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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 an alternative siRNA also decreases FA numbers and cell size. a, Efficient 
depletion of PFK in U-2 OS cells with an siRNA targeting PFKP. Immunoblot of 
U-2 OS cells treated with indicated siRNAs. CHC was used as loading control. 
N = 1 independent experiment. b, Representative confocal images of paxillin-
labeled FAs in U-2 OS cells treated with indicated siRNAs. FA segmentation and 
cell outlines (red) are shown below. Scale bars, 25 µm. c, d, Quantification of FAs 
per cell and cell area shown in b. Data represent mean ± SEM; n = 3 independent 
experiments; two-sided paired t-test (P value (c) = 0.0175; P value (d) = 0.0429). 
e-f, U-2 OS 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 Green which 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 µm. f, Quantification of percentage of SYTOX-positive 
cells. Data represent 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. siALDOA) = 0.2328; (siCtrl vs. siGAPDH) = 0.798). 
g, U-2 OS cells depleted of aldolase are to a lower extent in S phase. Cells treated 
with the indicated siRNAs were analyzed by FACS for their cell cycle distribution 
after 30 min incubation with 10 µM EdU to label cells in S phase (gating strategy 
illustrated in Supplementary Figure 1). Quantification of the percentage of 
cells in the indicated cell cycle phases. Data represent mean ± SEM; n = 3; 
two-way ANOVA with Dunnett’s post-test (P values: G0/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 Data Fig. 3 | Glycolytic control of FAs and cell area is reproducible in 
multiple cell lines. 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 = 1 independent 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 with indicated siRNAs. FA segmentation and cell outlines (red) are shown 
below. c, d, Quantification of FAs per cell and cell area shown in b. Data represent 
mean ± SEM; n = 4 independent experiments; One-way ANOVA with Dunnett’s 
post-test (P values (c): (siCtrl vs. siPFK) = 0.9969; (siCtrl vs. siALDOA) = <0.0001; 
(siCtrl vs. siGAPDH) = 0.8386; P values (d): (siCtrl vs. siPFK) = 0.9978; (siCtrl vs. 
siALDOA) = <0.0001; (siCtrl vs. siGAPDH) = 0.7936). e, Efficient depletion of 
glycolytic enzymes in RPE-1 cells. Immunoblot of RPE-1 cells treated with indicated 
siRNAs. CHC was used as loading control. N = 1 independent experiment. f-h, In the 
non-malignant cell line RPE-1 aldolase depletion also causes an increased FA number 
and cell size. f, Representative confocal images of paxillin-labeled FAs in RPE-1 cells 
treated with indicated 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 (P values (g): (siCtrl vs. 
siPFK) = 0.0407; (siCtrl vs. siALDOA) = 0.0048; (siCtrl vs. siGAPDH) = 0.4303; 
P values (h): (siCtrl vs. siPFK) = 0.1966; (siCtrl vs. siALDOA) = <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 = 1 independent experiment. j-l, In the non-malignant cell line HFF 
aldolase depletion also causes an increased 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, l, Quantification of FAs per 
cell and cell area shown in j. Data represent mean ± SEM; n = 6 (k, l: siCtrl, siGAPDH) 
or 5 (l: siPFK, siALDOA) or 4 (k: siPFK, siALDOA) independent experiments; statistical 
testing by mixed-effects model (REML) with Dunnett’s multiple comparison test 
(P values (k): (siCtrl vs. siPFK) = 0.6632; (siCtrl vs. siALDOA) = 0.0303; (siCtrl vs. 
siGAPDH) = 0.169; P values (l): (siCtrl vs. siPFK) = 0.9945; (siCtrl vs. siALDOA) = 0.005; 
(siCtrl vs. siGAPDH) = 0.9613). Ns, not significant; *p < 0.05, **p < 0.01, ****p < 0.0001. 
Scale bars, 25 µm.
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Extended Data Fig. 4 | Glycolytic control of FAs and cell area is 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 siCtrl and represent mean ± SEM; n = 5 independent experiments; 
two-sided One sample t-test (P value (siPFK) = 0.014; (siALDOA) = 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 
confocal images of paxillin-labeled FAs in U-2 OS cells treated with DMSO or 
1 µM Antimycin A for 48 h. FA segmentation and cell outlines (red) are shown 
below. c, 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 
(P value (c) = 0.3716; P value (d) = 0.8734). e, Relative ATP levels measured in U-2 

OS cells treated with DMSO or 1 µM Antimycin A for 48 h. Data were normalized to 
DMSO and represent mean ± SEM. n = 3 independent experiments; two-sided One 
sample t-test (P value = 0.0014). f-i, Lower ATP levels due to inhibition of glycolysis 
phenocopy loss of PFK. f, Representative confocal images of paxillin-labeled FAs 
in U-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 cell and cell area shown in f. Data represent mean ± SEM; n = 3 independent 
experiments; two-sided unpaired Student’s t-test (P value (g) = 0.002; P value  
(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 = 3 independent experiments; two-sided One sample t-test (P value = 0.0216). 
Ns, not significant; *p < 0.05, **p < 0.01. Scale bars, 25 µm.

http://www.nature.com/naturecellbiology
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Extended Data Fig. 5 | Inhibition of upstream glycolysis rescues aldolase loss-
of-function phenotypes. a, Inhibiting glycolysis lowers FA number and cell size 
to normal levels in aldolase knockdown cells. Representative confocal images of 
paxillin-labeled FAs in U-2 OS cells treated with indicated siRNAs followed by 48 h 
treatment with PBS or 25 mM 2-deoxy-D-glucose (2-DG). FA segmentation and 
cell outlines (red) are shown below. Corresponding quantification is shown in 
Fig. 3g, h. b, Inhibiting glycolysis rescues elevated FBP level in aldolase-depleted 

cells. Relative FBP levels measured in U-2 OS cells treated with control (-) or 
aldolase-specific siRNA (ALDOA, +) followed by 48 h treatment with PBS (-) or 
25 mM 2-DG. Data were normalized to siCtrl + PBS and represent mean ± SEM; 
n = 4 independent experiments; two-sided One sample t-test (P values: 
(siALDOA) = 0.0227; (siCtrl+2DG) = 0.005; (siALDOA+2-DG) = 0.007). Ns, not 
significant; *p < 0.05, **p < 0.01. Scale bars, 25 µm.

http://www.nature.com/naturecellbiology
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | FBP regulates protrusive area. a, Example of the image 
analysis workflow used to quantify protrusive area using an automated Fiji 
macro. Total cell area was visualized via the plasma membrane dye CellMask. 
Elevated cell regions were detected by their greater accumulation of the 
cytoplasmic fluorescent CellTracker dye in comparison to the very thin cellular 

protrusions. A detailed description of the image analysis procedure can be found 
in the Methods section. b, Representative phase contrast and epifluorescent 
images of U-2 OS cells treated with indicated siRNAs. Segmentation is shown 
below. Corresponding quantification is shown in Fig. 5b. Scale bars, 25 µm.

http://www.nature.com/naturecellbiology
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | FBP stimulates Rac1 activation leading to FA assembly 
and cell spreading. a, PFK depletion decreases the level of active Rac1. Left: 
Representative immunoblot of pulldown assay using GST-PAK-PBD beads to 
detect active Rac1 in lysates from U-2 OS cells treated with indicated siRNAs. 
β-actin was used as loading control. Right: Quantification of GTP-Rac1 over 
β-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 Rac1 restores FA numbers and cell size 
upon aldolase knockdown also based on alternative Rac1-targeting siRNAs in 
RPE-1 cells. b, Representative confocal images of paxillin-labeled FAs in RPE-1 
cells treated with indicated siRNAs. FA segmentation and cell outlines (red) 
are shown below. c, d, Quantification of FAs per cell and cell area shown in b. 
Data represent 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. siALDOA) = 0.0332; (siCtrl vs. siRAC1#5 

+ siALDOA) = 0.3327; (siCtrl vs. siRAC1#6 + siALDOA) = 0.9142; P values 
(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 Rac1 and aldolase depletion 
in RPE-1 cells. Immunoblot of RPE-1 cells treated with indicated siRNAs. CHC 
was used as loading control. N = 1 independent experiment. f, Expression of 
dominant-negative Rac1 in aldolase-depleted cells rescues FA number and 
cell size. 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-Rac1-T17N. FA segmentation and cell outlines (red) are shown below. 
Corresponding quantification is shown in Fig. 6i, j. g, Expression of constitutively 
active Rac1 in 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-Rac1-Q61L. FA segmentation and cell outlines (red) are shown below. 
Corresponding quantification is shown in Fig. 6k, l. Ns, not significant; *p < 0.05, 
**p < 0.01, ***p < 0.001. Scale bars, 25 µm.

http://www.nature.com/naturecellbiology
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Extended Data Fig. 8 | Rac1 is required for FBP-mediated cell protrusion. 
Co-depletion of Rac1 in aldolase knockdown cells decreases cell protrusion to 
normal levels. Representative phase contrast and epifluorescent images of U-2 

OS cells treated with indicated siRNAs and labeled with CellTracker and CellMask 
(see also Extended Data Fig. 6). Segmentation is shown below. Corresponding 
quantification is shown in Fig. 7b. Scale bars, 25 µm.

http://www.nature.com/naturecellbiology
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | FBP-mediated Rac1 activation depends on RCC2.  
a, Additional views of FBP-responsive peptide (pink, aa 110-120) highlighted in 
the structure of RCC2 (aa 89-522, PDB ID: 5GWN) (see also Fig. 8b). b, Overview 
of FBP-responsive peptides identified from whole cell lysate (orange, aa 110-120) 
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).  
c, Overview of the F2,6BP-responsive peptide identified from purified RCC2 
(pink, aa 52-67). d, Co-depletion of Rac1 in RCC2 knockdown cells restores FA 
number and cell area. Representative confocal images of paxillin-labeled FAs 

in U-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–Rac1 complex is intact, preventing 
Rac1 activation and thus resulting in decreased cell protrusion and adhesion. 
Increased FBP levels destabilize the RCC2–Rac1 complex, likely by direct binding 
of FBP to RCC2, leading to Rac1 activation, cell spreading and adhesion. Green 
dots represent FAs, red lines represent F-actin, and blue circles represent nuclei. 
Scale bars, 25 µm.
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