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RAC1 is a Rho GTPase that exists in two conformational
states, an active GTP-bound protein and an inactive GDP-
bound protein1. Active RAC1 is vital for a multitude of

physiological processes, including cytoskeletal re-organisation,
cell division and cell migration2. It is primarily known for its key
role in regulating actin microfilament networks, being a major
regulator of lamellipodia formation and cell migration3,4, but it is
equally important for cell proliferation5,6. For example, in non-
small cell lung carcinoma, proliferation is dependent upon the
transcriptional activation of NF-kB by RAC17, whilst in vitro
studies have shown that RAC1 is required for cell proliferation
and G2/M progression in a rat fibroblast cell line6.

The requirement of RAC1 for transformation was first descri-
bed in the 1990s8, where RAC1 was shown to be overexpressed
and its activity increased in many human cancers. In addition, a
common activating mutation of RAC1 has recently been dis-
covered in melanoma, and RAC1B, a constitutively active splice-
variant of RAC1, is observed in colon cancer9,10. Additionally, a
recent CRISPR screen carried out by the Sabatini lab has suggested
that RAC1 activation may have a critical role in RAS-driven
tumourigenesis11. We and others have previously shown, using
genetically engineered mouse models, that RAC1 is an important
downstream effector of APC loss where mutations in the Apc gene
lead to the initiation of colorectal cancer (CRC)12–14. APC is a
negative regulator of the WNT signalling pathway and an essential
component of the destruction complex that targets β-catenin for
degradation by the proteasome15,16. Loss of APC results in the
translocation and accumulation of β-catenin in the nucleus, acti-
vation of the WNT pathway and if targeted to the stem cell
compartment, rapid adenoma formation17,18. Acute loss of APC
in vivo throughout intestinal lineages again drives WNT activation
and a crypt progenitor-cell phenotype with increased proliferation
and perturbed differentiation leading to a stem cell expansion,
mislocalisation of Paneth cells and a reduction in goblet and
enteroendocrine lineages14,17
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Results and discussion
RAC1 loss perturbs villus homeostasis. We have previously
shown that Rac1 deletion suppresses the “crypt progenitor-like”
phenotype, in addition to the tumourigenesis resulting from
APC deficiency14. This study suggested that targeting of RAC1
in intestinal cancer could be beneficial. Given that therapeutic
targeting of RAC1 in CRC would require suppression of activity
over a prolonged period of time, we sought to address the
consequences of RAC1 loss throughout the intestine, mimick-
ing the action of an inhibitor. We therefore generated Vil-
CreERT2 Rac1fl/fl mice and treated them with 2 mg tamoxifen
for 2 days to delete Rac1 throughout the intestinal epithelium
and observed the impact over time42,43. At 5 days post induc-
tion, mice developed symptoms of intestinal ill-health (weight
loss and hunching), were euthanised and the intestines har-
vested. Histological analyses show that while crypt structure,
including epithelial proliferation, appeared relatively unper-
turbed, there was a marked change in villus architecture
(Fig. 1a), with villi dramatically shortened and exhibiting
marked disintegration (Fig. 1a, arrow in Fig. 1a indicates dis-
integration, Supplementary Fig. 1B, D, E with Supplementary

Fig. 1A indicating the regions of interest of the crypt-villus) and
apoptosis (Fig. 1a and Supplementary Fig. 1C, F). To investigate
this more closely, we performed scanning EM of the intestinal
epithelium and found an altered morphology of the villus, with
clear bleb-like structures (as indicated by arrow Fig. 1b). Given
the role of RAC1 in maintaining the actin cytoskeleton, we
reasoned that the collapse of the villus structure and premature
cell sloughing may be due to a perturbed actin network. To
examine this, we crossed the Vil-CreERT2 Rac1fl/fl mice to mice
carrying the LifeAct-GFP reporter42,43. Gross perturbations in
F-actin structures were observed in the villus but not in the
crypts of these mice, as shown by intravital fluorescence ima-
ging (Fig. 1c). Together our data show that a reduction in RAC1
in the intestinal epithelium results in detrimental effects on
epithelial integrity and normal barrier function.

To verify the efficiency of deletion of Rac1 from this mouse
model, and show specificity of the Vil-CreERT2 promoter, we
designed a Rac1 BaseScope probe which allowed detection of
exons 4 and 5 (the specific exons lost upon induction). When
APC is lost, Rac1 is expressed throughout the intestine in both the
epithelial and stromal compartments. However, following

Fig. 1 Loss of Rac1 perturbs villus homeostasis. a Images showing H&E, BrdU incorporation and Cleaved caspase-3 IHC in Vil-CreERT2 (wild-type), Vil-
CreERT2 Rac1fl/fl (Rac1fl/fl) mice day 3 post induction and Vil-CreERT2 Rac1fl/fl (Rac1fl/fl) mice 3 and 5 days post induction. Red arrow indicates disintegrating
villus. Scale bar represents 100 μm in each case (See amplified images in Supplementary Fig. 1d–f). b Scanning EM on Vil-CreERT2 (Wild-type) or Vil-
CreERT2 Rac1
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targeted deletion of Rac1 alongside APC deletion using the Vil-
CreERT2T2
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Fig. 2 VAV3 and TIAM1 are upregulated following APC loss. a Heatmap derived from RNA-seq analysis comparing whole tissue from wild-type (Vil-
CreERT2) and APC intestines (Vil-CreERT2 Apcfl/fl) n= 3 biologically independent animals for both APC and WT intestinal tissue. Log2

www.nature.com/naturecommunications
www.nature.com/naturecommunications


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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c-Myc expression, which is associated with hyperproliferation and
hepatomegaly51,52. We induced loss of APC in the liver using
AAV-TBG-Cre53. Consistent with previous studies, we observed
nuclear accumulation of β-catenin and an increase in liver size in
this setting (Supplementary Fig. 10A, B). Interestingly, when we
carried out the deletion of Apc alongside deletion of Rac1 using
AAV-TBG-Cre, or in the context of mice lacking VAV2, VAV3
and TIAM1, we did not observe rescue of WNT-driven pheno-
types; more specifically we saw no impact upon liver weight or
liver enzyme production (Supplementary Fig. 10B–E). While this
experiment is not able to demonstrate a critical role for VAV2,
VAV3 or TIAM1 for RAC1 activation in hepatocellular pro-
liferation, it does critically demonstrate that the requirement for
RAC1 activity in WNT-driven hyperproliferation is not uniform.
This further indicates that targeting of RAC1 regulatory mole-
cules for anti-cancer impact may prove to be highly context
dependent.

Intestinal RAC activity is reduced in triple-GEF knockout
mice. In order to examine the effect of VAV2, VAV3 and TIAM1
deficiency on RAC1 activity in the intestine, we initially looked at
the levels of total RAC1. Immunohistochemical analysis showed
loss of the GEFs alongside APC resulted in no discernible dif-
ference in the amount of total RAC1 present when compared to
Vil-CreERT2 Apcfl/fl mice alone (Supplementary Fig. 11).

To better understand gross RAC1 activity in APC-deficient
intestinal tissue when compared to APC V2V3T intestinal tissues,
we performed immunoprecipitation assays with a RAC1-GTP
specific antibody. This approach demonstrated that the overall
proportion of GTP bound or “active” RAC1 in APC-deficient
intestinal tissue is substantially lower in the absence of VAV2,
VAV3 and TIAM1 (Fig. 5a). To complement this gross or bulk
approach to assessment of RAC1 activity, we took advantage of
the previously described genetically engineered mouse expressing
a Raichu-RAC1 FRET probe54,55. This probe was previously
shown to enable the quantification of active RAC1 in live tissues
and cells, whilst leaving the cell properties and responses
unaffected. Johnsson et al. previously detected Raichu-RAC1
expression in organoid intestinal cultures and showed spatial and
temporal regulation of RAC1 activity in these cultures particularly

Fig. 4 Loss of three GEFs is able to suppress the loss of Apc phenotype. a RNAscope staining for Vav2 in intestine from Vil-CreERT2 Apcfl/flSuppC)3599739999961(mf)-233.358(detectrop9 0 T9792 0 0 6.3l)22000-279.399TD
5rg
87258 4Apcfl/fl
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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)71, MDA (1:100; Abcam Ab6463);13 VAV2 (1:200;
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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
containing 5% BSA, and 0.02% Triton X-100). After washing the membranes
thoroughly in TBS-T, they were incubated 1 h at room temperature with secondary
goat mouse antibody (Agilent #P044701-2, 1:2000) in blocking solution. For
assessment of total RAC1 in whole cell lysates (20 μ
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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−/− mice were isolated as
described above

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE112226
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152388
https://gdac.broadinstitute.org/
www.nature.com/naturecommunications
www.nature.com/naturecommunications


46. Meyers, R. M. et al. Computational correction of copy number effect improves
specificity of CRISPR-Cas9 essentiality screens in cancer cells. Nat. Genet. 49,
1779–1784 (2017).

47. Guinney, J. et al. The consensus molecular subtypes of colorectal cancer. Nat.
Med. 21, 1350–1356 (2015).

48. Diamantopoulou, Z. et al. TIAM1 antagonizes TAZ/YAP both in the
destruction complex in the cytoplasm and in the nucleus to inhibit invasion of
intestinal epithelial cells. Cancer Cell 31, 621–634.e6 (2017).

49. Kimelman, D. & Xu, W. beta-catenin destruction complex: insights and
questions from a structural perspective. Oncogene 25, 7482–91 (2006).

50. Jamieson, C. et al. Rac1 augments Wnt signaling by stimulating beta-catenin-
lymphoid enhancer factor-1 complex assembly independent of beta-catenin
nuclear import. J. Cell Sci. 128, 3933–46 (2015).

51. Colnot, S. et al. Liver-targeted disruption of Apc in mice acitavtes b-catenin
signaling and leads of hepatocellular carcinomas. Proc. Natl Acad. Sci. USA
101, 17216–17221 (2004).

52. Reed, K. R. et al. B-Catenin deficiency, but not Myc deletion, suppresses the
immediate phenotypes of APC loss in the liver. Proc. Natl Acad. Sci. USA 105,
18919–18923 (2008).

53. Raven, A. et al. Cholangiocytes act as facultative liver stem cells during
impaired hepatocyte regeneration. Nature 547, 350–354 (2017).

54. Johnsson, A. E. et al. The Rac-FRET mouse reveals tight spatiotemporal control
of Rac activity in primary cells and tissues. Cell Rep. 6, 1153–1164 (2014).

55. Itoh, R. E. et al. Activation of rac and cdc42 video imaged by fluorescent
resonance energy transfer-based single-molecule probes in the membrane of
living cells. Mol. Cell Biol. 22, 6582–91 (2002).

56. Diebold, B. A. et al. Antagonistic cross-talk between Rac and Cdc42 GTPases
regulates generation of reactive oxygen species. J. Biol. Chem. 279, 28136–42
(2004).

57. Tuveson, D. A. et al. Endogenous oncogenic K-rasG12D stimulates
proliferation and widespread neoplastic and developmental defects. Cancer
Cell 5, 375–387 (2004).

58. Cammareri, P. et al. TGFbeta pathway limits dedifferentiation following WNT
and MAPK pathway activation to suppress intestinal tumourigenesis. Cell
Death Differ. 24, 1681–1693 (2017).

59. Besray Unal, E. et al. Systems level expression correlation of Ras GTPase
regulators. Cell Commun. Signal. 16, 46 (2018).

60. el Marjou, F. et al. Tissue-specific and inducible Cre-mediated recombination
in the gut epithelium. Genesis 39, 186–93 (2004).

61. Barker, N. et al. Identification of stem cells in small intestine and colon by
marker gene Lgr5. Nature 449, 1003–1007 (2007).

62. Shibata, H. et al. Rapid colorectal adenoma formation initiated by conditional
targeting of teh Apc gene. Science 278, 120–123 (1997).

63. Walmsley, M. J. et al. Critical roles for Rac1 and Rac2 GTPases in B cell
development and signaling. Science 302, 459–462 (2003).

64. Doody, G. M. et al. Signal transduction through Vav-2 participates in
humoral immune responses and B cell maturation. Nat. Immunol. 2, 542–547
(2001).

65. Fujikawa, K. et al. Vav1/2/3-null mice define an essential role for Vav family
proteins in lymphocyte development and activation but a differential requirement
in MAPK signaling in T and B cells. J. Exp. Med. 198, 1595–608 (2003).

66. Dubrac, A. et al. Targeting NCK-mediated endothelial cell front-rear polarity
inhibits neovascularization. Circulation 133, 409–21 (2016).

67. Dai, Y. K. et al. A link between the nuclear-localized srGAP3 and the
SWI/SNF chromatin remodeler Brg1. Mol. Cell. Neurosci. 60, 10–25 (2014).

68. Wen, S. et al. Necroptosis is a key mediator of enterocytes loss in intestinal
ischaemia/reperfusion injury. J. Cell. Mol. Med. 21, 432–443 (2017).

69. Lee, Y. S. et al. Crosstalk between CCL7 and CCR3 promotes metastasis of
colon cancer cells via ERK-JNK signaing pathways. Oncotarget 7,
36842–36853 (2016).

70. Eger, A. et al. Epithelial mesencymal transition by c-Fos estrogen receptor
activation involved nuclear translocation of b-catenin and upregulation of
b-catenin/lymphoid enhancer binding factor-1 transcription activity. J. Cell
Biol. 148, 173–187 (2000).

71. Ritschka, B. et al. The senescence-associated secretory phenotype induces
cellular plasticity and tissue regeneration. Genes Dev. 31, 172–183 (2017).

72. Ritchie, M. E. et al. limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res. 43, e47 (2015).

73. Sievers, F. et al. Fast, scalable generation of high-quality protein multiple
sequence alignments using Clustal Omega. Mol. Syst. Biol. 7, 539 (2011).

74. Fisher, S. et al. A scalable, fully automated process for construction of
sequence-ready human exome targeted capture libraries. Genome Biol. 12, R1
(2011).

75. Sato, T. et al. Single Lgr5 stem cells build crypt-villus structures in vitro
without a mesenchymal niche. Nature 459, 262–265 (2009).

Acknowledgements
All authors are supported by Cancer Research UK. K.A.P. and A.D.C. are funded through
a collaboration with Novartis and R.P.F was funded throughrough

https://doi.org/10.1038/s41467-020-20255-4
https://doi.org/10.1038/s41467-020-20255-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	A RAC-GEF network critical for early intestinal tumourigenesis
	Results and discussion
	RAC1 loss perturbs villus homeostasis
	VAV3 and TIAM1 are upregulated following APC loss
	Loss of one or two intestinal GEFs is insufficient to rescue the phenotype caused by APC loss
	Loss of VAV2, VAV3 and TIAM1 are required to suppress the cancer phenotype caused by APC loss
	The role of VAV2, VAV3 and TIAM1 on WNT-driven processes is intestine-specific
	Intestinal RAC activity is reduced in triple-GEF knockout mice
	Oncogenic mutation of KRAS drives resistance to RAC-GEF depletion

	Materials and methods
	Mouse experiments
	Immunohistochemistry
	Tumour burden analysis
	Consensus molecular sequencing analysis
	Assessment of RAC1 activity through immunoprecipitation of RAC1-GTP
	RNA isolation
	RNA-sequencing library generation and sequencing
	RNA-sequencing analysis
	Biochemical analysis of Serum
	Crypt isolation
	Scanning electron microscopy
	In-vivo imaging
	FLIM-FRET
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




