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targeted deletion of Rac1 alongside APC deletion using the Vil-
CreERT2T2
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differences between the two models. The Apcmin/+ model of
tumourigenesis is dependent on a spontaneous loss of the second
copy of Apc, whereas the Lgr5-EGFP-IRES-creERT2 Apcfl/fl (Lgr5
APC) model has both copies of Apc lost at induction which results
in rapid tumourigenesis elicited in the LGR5 positive stem cell
compartment. It is possible that the effect of TIAM1 on the
hyperproliferative phenotype suppresses growth early on, with some
APC-deficient clones potentially arising outside of the stem
cell zone.

Loss of VAV2, VAV3 and TIAM1 are required to suppress the
cancer phenotype caused by APC loss. Given the increased Vav2
expression in Vil-CreERT2 Apc ��
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(Fig. 4c). We intercrossed triple-GEF knock-out mice with Vil-
CreERT2 Apcfl/fl mice to generate Vil-CreERT2 Apcfl/fl Vav2−/−

Vav3−/− Tiam1−/− (APC V2V3T), in which APC loss could be
induced by tamoxifen. Loss of VAV2, VAV3 and TIAM1
expression in this system was demonstrated by immunohisto-
chemical staining (Supplementary Fig. 4B). This model was then
used to investigate whether triple-GEF deficiency was sufficient to
modify the crypt progenitor-like phenotype caused by APC loss.
Four days after induction of APC loss, triple-GEF deficiency
resulted in a significant decrease in intestinal cell proliferation (as
shown by BrdU incorporation) compared to controls, to a similar
level caused by TIAM1 deficiency alone (Figs. 3b and 4c, d). In
contrast, the triple-GEF deficient mice (V2V3T) also showed a
marked reduction in the expression of the stem cell marker Lgr5,
whilst Olfm4 remained largely unchanged (Fig. 4c and Supple-
mentary Fig. 7). We validated this observation through the clo-
nogenicity assay, where cells lacking the three GEFs, as well as
APC loss (APC V2V3T), exhibited reduced spheroid-forming
capacity compared to APC loss alone or to our previous experi-
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in the stem-cell niche. Given the versatility of this Raichu-RAC1
probe, we crossed the Raichu-Rac1-FRET mice to Vil-CreERT2

Apcfl/fl Vav2−/− Vav3−/− Tiam1−/− mice in order to quantify
RAC1 activity caused by APC loss, which is dependent on the
triple-GEF expression. In these organoid cultures, we were able to
utilise FLIM-FRET imaging to quantify RAC1 activity. This
approach indicated a decrease in RAC1 activity in APC V2V3T
organoids when compared to APC controls, as demonstrated by
an increase in fluorescence lifetime (Fig. 5b, c). We have
previously demonstrated that following APC loss in the intestinal
epithelium, RAC1 has a role in generation of reactive oxygen
species (ROS)14. Critically this is a RAC1 specific function, as
CDC42 is unable to stimulate ROS generation through
NADPH56. In the present study, reduced lipid peroxidation
indicated by immunohistochemical staining of malondialdehyde
(MDA) in the intestinal epithelium of APC V2V3T or APC
Rac1fl/fl when compared to APC controls suggests a suppression
of ROS generation in the context of reduced RAC1 activity
(Supplementary Fig. 11A, B).

Oncogenic mutation of KRAS drives resistance to RAC-GEF
depletion. In this simple model of adenoma formation in the
intestinal epithelium, we have observed marked compensation
between GEFs at the level of transcription. Critically, both the
data described above, and the regulatory complexity generated
both transcriptionally and functionally by the expression of 60+
multidomain cellular RAC-GEFs, implies significant plasticity in
regulation of GTPase signalling in response to altered cellular or
environmental cues. For this reason, we sought to determine
whether a further compounding oncogenic KRAS mutation could
impact sensitivity to RAC-GEF depletion in vivo. Clinically,
KRAS mutant colorectal cancers are refractory to current treat-
ments, and critically, one could envisage that significant alteration
to signalling flux through oncogenic pathways controlled by
KRAS could have a significant impact upon RAC-GEF and
consequently RAC GTPase activity. To investigate this, we
intercrossed an oncogenic LSL-KRasG12D allele57 to the
Vil-CreERT2 Apcfl/fl Rac1fl/fl and Vil-CreERT2 Apcfl/fl Vav2−/−

Vav3−/− Tiam1−/− models described both above and pre-
viously14. This approach allowed us to test the impact of a strong
oncogenic drive upon sensitivity to genetic targeting of either
Rac1 alone or a combination of the RAC-GEFs Vav2, Vav3,
Tiam1. As previously reported, targeting of oncogenic KRAS to
the intestinal epithelium in the context of APC depletion results
in exacerbated crypt expansion driven by a significant increase in
cellular proliferation58. Here, enhanced KRAS driven crypt
expansion retained sensitivity to homozygous depletion of RAC1,
indicating that in the context of KRAS mutation, RAC1 signalling
remains a fundamental determinant of cellular proliferation.
Notably, despite the retained sensitivity to RAC1 depletion, the
presence of an oncogenic KRAS mutation drove resistance to the
combined depletion of VAV2, VAV3 and TIAM1, with no sig-
nificant reduction in epithelial cell proliferation observed in Vil-
CreERT2 Apcfl/fl KrasG12D/+ Vav2−/− Vav3−/− Tiam1−/− when
compared to Vil-CreERT2 Apcfl/fl KrasG12D/+ control (Fig. 6a, b).
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E-Cadherin (clone 24E10, 1:200; Cell Signalling cat#3195)69, SOX9 (1:500; Milli-
pore; cat# AB5535), β-catenin (1:50; BD Biosciences; cat#610154)70, CD44 (1:100;
BD Biosciences; cat# 550538)
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were washed 3x in washing buffer, and precipitated proteins detected by poly-
acrylamide gel electrophoresis and subsequent western blotting. Protein bound
membranes were incubated overnight at 4 °C together with primary anti-Rac1
monoclonal antibody (Cytoskeletion; #ARC03; 1:500) in block solution (TBS
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Imaging was carried out on LaVision Biotech TRIMscope multiphoton microscope,
obtaining Z-stacks of 400 μm at 0.4 μm intervals. A Coherent Chameleon Ultra II
Ti:Sapphire laser was used at 890 nm to generate fluorescence and second har-
monic signal simultaneously. A sequence of dichroic and band-pass filters were
employed to spectrally separate the emission. A 500 LP dichroic (Chroma 500dclp)
reflects the SHG signal through a Semrock 435/40 nm band-pass filter and trans-
mits through to a Semrock 525/50 nm band-pass filter for the GFP emission. An
exponential power increase was applied automatically with increasing focusing
depth to counteract the tissue induced scattering of the light. At least three mice
were imaged for each genotype.

FLIM-FRET. Organoids derived from the intestinal epithelium of Vil-CreERT2

Apcfl/fl and Vil-CreERT2 Apcfl/fl Vav2−/− Vav3−/− Tiam1
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