIanSAPO, 1.2 N.A., Olympus). The pump beam was set at 805 nm. For the pump
beam, 15-20% laser power was used, and for Stokes beam, 25% laser power was used.

Imaging PercevalHR

Images for PercevalHR ratiometric imaging to determine ATP:ADP ratio were acquired on a spinning disk confocal microscope using
a 100x/1.4NA oil objective or a point scanning confocal using a 63x/1.4NA oil objective. PercevalHR contains an ATP binding protein
GInK1 fused to a cpmVenus fluorophore with two excitation peaks — 488nm wavelength corresponding to the ATP bound form of
PercevalHR and 405 nm wavelength corresponding to the ADP bound form. Images were acquired for both excitation peaks using
a common 525nm emission filter. PercevalHR ratiometric images were generated using the “Image Calculator > Divide” function in
Fiji to divide the pixel values in the ATP channel with those in the ADP channel and are represented as spectral intensity maps of ATP
channel/ ADP channel. The annotation of ATP:ADP for ratio follows previous references to this ratio (Tantama et al., 2013).

Imaging Rosella

Rosella consists of the pH insensitive red fluorophore DsRed expressed in tandem with highly pH sensitive green fluorophore super
ecliptic phluorin (SEP, pKa 7.0). To image Rosella, confocal z-stack images were acquired on a spinning disk confocal using a 100x/
1.4 oil objective using 488nm excitation and 525nm emission (SEP) and 561 excitation and 625nm emission (DsRed). Images are
presented as 5-slice sum projections after background subtraction in Fiji (50 pixel rolling ball).

Imaging Green Glifon 4000

Green Glifon 4000 uses the green fluorescent protein Citrine. To image Green Glifon 4000 confocal z-stack images were acquired on
a spinning disk confocal using a 100x/1.4 oil objective using 488nm excitation and 525nm emission. Images are presented as spec-
tral representations of fluorescent intensity of a 5-slice sum projection after background subtraction in Fiji (50 pixel rolling ball).

2-deoxyglucose, Phloretin and Rotenone Treatment

60mm plates (Tritech Research #T3308P) containing 8mL of NGM and 1mM 2-deoxyglucose (2-DG or 2-DOG, Sigma Life Science
Cat #D8375) were prepared. Synchronized L1 larvae were plated onto 2-DG plates with an OP50 food source and allowed to grow for
36-40 hours at 18° and 20°C until the L3 larval stage for AC invasion scoring as previously described (Sherwood et al., 2005). A phlor-
etin stock of 10mM in DMSO was diluted to a working concentration of 75uM in 1mL of M9 and used to wash off synchronized early-
to-mid L3 larvae (approx. P6.p 2-cell stage) from OP50 NGM plates and larvae were exposed to phloretin for 90 minutes at room
temperature on a rocker. Animals were spun down and collected for AC invasion scoring. Control animals were treated with the
same volume of DMSO in M9 for the same amount of time before scoring. A rotenone stock of 20mM in DMSO was diluted to a work-
ing concentration of 20uM in 1mL of M9 and synchronized early-to-mid L3 larvae were treated and scored as for phloretin treatment.

e5 Developmental Cell 57, 732-749.e1-e7, March 28, 2022



Developmental Cell ¢ CelPress

Staining with Mitochondrial Dyes

Mitotracker CMXRos (ThermoFisher Scientific #M7512) was reconstituted in DMSO to a concentration of 1mM and added to 60mm
plates containing 8mL NGM to a final concentration of 250nM. Mitotracker CMXRos plates were then seeded with OP50 food for
C. elegans culture. Synchronized L1 larvae were plated onto these Mitotracker CMXRos plates and allowed to grow in the dark
for 24 hours at room temperature until the L3 larval stage for imaging. Biotracker ATP-Red 1 (Millipore Sigma SCT045) was recon-
stituted in DMSO to a stock concentration of 2mM and plated onto single wells of 6-well plates each containing 3mL of NGM to a final
concentration of 10uM. Biotracker ATP-Red 1 plates was then seeded with OP50 bacteria. Synchronized L1 larvae were plated onto
Biotracker ATP-Red 1 plates and allowed to grow in the dark for 24 hours at room temperature until the L3 larval stage. L3 larvae were
moved from Biotracker ATP-Red 1 plates onto NGM plates seeded with OP50 for 20-30 minutes to clear excess dye signal from the
gut lumen before imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of Metabolic Biosensors

All measurements of fluorescence intensity were performed in Fiji 1.52p (Schneider et al., 2012). To measure ATP:ADP ratios by
PercevalHR (Tantama et al., 2013) within the AC, we measured a region of interest encompassing the AC from a five-slice sum pro-
jection and then measured background fluorescence intensity outside the AC area. The final ATP:ADP ratio was determined by sub-
tracting the value within the AC from the background value outside the AC. PercevalHR ATP:ADP invasive enrichment was calculated
by measuring the ATP:ADP ratio in the basal cytoplasm (below the nucleus) and apical cytoplasm (above the nucleus) and deter-
mining the following ratio: [basal mean intensity — background]/[apical mean intensity — background]. Green Glifon 4000 invasive
enrichment ratios were calculated from background subtracted (50 pixel rolling ball radius) z-stack images in Fiji by dividing the
mean fluorescence intensity in the basal cytoplasm of the AC (below the nucleus) by the mean fluorescence intensity in the apical
cytoplasm (above the nucleus).

Analysis of fluorescence enrichment in the AC and Invasive Membrane

For analysis of relative FGT-1::mNG and TRAK-1::mNG fluorescence levels in the AC compared to neighboring uterine cells, 5-slice
sum projections of confocal z-stacks (with background subtraction, 20 pixel rolling ball radius) were used. For FGT-1::mNG, a 5-pixel
wide line scan was used to measure the total signal on the plasma membrane of the AC and two uterine cells, and for TRAK-1::mNG a
region of interest was drawn around the AC and two uterine cells and mean fluorescence intensity of each cell was then measured.
Relative fluorescence intensity was calculated as the following ratio: [AC mean fluorescence intensity]/ [average of two uterine cells’
mean fluorescence intensity]. AC invasive membrane enrichment of FGT-1::mNG and FGT-2::mNG were calculated using back-
ground subtracted 5-slice sum projections of confocal z-stacks by measuring the mean fluorescence intensity from a 5-pixel
wide line scan drawn along the basal and apicolateral plasma membranes of the AC. Polarity was calculated using the following ratio:
[basal mean fluorescence intensity]/[apicolateral mean fluorescence intensity].

Mitotracker CMXRos Invasive Mitochondrial Enrichment

To calculate the enrichment of Mitotracker CMXRos in invasive mitochondria near the basal invasive cell membrane compared to
apicolateral mitochondria, background subtracted (20 pixel rolling ball radius) confocal z-stacks were used to draw a region of inter-
est around individual mitochondrion. Two were randomly selected at the invasive side and two at the apical side for each AC at each
developmental time point. The relative signal enrichment was calculated using the following ratio: [average of mean fluorescence
intensities of basal mitochondria)/ [average of mean fluorescence intensities of apicolateral mitochondria). Mitochondria were sepa-
rated from large clusters of mitochondria for more accurate analysis.

Colocalization analysis

Colocalization analysis of glycolytic enzymes and mitochondrial signal was performed on confocal z-sections using the JACoP plugin
in Fiji. Pearson’s correlation coefficients (r) were calculated and compared from two regions of interest in each AC, the basal region
(below the nucleus) and apical region (above the nucleus). Colocalization analysis of pH sensor Rosella’s SEP and DsRed signal was
performed on confocal z-sections using the JaCop plugin to calculate Pearson’s correlation coefficients for the whole AC.

Invadopodia dynamics, F-actin volume, and Protrusion expansion

Invadopodia analysis was conducted using previously described methods for live cell imaging (Kelley et al., 2017). Briefly, AC inva-
dopodia were visualized using the AC-expressed F-actin probe moeABD::mCh (cdh-3p::mCh::moeABD) in ventrally oriented animals
and invadopodia dynamics (size and lifetime) were quantified using the Spots module in Imaris Version 9.2 (Bitplane). To measure
F-actin volume, confocal z-stacks of ACs expressing the F-actin probe imaged laterally were used to generate 3D isosurface render-
ings in Imaris as previously described (Kelley et al., 2019). The renderings were created by setting a threshold that outlined the dense
F-actin signal at the invasive surface. Quantitative measurement of isosurface volumes were then made to compare wild-type and
fgt-1 mutant ACs. Invasive protrusion volume and rates of expansion in time-lapses were measured by tracing the region of the pro-
trusion that extended beneath the BM at each time point to generate a 3D isosurface rendering in Imaris as described (Naegeli et al.,
2017). Images were acquired every five minutes for 90 minutes.
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RNAi knockdown efficiency

To assess the knockdown efficiency of trak-1, ogt-1, and fgt-2 RNAI (in the T444T vector), animals expressing endogenous trak-
1::mNG and ogt-1::GFP or the cdh-3p::fgt-2::mNG transgene were plated onto empty vector control (T444T) and trak-1, ogt-1 or
fgt-2 RNAI respectively, as synchronized L1 larvae and allowed to grow for 48 hours at 18°C until the L3 larval stage. Mean fluores-
cence intensity of TRAK-1::mNG, OGT-1::GFP and FGT-2::mNG in the AC were measured from background subtracted 5-slice sum
projections of confocal z-stacks by drawing a region of interest around the AC in Fiji. Percent knockdown was calculated using the
following formula: [difference between mean fluorescence intensity on the control plate and each RNAI plate]/ [mean fluorescence
intensity on the control plate] x 100.

Spectral representation of fluorescence intensity

All spectral intensity maps of fluorescence signal were constructed to highlight fluorescence intensity differences of representative
images shown in figures. These were generated using the 16-color lookup table (LUT) in Fiji and were displayed with a corresponding
color bar. In data where all represented images were constrained to the same minimum and maximum pixel value ranges, these min-
imum and maximum pixel values were noted on the bottom and top of the color bar respectively. The variation in the values of min-
imum and maximum pixel value ranges in figures of PercevalHR are either due to the data being represented as normalized ATP:ADP
ratios (as noted on the y-axes of the graphs and in the figure legends of Figures 1B and 6B) or being acquired on different microscope
setups. In data where represented images were not constrained to the same minimum and maximum pixel value, color bars read hi
and lo at the top and bottom respectively to denote the colors of the spectral map that represent high and low intensity pixel values.

Statistical analyses

For comparison of mean fluorescence intensity or invasive enrichment, either a pilot trial was conducted for each experiment and a
priori power analysis was done to determine appropriate sample size (a: 0.05, B: 0.80) or a post-hoc power analysis was conducted to
determine statistical power of the collected sample size (a: 0.05, $>0.80) using GPower 3.1. Each experimental data set was as-
sessed for normality using a Shapiro-Wilk normality test. Statistical analyses were conducted, and all graphs generated in GraphPad
Prism (Version 7). Statistical analyses comparing percent defective invasion in treatment conditions to control were conducted using
Fisher’s Exact 2x2 test. Comparisons of mean fluorescence intensity and invasive enrichment between a single condition and control
were conducted using either an unpaired two-tailed t-test or an unpaired two-tailed t-test with Welch’s correction when variances
were different between the two groups based on an F-test. Comparisons of three or more conditions were done using a one-way
ANOVA followed by a post-hoc Tukey’s test. In box and whisker plots, box edges denote the 25" and 75" percentile, the line in
the box is the median and the whiskers denote the minimum and maximum values of the dataset. Figure legends indicate sample
sizes, statistical tests, and p-values. Experiments were not randomized and investigators were not blinded during analysis.

e7 Developmental Cell 57, 732-749.e1-e7, March 28, 2022



	Localized glucose import, glycolytic processing, and mitochondria generate a focused ATP burst to power basement-membrane i ...
	Introduction
	Results
	BM invasion is accompanied by an ATP burst from mitochondria at the invasive front
	The facilitated glucose transporter FGT-1 promotes AC invasion
	FGT-1 and glucose enrichment at invasive front elevates ATP levels during invasion
	Oxidative phosphorylation drives increased ATP production during invasion
	Glycolytic enzymes co-localize with highly active mitochondria at the invasive front
	FGT-1 promotes invadopodia formation, stability, and invasive protrusion formation
	UNC-6 (netrin) polarizes FGT-1 and glucose enrichment to the ACs’ invasive front
	A synergistic screen identifies genes that function with FGT-1 to promote invasion
	TRAK-1 and OGT-1 promote mitochondrial enrichment at the invasive front
	FGT-2 cooperates with FGT-1 to import glucose for ATP production

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Construction of transgenic strains
	Construction of Genome-edited Strains
	Feeding RNAi
	Microscopy and image acquisition
	Stimulated Raman scattering (SRS) microscopy
	Imaging PercevalHR
	Imaging Rosella
	Imaging Green Glifon 4000
	2-deoxyglucose, Phloretin and Rotenone Treatment
	Staining with Mitochondrial Dyes

	Quantification and statistical analysis
	Analysis of Metabolic Biosensors
	Analysis of fluorescence enrichment in the AC and Invasive Membrane
	Mitotracker CMXRos Invasive Mitochondrial Enrichment
	Colocalization analysis
	Invadopodia dynamics, F-actin volume, and Protrusion expansion
	RNAi knockdown efficiency
	Spectral representation of fluorescence intensity
	Statistical analyses




