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Extended Data Fig. 2| FA phenotypes of glycolytic enzyme depletion are
neither off-target effects nor a consequence of compromised cell viability

or altered cell cycle distribution. a-d, Loss of PFK (isoform PFKP) in U-2 OS
cells by analternative siRNA also decreases FA numbers and cell size. a, Efficient
depletion of PFKin U-2 OS cells with an siRNA targeting PFKP. Immunoblot of
U-20S cells treated with indicated siRNAs. CHC was used as loading control.

N =1lindependent experiment. b, Representative confocal images of paxillin-
labeled FAs in U-2 OS cells treated with indicated siRNAs. FA segmentation and
celloutlines (red) are shown below. Scale bars, 25 um. ¢, d, Quantification of FAs
per celland cell areashown inb. Data represent mean + SEM; n =3 independent
experiments; two-sided paired t-test (Pvalue (c) = 0.0175; Pvalue (d) = 0.0429).
e-f,U-20S cells depleted of aldolase, PFK or GAPDH do not show increased

cell death. Cells treated with the indicated siRNAs were stained with the cell-
permeable DNA stain SiR-Hoechst and the membrane-impermeable DNA dye
SYTOX Greenwhich can only enter cells with compromised cell membrane
integrity. Cells treated with the detergent Triton X-100 to impair membrane
integrity were used as positive control. e, Representative epifluorescence images

of SiR-Hoechst- and SYTOX-labeled U-2 OS cells treated with the indicated
siRNAs. Scale bars, 25 pm. f, Quantification of percentage of SYTOX-positive
cells. Datarepresent mean + SEM; n =3 independent experiments; RM one-way
ANOVA with Dunnett’s post-test (P values: (siCtrl vs. 0.5% Triton) = 0.0039; (siCtrl
vs. siPFK) = 0.5294; (siCtrl vs. sSiALDOA) = 0.2328; (siCtrl vs. siGAPDH) = 0.798).
g,U-20S cells depleted of aldolase are to alower extent in S phase. Cells treated
withtheindicated siRNAs were analyzed by FACS for their cell cycle distribution
after 30 minincubation with 10 uM EdU to label cells in S phase (gating strategy
illustrated in Supplementary Figure 1). Quantification of the percentage of
cellsintheindicated cell cycle phases. Datarepresent mean + SEM; n=3;
two-way ANOVA with Dunnett’s post-test (Pvalues: GO/G1 phase: (siScr vs.
siPFK) = 0.0002; (siScr vs. siALDOA) = <0,0001; (siScr vs. siGAPDH) = 0.3297;

S phase: (siScr vs. siPFK) = 0.0015; (siScr vs. siALDOA) = <0,0001; (siScr
vs.siGAPDH) = 0.6219; G2/M phase: (siScr vs. siPFK) = 0.7589; (siScr vs.
siALDOA) = 0,0012; (siScr vs. siGAPDH) = 0.9552). Ns, not significant; *p < 0.05,
**p <0.01, *p < 0.001, ***p <0.0001.
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Extended DataFig. 3| Glycolytic control of FAs and cell areais reproduciblein
multiple celllines. a, Efficient depletion of glycolytic enzymes in MDA-MB-231
cells.Immunoblot of MDA-MB-231 cells treated with indicated siRNAs. CHC was
used as loading control. N =1independent experiment. b-d, In the breast cancer cell
line MDA-MB-231, loss of aldolase causes a striking increase in FA number and cell
area. b, Representative confocal images of paxillin-labeled FAs in MDA-MB-231 cells
treated withindicated siRNAs. FA segmentation and cell outlines (red) are shown
below. ¢, d, Quantification of FAs per cell and cell area shown in b. Datarepresent
mean + SEM; n =4 independent experiments; One-way ANOVA with Dunnett’s
post-test (Pvalues (c): (siCtrl vs. siPFK) = 0.9969; (siCtrl vs. siALDOA) = <0.0001;
(siCtrlvs. siGAPDH) = 0.8386; Pvalues (d): (siCtrl vs. siPFK) = 0.9978; (siCtrl vs.
siALDOA) =<0.0001; (siCtrl vs.siGAPDH) = 0.7936). e, Efficient depletion of
glycolytic enzymes in RPE-1cells. Immunoblot of RPE-1cells treated with indicated
siRNAs. CHC was used as loading control. N = lindependent experiment. f-h, In the
non-malignant cellline RPE-1aldolase depletion also causes an increased FA number
and cellsize. f, Representative confocal images of paxillin-labeled FAs in RPE-1 cells
treated withindicated siRNAs. FA segmentation and cell outlines (red) are shown
below. g, h, Quantification of FAs per cell and cell area shown in f. Data represent

mean + SEM; n =4 (siCtrl, siALDOA) and n = 3 (siPFK, siGAPDH) independent
experiments; One-way ANOVA with Dunnett’s post-test (Pvalues (g): (siCtrl vs.
siPFK) =0.0407; (siCtrl vs. sSiALDOA) = 0.00438; (siCtrl vs. siGAPDH) = 0.4303;
Pvalues (h): (siCtrl vs. siPFK) = 0.1966; (siCtrl vs. sSiALDOA) = <0.0001; (siCtrl

vs. siGAPDH) = 0.1624). i, Efficient depletion of glycolytic enzymes in HFF cells.
Immunoblot of HFF cells treated with indicated siRNAs. CHC was used as loading
control. N =1independent experiment.j-1, Inthe non-malignant cell line HFF
aldolase depletion also causes anincreased FA number and cell size. j, Representative
confocal images of paxillin-labeled FAs in HFF cells treated with indicated siRNAs. FA
segmentation and cell outlines (red) are shown below. k, I, Quantification of FAs per
celland cell areashowninj. Datarepresent mean + SEM; n= 6 (k, I: siCtrl, siGAPDH)
or 5 (I: siPFK, siALDOA) or 4 (k: siPFK, siALDOA) independent experiments; statistical
testing by mixed-effects model (REML) with Dunnett’s multiple comparison test
(Pvalues (k): (siCtrl vs. siPFK) = 0.6632; (siCtrl vs. sSiALDOA) = 0.0303; (siCtrl vs.
siGAPDH) = 0.169; Pvalues (I): (siCtrl vs. siPFK) = 0.9945; (siCtrl vs. sSiALDOA) = 0.005;
(siCtrlvs.siGAPDH) = 0.9613). Ns, not significant; *p < 0.05, *p < 0.01, ***p < 0.0001.
Scalebars, 25 pm.
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Extended DataFig. 4| Glycolytic control of FAs and cell areais independent

of ATP. a, Loss of PFK, aldolase or GAPDH results in lower ATP levels. Relative
ATP levels measured in U-2 OS cells treated with indicated siRNAs. Data were
normalized to siCtrland represent mean + SEM; n = Sindependent experiments;
two-sided One sample t-test (Pvalue (siPFK) = 0.014; (sSiALDOA) = 0.0024;
(siGAPDH) = 0.0136). b-e, Lower ATP levels due to inhibition of oxidative
phosphorylation do not affect FA numbers or cell area. b, Representative
confocalimages of paxillin-labeled FAs in U-2 OS cells treated with DMSO or
1M Antimycin A for 48 h. FA segmentation and cell outlines (red) are shown
below. ¢, d, Quantification of FAs per cell and cell area shown in b. Data represent
mean + SEM; n =3 independent experiments; two-sided unpaired Student’s t-test
(Pvalue (c) =0.3716; Pvalue (d) =0.8734). e, Relative ATP levels measured in U-2
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OS cells treated with DMSO or 1 uM Antimycin A for 48 h. Data were normalized to
DMSO and represent mean + SEM. n =3 independent experiments; two-sided One
samplet-test (Pvalue = 0.0014). f-i, Lower ATP levels due to inhibition of glycolysis
phenocopy loss of PFK. f, Representative confocal images of paxillin-labeled FAs
inU-2 OS cells treated with PBS or 25 mM 2-deoxy-D-glucose (2-DG) for 48 h. FA
segmentation and cell outlines (red) are shown below. g, h, Quantification of FAs
per celland cell areashowninf. Data represent mean + SEM; n =3 independent
experiments; two-sided unpaired Student’s t-test (P value (g) =0.002; Pvalue
(h)=0.0069).i, Relative ATP levels measured in U-2 OS cells treated with PBS or

25 mM 2-DG for 48 h. Data were normalized to PBS and represent mean + SEM;
n=3independent experiments; two-sided One sample t-test (P value = 0.0216).
Ns, not significant; *p < 0.05, **p < 0.01. Scale bars, 25 pm.
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Extended DataFig. 5| Inhibition of upstream glycolysis rescues aldolase loss- cells. Relative FBP levels measured in U-2 OS cells treated with control (-) or

of-function phenotypes. a, Inhibiting glycolysis lowers FA number and cell size aldolase-specific siRNA (ALDOA, +) followed by 48 h treatment with PBS (-) or
tonormallevels in aldolase knockdown cells. Representative confocal images of 25 mM 2-DG. Data were normalized to siCtrl+ PBS and represent mean + SEM;
paxillin-labeled FAs in U-2 OS cells treated with indicated siRNAs followed by 48 h n =4independent experiments; two-sided One sample t-test (Pvalues:
treatment with PBS or 25 mM 2-deoxy-D-glucose (2-DG). FA segmentation and (SiALDOA) = 0.0227; (siCtrl+2DG) = 0.005; (SiALDOA+2-DG) = 0.007). Ns, not
cell outlines (red) are shown below. Corresponding quantification is shownin significant; *p < 0.05, **p < 0.01. Scale bars, 25 pm.

Fig.3g, h.b, Inhibiting glycolysis rescues elevated FBP level in aldolase-depleted
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | FBP regulates protrusive area. a, Example of the image protrusions. A detailed description of the image analysis procedure can be found
analysis workflow used to quantify protrusive area using an automated Fiji inthe Methods section. b, Representative phase contrast and epifluorescent
macro. Total cell area was visualized via the plasma membrane dye CellMask. images of U-2 OS cells treated with indicated siRNAs. Segmentation is shown
Elevated cell regions were detected by their greater accumulation of the below. Corresponding quantification is shown in Fig. 5b. Scale bars, 25 pm.

cytoplasmic fluorescent CellTracker dye in comparison to the very thin cellular
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Extended Data Fig. 7| See next page for caption.
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Extended Data Fig. 7| FBP stimulates Racl activation leading to FA assembly
and cell spreading. a, PFK depletion decreases the level of active Racl. Left:
Representativeimmunoblot of pulldown assay using GST-PAK-PBD beads to
detectactive Raclinlysates from U-2 OS cells treated with indicated siRNAs.
B-actinwas used as loading control. Right: Quantification of GTP-Racl over
B-actin. Data were normalized to siCtrl and represent mean + SEM; n=5
independent biochemical experiments; two-sided One sample t-test (P

value = 0.0043). b-e, Co-depletion of Racl restores FA numbers and cell size
upon aldolase knockdown also based on alternative Racl-targeting siRNAs in
RPE-1cells. b, Representative confocal images of paxillin-labeled FAs in RPE-1
cells treated with indicated siRNAs. FA segmentation and cell outlines (red)
areshownbelow. ¢, d, Quantification of FAs per cell and cellareashowninb.
Datarepresent mean + SEM; n =3 (c: siRAC1#6, siRAC1#6 + siALDOA), 4 (c, all
others), 5 (d: siRAC1#6, siRAC1#6 + siALDOA) or 6 (d, all others) independent
experiments; statistical testing by mixed-effects model (REML) with Dunnett’s
multiple comparison test (P values (c): (siCtrl vs. siRAC1#5) = 0.6235; (siCtrl
vs. siRAC1#6) = 0.4587; (siCtrl vs. sSiALDOA) = 0.0332; (siCtrl vs. SiRAC1#5

+siALDOA) = 0.3327; (siCtrl vs. siRAC1#6 + siALDOA) = 0.9142; Pvalues

(d): (siCtrl vs. siRAC1#5) = 0.3583; (siCtrl vs. siRAC1#6) = 0.1119; (siCtrl vs.
SiALDOA) = 0.0006; (siCtrl vs. siRAC1#5 + siALDOA) = 0.8081; (siCtrl vs. siRAC1#6
+siALDOA) = 0.2114). Ns, not significant. e, Efficient Racl and aldolase depletion
in RPE-1cells. Immunoblot of RPE-1cells treated with indicated siRNAs. CHC

was used as loading control. N = 1independent experiment. f, Expression of
dominant-negative Raclin aldolase-depleted cells rescues FA number and
cellsize. Representative confocal images of paxillin-labeled FAs in U-2 OS cells
transfected with control or ALDOA-specific siRNAs in combination with either
eGFP or myc-Racl-T17N. FA segmentation and cell outlines (red) are shown below.
Corresponding quantification is shown in Fig. 6i, j. g, Expression of constitutively
active Raclin PFK depleted cells elevates FA number and cell size to normal
levels. Representative confocal images of paxillin-labeled FAs in U-2 OS cells
transfected with control or PFK-specific siRNAs in combination with either eGFP
or myc-Racl-Q61L. FA segmentation and cell outlines (red) are shown below.
Corresponding quantification is shown in Fig. 6k, I. Ns, not significant; *p < 0.05,
**p < 0.01, **p < 0.001. Scale bars, 25 um.
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Extended DataFig. 8| Racl is required for FBP-mediated cell protrusion. OS cells treated with indicated siRNAs and labeled with CellTracker and CellMask
Co-depletion of Raclin aldolase knockdown cells decreases cell protrusion to (see also Extended Data Fig. 6). Segmentation is shown below. Corresponding
normal levels. Representative phase contrast and epifluorescent images of U-2 quantificationis shownin Fig. 7b. Scale bars, 25 pm.
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Extended Data Fig. 9| FBP-mediated Racl activation depends on RCC2.

a, Additional views of FBP-responsive peptide (pink, aa110-120) highlighted in
the structure of RCC2 (aa 89-522, PDBID: 5GWN) (see also Fig. 8b). b, Overview
of FBP-responsive peptides identified from whole cell lysate (orange, aa110-120)
and purified RCC2 (pink, aa 55-67, aa 57-68 and aa 454-470) highlighted in the
predicted structure of full-length RCC2 by AlphaFold (AF-Q9P258-F1).

¢, Overview of the F2,6BP-responsive peptide identified from purified RCC2
(pink, aa52-67).d, Co-depletion of Raclin RCC2 knockdown cells restores FA
number and cell area. Representative confocal images of paxillin-labeled FAs

inU-2 OS cells treated with indicated siRNAs. FA segmentation and cell outlines
(red) are shown below. Corresponding quantification is shown in Fig. 8i,j.

e, Model for the regulation of cell adhesion and protrusion by FBP: under low
FBP concentrations, the inhibitory RCC2-Racl complex is intact, preventing
Racl activation and thus resulting in decreased cell protrusion and adhesion.
Increased FBP levels destabilize the RCC2-Racl complex, likely by direct binding
of FBPto RCC2, leading to Racl activation, cell spreading and adhesion. Green
dotsrepresent FAs, red lines represent F-actin, and blue circles represent nuclei.
Scalebars, 25 um.
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Plants
Antibodies
Antibodies used A complete list of the antibodies used in this study can be found in the Supplementary Table and under the following point.
Validation Paxillin (Abcam, ab32084): specificity was validated by knockdown in this study, see Extended Fig. 1c; Aldolase (Proteintech, 11217-1-

AP): specificity was validated by knockdown in this study, see Fig. 2e, Fig. 3b, Fig. Se, Fig. 6¢, Fig. 6d, etc.; PFKM (Proteintech,
55028-1-AP): specificity was validated by knockdown in this study, see Fig. 2e, Fig. 3b; PFKL (Santa Cruz, sc-393713): specificity was
validated by knockdown in this study, see Fig. 2e, Fig. 3b; PFKP (Cell Signaling, 8164): specificity was validated by knockdown in this
study, Fig. 2e, see Fig. 3b; GAPDH (Merck, G8795): specificity was validated by knockdown in this study, see Fig. 2e, Extended Fig. 3a,
e, i; Racl (BD Transduction, 610650): specificity was validated by knockdown in this study, see Fig. 6d, Fig. 8h; RCC2 (Novus Biological,
NB110-40618): specificity was validated by knockdown in this study, see Fig. 8d, Fig. 8h; Clathrin heavy chain (Abcam, ab21679):
specificity was validated by knockdown in https://doi.org/10.1371/journal.pone.0003115; Alpha-tubulin (Merck, T5168): specificity
was demonstrated by immunofluorescence and Western blot using lysates from various cell lines according to the manufacturer's
website (https://www.sigmaaldrich.com/DE/de/product/sigma/t5168); beta-actin (Merck, A5441): specificity was validated by
knockdown in https://doi.org/10.1091/mbc.e11-06-0582; c-Myc (Merck, M4439): specificity was demonstrated by Western blot and
ChiP according to manufacturer's website (https://www.sigmaaldrich.com/DE/de/product/sigma/m4439); GFP (Abcam, ab13970):
Specificity was demonstated by Western blot and Immunofluorescence after overexpression according to manufacturer's website
(https://www.abcam.com/en-us/products/primary-antibodies/gfp-antibody-ab13970) [see also Supplementary Table 4]

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The following cell lines were obtained from the American Type Culture Collection (ATCC): the human sarcoma cell line U-2 OS
(ATCC: HTB-96; female), the human embryonic kidney cell line HEK293T (ATCC: CRL-3216; sex not specified), the human
breast cancer cell line MDA-MB-231 (ATCC: HTB-26; female), and the telomerase-immortalized human retinal pigment
epithelium cell line hTERT RPE-1 (ATTC: CRL-4000; female). Telomerase-immortalized human foreskin fibroblasts (HFF; sex
not specified) were a kind gift of Prof. Martin J. Humphries (University of Manchester, UK).

Authentication The cell lines were authenticated by the vendor ATCC by short tandem repeat (STR) marker profiling . The only non-
commercial cell line used (HFF) which we obtained from another lab was authenticated based on their typical fibroblast
morphology.

Mycoplasma contamination Cell lines were regularly tested for mycoplasma contamination and were not contaminated.

Commonly misidentified lines  n/a
(See ICLAC register)

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation 1.5 million U-2 OS cells were seeded into 10 cm dishes. On the next day, their cell cycle was analyzed via the following steps
where all centrifugation steps were performed at room temperature and 400 g for 5 min. 10 uM EdU (Merck) were added to
the cells for 30 min at 37°C to label the cells in S Phase. After trypsination, the cells were washed in PBS, centrifuged, and




fixed and permeabilized in Fixation/Permeabilization solution (1:3 Fixation/Permeabilization Concentrate in Fixation/
Permeabilization Dilution, InvitrogenTM) at room temperature for 15 min. 1 ml PBS was added, and after centrifugation the
cell pellet was resuspended in 100 ul Perm Wash (1:10 Permeabilization Buffer (InvitrogenTM) in H20). EdU-containing cells
were fluorescently labeled with Eterneon-Red (baseclick GmbH) via incubation in the Clicklt Reaction Mix (1 uM Eterneon-
Red, 10 mM Tris pH 8.8, 500 uM CuS04, and 100 mM Ascorbic Acid, in PBS) for 20 min. After two washes in Perm Wash, the
cells were stained with 0.2 ug/ml DAPI in PBS for at least 5 min. Eterneon-Red and DAPI intensities were measured via flow

cytometry.
Instrument Attune™ NXT Flow Cytometer (InvitrogenTM)
Software FlowJoTM v10.8 Software (BD Life Sciences)
Cell population abundance 20000 cells were measured per condition. The supplementary figure exemplifying the gating strategy also contains

information on the abundance of the relevant cell populations within the sorted fractions.

Gating strategy The cell population was first defined via the forward and side scatter pulse areas. Via gating of the forward scatter area and
forward scatter height, doublets were excluded. After plotting the area of the DAPI signal vs. the area of the EdU signal, the
main cell cluster was defined as the final subset of cells. Cells with an Eterneon-Red pulse area above 350 were classified as
cells in S phase. Cells with a pulse area below 350 were further categorized as cells in either GO/G1 phase (low DAPI pulse
area) or G2/M phase (high DAPI pulse area), as follows: Borders were manually defined around the two visible
subpopulations as exemplified in the supplementary figure on the gating strategy. The center between the two inner borders
was set as the threshold between low and high DAPI pulse areas.
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Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.






