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Abstract

To elucidate the function of the Ras-homologous GTPase Rac1 in hepatocarcinogenesis induced by diethylnitrosamine 
(DEN), mice lacking hepatic Rac1 expression were treated with DEN and compared to the wild-type (WT). Rac1 knock-
out (KO) mice were found to have a lower tumor yield as compared to Rac1 proficient mice. The small-sized tumors 
formed in the absence of Rac1 lack an activated Ras/Raf/mitogen-activated protein kinase pathway, as indicated by 
the absence of p-ERK expression. Apparently, Rac1 is required for Ras-driven oncogenic pathways. Moreover, tumors 
in Rac1 deficient mice were glutamine synthase (GS) negative. They displayed a high number of p-H3-positive and 
cyclinB1 expressing cells, pointing to a defect in mitotic progression. To elucidate the influence of Rac1 on mechanisms 
of tumor initiation, acute DEN-induced hepatic stress responses were monitored. Rac1 deficiency caused fairly complex, 
partially time-dependent, alterations in both basal and/or DEN-induced messenger RNA (mRNA) and protein levels 
of susceptibility-related genes. Basal protein expression of DNA repair factors Brca1 and DNA repair protein RAD51 
homolog (Rad51) and the cell cycle regulatory factor p27 was enhanced in the absence of Rac1. Following DEN treatment, 
p21 mRNA and protein expression was stimulated independent of the Rac1 status. Lack of Rac1 increased mechanisms 
of the DNA damage response (DDR), as shown by elevated protein levels of p-ATR, p-p53 and γH2AX 24 h after DEN 
treatment. The data show that Rac1 is essential for DEN-stimulated hepatocarcinogenesis. We hypothesize that it 
promotes tumor initiation by counteracting the elimination of initiated cells and, moreover, alleviates the outgrowth of 
transformed cells. Hence, pharmacological targeting of Rac1 could be suitable for chemoprevention.

Introduction
Rac1 belongs to the family of low molecular weight Ras-
homologous (Rho) GTPases, which play a key role in the regula-
tion of numerous cellular processes (1,2). Rac1 controls cell-cell 
adhesion and epithelial-mesenchymal transition (3), regulates 
mitosis and meiosis (4,5), cross-talks with oncogenes important 
for the development of acute myeloid leukemia (6,7), regulates 
B-cell development and signaling (8), impacts cell spreading and 
membrane ruffling (9) and is required for Ras-mediated trans-
formation (10). Moreover, it is a key regulator of stress-activated 

protein kinases (SAPK/JNK), p38 kinase (11,12) and of a broad 
spectrum of transcription factors including c-Jun, ATF2, NF-κB 
and Smad proteins (13–15). Due to the key functions of Rho 
GTPases in the pathophysiology of malignant diseases, phar-
macological targeting of Rho proteins was suggested as effec-
tive strategy to improve anticancer therapy (16). One promising 
therapeutic option to influence Rho signaling are HMG-CoA 
reductase inhibitors (statins), which are widely used in the 
clinic for lipid lowering purpose. They interfere with Rho sign-
aling by depleting the cellular pool of isoprene precursor mol-
ecules, which are essential for correct intracellular localization 
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and function of Rho GTPases (17). Noteworthy, statins reduce 
the incidence of mammary tumors resulting from irradiation 
(18) and protect from dimethylhydrazin-induced colon carcino-
genesis (19). Moreover, statins have been suggested as chemo-
preventive strategy in hepatocellular carcinoma (20). RhoA and 
Rac1 are considered as the most relevant targets of statins (21). 
In line with this, pharmacological inhibition of Rac1 signaling by 
statins or small-molecule inhibitors attenuate metastatic pro-
cesses in mice (22).

Despite the bulk of in vitro data suggesting a pivotal role of 
Rac1 in controlling mechanisms associated with tumor develop-
ment, the relevance of Rac1 for chemical carcinogenesis has not 
yet been reappraised under complex in vivo situation. Bearing in 
mind the prevalence of Ras in human malignancies, it is impor-
tant to understand the contribution of Ras downstream path-
ways, such as Rac1-regulated mechanisms, for transformation 
and tumor progression. Recently it has been observed that Rac1 
is required for early changes in the development of pancreatic 
cancer (23) and is essential for K-Ras-induced lung cancer (24). 
Moreover Rac1 is required for K-Ras driven epithelial cell hyper-
proliferation (25) and crucial for skin tumor formation (26). In 
line with this, mice deficient in the Rac1 activator Tiam-1 are 
resistant to Ras-induced formation of skin tumors (27). In the 
present study we investigated the influence of Rac1 on the for-
mation of liver tumors following treatment of wild-type (WT) 
and rac1 knock-out (KO) mice with a single dose of the alkylat-
ing carcinogen N-diethyl-N-nitrosamine (DEN). Because of the 
early embryonic lethality (day e6.5 of development) of systemic 
rac1 KO (28), which is due to impaired formation of the three 
germ layers during gastrulation, we bred Rac1flox/flox with mice 
albumin-cyclization recombinase (Alb-Cre) transgenic animals. 
The progeny (Rac1flox/flox/Alb-Cre) is characterized by a liver spe-
cific, Alb promotor-driven expression of the Cre recombinase, 
leading to a KO of the rac1 gene in hepatocytes. Moreover, to 
specifically elucidate the impact of Rac1 signaling on mecha-
nisms related to tumor initiation, we thoroughly investigated 
acute hepatic stress responses, in particular the DNA damage 
response (DDR), and induction of apoptosis following DEN treat-
ment. The data obtained show that Rac1 deficiency considerably 

reduces hepatocarcinogenesis and has fairly complex effects 
on acute DEN-induced hepatic stress responses. The data show 
that Rac1 influences processes of both tumor initiation and pro-
motion, indicating that it plays a key role in DEN-stimulated 
hepatocarcinogenesis.

Materials and methods

Mouse experiments
Mice were bred in the local animal facility of the University Medical 
Center Mainz (Germany) and received humane care according to the cri-
teria outlined in the ‘Guide for the Care and Use of Laboratory animals’. 
Rac1flox/flox mice with a C57BL/6 background (8) were crossed with C57BL/6 
mice expressing the Cre recombinase under control of the Alb promotor 
(Alb-Cre mice). The Alb-driven Cre recombination already occurs in fetal 
and neonatal mice (29) and further progresses with age (30). The result-
ing rac1 KO progeny was comparatively analyzed with transgenic Racflox/

flox WT mice regarding their acute hepatic stress responses following a sin-
gle treatment with DEN [90 mg/kg BW, intraperitoneal (i.p.) analysis 24 h 
and 72 h after treatment]. 90 mg/kg BW of DEN is effective in triggering 
substantial stress responses, and therefore is frequently used in hepato-
toxicity studies in rodents. Animals aged 10–12 weeks were used for these 
studies (group size 3–6 animals). To investigate chemical hepatocarcino-
genesis, animals aged 2–3 weeks were exposed to a single dose of DEN 
(10 mg/kg BW, i.p.). Exposure of young animals to 10 mg/kg BW of DEN is 
a frequently used approach to achieve a highly efficient induction of liver 
tumors (31–33). The formation of liver tumors was analyzed 40 weeks later. 
Here, the group size was n = 14 and n = 18 animals for rac1 KO and WT ani-
mals, respectively. At the end of the experiments, liver was either fixed in 
4.5% paraformaldehyde for subsequent (immuno) histochemical analyses 
or was frozen in liquid nitrogen for biochemical analyses.

Preparation of DNA and genomic PCR analysis
Genomic DNA from liver was isolated using the DNeasy Blood & Tissue Kit 
(Qiagen, Hilden, Germany). PCR reactions were performed using RED Taq 
ReadyMix (Sigma Aldrich, Steinheim) and specific primers (each 0.45 µM; 
designed by use of Primer3 software), which allows the confirmation of 
the rac1 gene KO (primer sequence see Supplementary Table 1, available 
at Carcinogenesis Online). After initial denaturation step (95°C, 2 min), 30 
cycles were performed (95°C, 30 s; 55°C, 30 s; 72°C, 45 s). To terminate the 
reaction, samples were incubated at 72°C for 10 min. PCR products were 
separated by gel electrophoresis (1.4% agarose gels) and visualized by eth-
idium bromide staining.

qRT–PCR analysis
To purify total messenger RNA (mRNA) from liver, the RNeasy Mini Kit 
(Qiagen, Hilden, Germany) was used. RNA was isolated from the liver of 
n = 3–6 animals per group and pooled for complementary DNA synthe-
sis using the OmniScript Kit (Qiagen, Hilden, Germany). For each reaction 
2000 ng of total mRNA was applied. For quantitative real-time PCR analy-
sis, the SensiMix SYBR & Fluorescein Kit (Bioline, London, UK) and a MyIQ 
Thermal Cycler (BioRad, Munich, Germany) were used. The reactions were 
performed with 40 ng of complementary DNA (1:10 dilution) and specific 
primers (250 nM) according to the following protocol: 95°C, 10 min; 45 cycles 
of 95°C, 15 s; 55°C, 15 s; 72°C, 17 s. At the end of each run, melting curves 
were recorded to ensure the specificity of the reaction products. Amplicons 
with cycle thresholds >35 were excluded from analysis. Data were ana-
lyzed with iQ5 Optical System Software 2.0 (BioRad). A semi-customized 
PCR-array facilitating the analysis of the mRNA expression of 94 genes 
related to DNA repair, stress signaling, cell cycle regulation and cell death 
was used (34) for initial screening (primer sequences see Supplementary 
Table 2, available at Carcinogenesis Online). mRNA expression levels were 
normalized to the amount of glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) and beta-actin mRNA. To calculate drug-induced changes 
in mRNA levels, relative mRNA expression was related to that of the WT 
control which was set to 1.0. Only alterations in relative mRNA expression 
of ≤0.5 and ≥2.0 were considered as different from control. mRNA expres-
sion data obtained from the PCR-array-based screening analyses were con-
firmed by separate quantitative reverse transcriptase polymerase chain 

Abbreviations: 

Alb  albumin
Cre  cyclization recombinase
DDR  DNA damage response 
DEN  diethylnitrosamine
DSB  DNA double-strand breaks
ERK  extracellular regulated kinase 
GAPDH  glyceraldehyde 3-phosphate dehydrogenase
GS  glutamine synthase 
H&E  hematoxylin and eosin stain 
JNK  c-Jun-N-terminal kinase
KO  knock-out 
MGMT  O6-methylguanin-DNA-methyltransferase 
MPO  myeloperoxidase
mRNA  messenger RNA
p-H3  S10 phosphorylated histone H3 
qRT–PCR  quantitative reverse transcriptase polymerase  
 chain reaction 
Rad51  DNA repair protein RAD51 homolog 
Rho  Ras-homologous 
TUNEL  terminal deoxynucleotidyl transferase-mediated  
 dUTP nick end labeling 
WT  wild-type
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reaction (qRT–PCR) analyses performed in triplicate. Since complementary 
DNA generated from pooled RNA samples (n = 3–6) was used for q-RT-PCR 
analyses, statistical analysis was omitted in these experiments.

Preparation of protein extracts and western blot 
analysis
For preparation of total liver protein extracts, 10–15 mg of liver tissue was 
homogenized in lysis buffer (Roti®-Load 1) (Carl Roth, Karlsruhe, Germany) 
using a TissueLyser (Qiagen, HIlden, Germany). Proteins were separated by 
SDS-PAGE (10–15% polyacrylamide gels) and transferred onto nitrocellu-
lose membranes. After blocking in 5% non-fat milk in TBS/0.1% Tween 20 
(60 min, room temperature), membranes were incubated with the primary 
antibody (1:100–1000; overnight at 4  °C). After washing, incubation with 
horseradish peroxidase-labeled secondary antibody (1:2000, 2 h, room 
temperature) was performed. Bound antibodies were visualized using a 
chemiluminescence imager (Fusion Fx7) (Peqlab, Erlangen, Germany). 
The following antibodies were used: Rac1, Cyp2E1, p-ERK (pThr202/
pTyr204), p-Foxo1/3a (pThr24;pThr32), p27 (Millipore, Billerica, MA), γH2AX 
(pS139), GAPDH, heme oxygenase-1 (HO-1), p-c-Jun (pS63) (Epitomics, 
Burlingame, CA), myeloperoxidase (MPO), CD62E (Abcam, Cambridge, UK), 
S10 phosphorylated histone H3 (p-H3) (pS10) (Invitrogen, Paisley, UK), p-
JNK (pThr183/pTyr185), p-Mdm2 (Ser166), ERK2, p16, p21, p38, p53, sTNFα 
(Santa Cruz, CA), p-ATM (S1981), p-ATR (S428), Akt, p-Akt (pS473), BRCA1, 
DNA repair protein RAD51 homolog (Rad51), Foxo1, Foxo3a, p53 (pS15), 
p-p38 (pThr180/pTyr182) (New England Biolabs, Frankfurt, Germany), 
c-Jun-N-terminal kinase (JNK) (Sigma-Aldrich GmbH, Hamburg, Germany). 
Representative blots were shown. In general, relative protein expression 
in WT cells was set to 1.0. Densitometrical analysis was done by use of 
ImageJ. Quantitative data shown below the corresponding representa-
tive autoradiographies (-fold differences) are based on the analysis of 
2–3 independent samples. According to the information of the supplier 
(Millipore, Billerica, MA) the Rac1 antibody cross-reacts with Rac2. To ver-
ify this, its reactivity was tested against recombinant Rac1, Rac2 and Rac3 
protein, which was provided by R.  Ahmadian (Institute of Biochemistry 
and Molecular Biology II, HHU Düsseldorf, Germany). The results obtained 
show that the Rac1 antibody cross-reacts with recombinant Rac2 and Rac3 
(data not shown).

Determination of MGMT activity
The activity of the DNA repair protein O6-methylguanin-DNA-
methyltransferase (MGMT) was determined as described (35).

Immunohistochemistry and immunofluorescence
Paraffin-embedded (formalin-fixed) liver tissue was used for the produc-
tion of sections of ~4  µm thickness. Paraffin removal, rehydration and 
demasking of antigens was performed according to standard procedure. 
Sections were blocked with Protein Block (Dako, Hamburg, Germany) 
for 120 min and incubated with primary antibody (1:100; 4°C; overnight). 
As secondary antibodies, horseradish peroxidase-coupled anti-rabbit/
mouse (Dako, Hamburg, Germany) and Alexa Fluor 488-coupled anti-
goat (Invitrogen, Darmstadt, Germany) antibody were used for immu-
nohistochemistry and immunofluorescence, respectively. To visualize 
bound antibodies Dako REAL EnVision Detection System (Dako, Hamburg, 
Germany) was employed. For immunofluorescence analyses, Vectashield 
(Vector Laboratories INC, Burlingame, CA), which includes the DNA stain-
ing dye DAPI, was used. Tissue sections were evaluated microscopically 
(Olympus BX43). The following antibodies were applied in these stud-
ies: E-Cadherin (BD Bioscience, San Jose, CA), p-ERK (pThr 202/pTyr 204), 
ß-catenin (Millipore, Billerica, MA), MPO (Abcam, Cambridge, UK), p-H3 
(pS10) (Invitrogen, Paisley, UK), glutamine synthase (GS) (Thermo sci-
entific, Waltham, MA), γH2AX (pS139) (Epitomics, Burlingame, CA), p27, 
cyclinB1 and 53BP1 (New England Biolabs, Frankfurt, Germany).

Analysis of cell death and proliferation
To analyse the frequency of apoptotic liver cells the InSitu Cell Death 
Detection Kit (Roche Diagnostics, Mannheim, Germany) was used. The fre-
quency of mitotic cells was determined by calculating the percentage of 
phospho-histone H3 (pS10) positive cells. Three to five liver sections were 
scored per animal.

Analysis of DNA damage
Ser139 phosphorylated H2AX (γH2AX) is a well accepted surrogate marker 
of DNA damage, in particular of DNA double-strand breaks (DSBs) (36). 
The level of S139 phosphorylated histone H2AX (γH2AX) was determined 
by western blot analysis. Moreover the number of γH2AX positive nuclei in 
liver sections was captured by immunohistochemistry.

Statistical analyses
Statistical analyses was performed by use of the Student’s t-test.

Results and discussion

Lack of Rac1 reduces DEN-induced formation of 
liver tumors

In order to generate mice that are characterized by a condi-
tional KO of the rac1 gene in the liver, Rac1flox/flox mice (8) were 
bred with mice expressing the Cre-recombinase under con-
trol of the hepatocyte specific Alb promotor. This promotor is 
reported to trigger Cre expression in fetal and neonatal mice 
with maximum Cre levels reached 7 days after birth (30). In 
order to address the question whether Rac1 signaling influ-
ences the formation of liver tumors, mice 2 weeks of age were 
treated with a single dose of DEN (10 mg/kg, i.p.), which is fre-
quently used for chemical induction of liver tumors (31,37), and 
the tumor burden in the liver was analyzed after post-incuba-
tion period of 40 weeks. Since some reports showed only a par-
tial recombination of floxed alleles with Alb-Cre during early 
development, while other studies reported on a significant 
Alb-Cre function already in fetal and neonatal mice (29,30), 
we determined the extent of rac1 gene deletion in our mouse 
model. As shown on the level of the DNA and the protein, the 
Alb-Cre driven deletion of the rac1 gene was already highly 
efficient (i.e. ~80–90%) in the two week old mice (Figure  1A) 
and comparable to what we observed in elder (i.e. 10–12 week 
old) mice (Supplementary Figure S1, available at Carcinogenesis 
Online). Because the Alb-Cre promotor is specific for hepato-
cytes, we assume that the residual 10–20% of Rac1 expression 
in Racflox/flox/Alb-Cre mice mainly originates from other cell types 
of the liver. Since the Rac1 antibody also detects recombinant 
Rac2 and Rac3 protein, it appears likely that this cross-reac-
tivity of the Rac1 antibody with other Rac isoforms (i.e. Rac2 
and Rac3) (data not shown) also contributes to the signal. As 
opposed to WT animals, no tumors could be macroscopically 
detected in rac1 KO mice (Figure 1B). Microscopic analyses of 
liver sections, however, showed the presence of a low number of 
small-sized tumors also in rac1 KO animals (Figure 1C). Hence, 
incidence and average size of liver tumors induced by DEN are 
largely reduced in the absence of rac1. Correspondingly, Rac1 
regulates mechanisms that facilitate the formation of mouse 
liver tumors following DEN exposure. To rule out the possibility 
that the tumors formed in Rac1flox/flox/Alb-Cre animals result from 
hepatocytes that have escaped from Cre-mediated deletion of 
rac1, the expression of Rac1 protein was analyzed in the corre-
sponding tumors. Since none of the small-sized tumors formed 
in Rac1flox/flox/Alb-Cre animals expressed Rac1 protein (Figure 1D), 
this possibility can be excluded. Notably, about 20% of the 
tumors grown in Rac1 proficient mice featured overexpression 
of Rac1 in tumor tissue as compared to the surrounding nor-
mal tissue (Figure 1D). This finding is in line with reports show-
ing overexpression of Rac1 protein in different types of human 
tumors (38,39).

More detailed molecular characterization of the tumors 
formed in the presence or absence of Rac1 revealed p-ERK 
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positive tumors in WT mice (Figure  2A), which is in line with 
previous reports (32,40). By contrast, all tumors formed in rac1 
KO animals were p-ERK negative (Figure 2A). This indicates that 
DEN-initiated hepatocarcinogenesis in the absence of Rac1 is 
independent of the Ras/Raf pathway. If present, Rac1 facilitates 
Ras-mediated hepatocarcinogenesis. This is in line with previ-
ous report showing that Rac1 is required for the formation of 
lung tumors induced by oncogenic K-Ras (24). Therefore, we sug-
gest that Rac1 acts in concert with Ras, thereby fostering tumor 
formation in vivo. Moreover, most of the tumors observed in the 
liver of both WT and rac1 KO mice were negative for the expres-
sion of GS (Figure  2B), which is a marker of activating muta-
tions in the ß-catenin pathway (41). ß-catenin is a key player in 
Wnt-driven hepatocarcinogenesis (32). It is controlled by Rac1-
dependent pathway in colon cancer cells (42,43). In line with the 
GS data, we found no obvious difference between the expression 
levels of ß-catenin in liver tumors of Rac1-proficient and -defi-
cient mice (Figure 2C). A small subset of cells found in tumors of 
WT animals were GS positive (Figure 2B). This phenomenon of a 
nonhomogenous GS-staining of tumors was not observed in the 
small-sized liver tumors found in rac1 KO mice. It appears con-
ceivable that this phenomenon is related to the fact that Rac1 
is required for nuclear transport of ß-catenin (44). Accordingly, 

we observed a lower level of ß-catenin in the nuclei of Rac1-
deficient hepatocytes as compared to Rac1-proficient liver cells 
(Supplementary Figure S2, available at Carcinogenesis Online). In 
conclusion, DEN-stimulated tumor formation in the absence of 
Rac1 likely does not require translocation of ß-catenin into the 
nucleus. We would like to note that ß-catenin is of particular 
relevance for phenobarbital-mediated promotion of liver tumor 
formation (32,37). Whether Rac1 impacts tumor promotion by 
phenobarbital will therefore be subject of forthcoming studies.

Moreover, we also monitored the expression of the cell adhe-
sion molecule E-cadherin, which is involved in the regulation 
of Wnt signaling (45,46) and, most important, is regulated in a 
Rac1-dependent manner (47–49). The data show a sharp sep-
aration of the tumor area from the normal tissue in WT ani-
mals, which was not the case when Rac1 protein is missing 
(Figure 2D). The frequency of cells showing cytosolic expression 
of E-cadherin was increased in rac1 KO animals as compared 
to WT animals, indicating that E-cadherin-regulated cell-cell 
interaction of tumor cells is disturbed under situation of Rac1 
deficiency. Consistent with this finding, Rac1 is reported to pre-
vent endocytosis of E-cadherin (49). The finding of a lower fre-
quency and size of liver tumors in rac1 KO mice could depend on 
a reduced proliferation rate or a higher frequency of apoptosis. 

Figure 1. Rac1 KO protects against DEN-induced formation of liver tumors. (A) The efficiency of the liver specific rac1 KO in Racflox/flox/Alb-Cre mice, which were generated 

by breeding of Racflox/flox with Alb-Cre expressing mice, was analyzed in animals 2 weeks of age on the level of the DNA by genomic PCR and on the level of the protein 

by western blot analysis. Expression of GAPDH protein was determined as a loading control. (B) Liver of WT (Rac1-WT) and rac1 KO mice was examined macroscopi-

cally for the formation of tumors 40 weeks after single treatment of young mice (i.e. 2 weeks of age) with DEN (10 mg/kg; i.p.). Representative pictures of each two livers 

from WT or KO mice are shown. Arrows point to single tumors. Quantitative data shown are the mean number of tumors (in percent) detected in WT (n = 18) and rac1 

KO (n = 14) mice (left panel) and the average number of tumors per liver (right panel). (C) Microscopic analysis of tumor formation was performed in H&E stained liver 

sections of DEN-treated WT (Rac1-WT) and rac1 KO mice. Boxes show tumor areas of WT and KO mice in higher magnification (i.e. ×20). Quantitative data showing the 

number of tumors per section are the mean ± SD from n = 14–18 animals with each three liver sections analyzed per mouse. For quantitative analysis of the tumor 

size (mean ± SD), H&E stained liver sections from Rac1 proficient (WT) and Rac1 deficient mice (KO) containing tumorigenic areas were analyzed. Data are the mean ± 

SD obtained from the analysis of n = 14–18 mice per group. *P ≤ 0.05. (D) Liver sections from Rac1 proficient Rac1flox/flox (WT) and Rac1 deficient Rac1flox/flox/Alb-Cre mice (KO) 

containing tumorigenic areas were stained with Rac1-specific antibody. For quantitative analysis (mean ± SD), livers from n = 6 mice per group with each 2–10 tumors 

per mouse have been analyzed. None of the tumor areas found in Rac1flox/flox/Alb-Cre mice expressed Rac1. About 20% of the tumor areas of Rac1 proficient Rac1flox/flox mice 

showed overexpression of Rac1 protein as compared to the surrounding normal tissue.
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The frequency of p-H3 positive (i.e. G2/M) cells was significantly 
higher in liver tumors of rac1 KO animals as compared to tumors 
of WT mice (Figure  2E). Also, tumors from rac1 deficient mice 
showed stronger nuclear expression of cyclin B1 while nuclear 
expression of p27 was similar to the WT (Supplementary Figure 
S3, available at Carcinogenesis Online). Spontaneous apopto-
sis, which was analyzed by the Terminal Deoxynucleotidyl 
Transferase-Mediated dUTP Nick End Labeling (TUNEL) assay, 
was slightly (but statistically not significant) enhanced in the 
absence of Rac1 (Figure 2F). Taken together, we conclude that the 
reduced size of tumors grown in the absence of Rac1 reflects a 
mitotic arrest of tumor cells rather than increased frequency of 
apoptosis. It is conceivable that Rac1 is required for mitotic pro-
gression of DEN-initiated malignant cells in vivo. This hypoth-
esis is supported by recent in vitro findings showing that Rac1 
is essential for the regulation of mitosis (4,50). Taken together, 
the data indicate that Rac1 is required for the clonal outgrowth 
of initiated cells.

Rac1 impacts basal and DEN-induced expression of 
metabolic liver enzymes

In order to study the influence of Rac1 on mechanisms related 
to tumor initiation, early hepatic stress responses provoked by 
DEN were analyzed. To ensure substantial activation of hepatic 
stress responses, WT and rac1 KO animals were treated with a 
single high dose of the alkylating liver-specific carcinogen dieth-
ylnitrosamine (DEN) (90 mg/kg; i.p.). The Alb-Cre driven hepatic 
KO efficacy of rac1 in these animals (10–12 weeks of age) was 
~80–90% as shown on the level of the gene, the mRNA and the 
protein (Supplementary Figure S1, available at Carcinogenesis 
Online). This is similar to what we observed in the young (2-week 
old) mice (Figure 1A). After posttreatment period of 24 h and 72 h, 
alterations in mRNA and protein expression levels were analyzed 
by qRT–PCR and western blot analysis, respectively. As metabolic 
activation of DEN is mainly achieved by cytochrome P450 type 
2E1 (Cyp2E1), its basal mRNA expression was investigated. The 
data show that basal Cyp2E1 mRNA expression was reduced by 

Figure 2. Liver tumors that are induced by DEN in the absence of Rac1 are p-ERK and GS negative and show an increased number of p-H3 positive cells. (A–D) DEN-

induced tumors of WT and rac1 KO mice were analyzed for the expression of p-ERK (A), GS (B), beta-catenin (C) and E-cadherin (D). Arrows shown in (A–C) mark the 

edges of the tumor areas. Quantitative data (mean ± SD) are based on the analysis of the liver from n = 6 animals per group with each 2–10 tumors being analyzed per 

mouse. (E) Liver sections from WT mice and mice lacking hepatic Rac1 expression (KO) that contain tumorigenic areas were stained with p-histone H3 specific antibody 

(arrows point to p-H3 positive cells). For quantitative analysis (mean ± SD), livers from n = 6 mice per group with each 2–10 tumors per mouse have been analyzed. *P ≤ 

0.05. (F) The frequency of TUNEL positive cells in liver sections of WT mice and mice lacking hepatic Rac1 expression (KO) was determined as described in methods. The 

ratio between TUNEL positive tumor cells and the number of total tumor cells per area was calculated and shown in percent. Arrows exemplarily point to TUNEL posi-

tive cells. For quantitative analysis (mean ± SD), livers from n = 6 mice per group with each 2–10 tumors per mouse have been analyzed. ns = statistically not significant.
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about 60% in the absence of Rac1 (Figure 3A). Decrease in basal 
Cyp2E1 mRNA level in rac1 KO mice was reflected on the protein 
level (Figure 3C). The mRNA expression of Cyp1A1 and Cyp1B1, 
which were included for control, showed about 40% reduction 
in the level of Cyp1A1 mRNA, while the level of Cyp1B1 mRNA 
remained largely unaffected (Figure 3A). The mRNA level of the 
damage defense factor glutathione-S-transferase M1 (Gstm1) 
was slightly enhanced in the absence of Rac1, the expression of 
heme oxygenase-1 was reduced by ~50% (Figure 3A). As analyzed 
24 h after DEN treatment, the rac1 status had no major influence 
on the mRNA levels of cytochrome P450s or detoxifying proteins 
(Figure 3B). Yet, when investigated 72 h after DEN treatment, the 
mRNA levels of Cyp1A1 and Cyp1B1 increased by 4–5 fold in rac1 
KO animals, whereas WT mice showed a much weaker response 
(Figure 3B). The protein level of Cyp2E1 was similar in WT and rac1 
KO mice 24 h after DEN treatment and likewise decreased 72 h 
after DEN exposure independent of the rac1 status (Figure 3C). 
Regarding heme oxygenase-1 mRNA, WT animals showed a 
stronger induction 72 h after DEN exposure as compared to rac1 
KO mice (Figure  3B). In line with this, increased expression of 
heme oxygenase-1 protein was also found 72 h after DEN treat-
ment of WT mice as compared to DEN treated Rac1 deficient 
mice (Figure  3C). Taken together, the data show that Rac1 has 
multiple effects on both basal and DEN-stimulated expression 
of factors that are involved in the activation or detoxification of 
chemical carcinogens. Apparently, Rac1 regulates liver functions 
involved in the metabolism of xenobiotics.

Hepatic rac1 KO results in enhanced DDR as well as 
reduced expression of DNA repair factors following 
exposure to DEN

DNA damage plays a pivotal role in tumor initiation. To investigate 
the influence of Rac1 on the formation of DNA damage and the 
DDR, activation of ATM/ATR kinases, which are the key regula-
tors of the DDR (51), was monitored 24 h and 72 h after DEN expo-
sure. Under our experimental conditions, no increase in the level 
of S1981-phosphorylated ATM (p-ATM) was observed (Figure 4A). 
However, DEN treatment caused a substantial increase in the pro-
tein level of S428-phosphorylated ATR, both 24 h and 72 h after 
exposure (Figure 4A). A stronger activation of ATR following DEN 
treatment was observed in the absence of Rac1 protein (Figure 4A). 
Next, we analyzed S139 phosphorylation of histone H2AX (γH2AX), 
which is a generally accepted surrogate marker of DNA damage, in 
particular DSBs (36,52,53). As shown by western blot analysis, Rac1 
deficiency resulted in an increased level of γH2XA protein when 
analyzed 24 h and 72 h after DEN treatment (Figure 4A). Counting 
the number of γH2AX positive cells by immunohistochemistry, 
identical effects were observed (Figure 4B). These studies disclosed 
a mixture of γH2AX pan-stained cells and cells containing distinct 
γH2AX foci (Figure 4B and Supplementary Figure S3, available at 
Carcinogenesis Online). This indicates that DEN treatment caused 
stalled replication forks, which trigger H2AX phosphorylation in an 
ATR dependent manner (54), as well as DSBs. The formation of DSBs 
following DEN treatment was confirmed by the analysis of 53BP1 

Figure 3. Effect of rac1 KO on basal and DEN-induced expression of factors involved in drug metabolism. (A and B) The influence of hepatic rac1 KO on the mRNA 

expression of a selected subset of factors involved in drug metabolism and detoxification was analyzed by quantitative RT-PCR. Basal mRNA expression was investi-

gated in untreated WT and rac1 deficient mice (KO) (A) as well as 24 h and 72 h after treatment of WT and KO mice (10–12 weeks of age) with a single dose of DEN (90 mg/

kg; i.p.) (B). mRNA expression levels were normalized to the corresponding untreated WT control which was set to 1.0 (dashed line). qRT–PCR was done in triplicate 

as described in methods. The extent of rac1 gene deletion in 10–12 week old mice is shown in Supplementary Figure S1, available at Carcinogenesis Online. (C) Protein 

expression was analyzed in total liver extracts of WT and rac1 KO mice that were left untreated (Con) or were treated with DEN (90 mg/kg; i.p.) as described in meth-

ods. 24 h and 72 h after injection of DEN, protein expression was analyzed by western blot analysis using the indicated antibodies. Protein expression of GADPH was 

monitored as loading control. Relative expression in the untreated WT was set to 1.0. Shown are representative autoradiographies from two independent experiments. 

Quantitative data are based on densitometrical analyses as described in methods.
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foci formation, again showing a higher frequency of 53BP1 positive 
cells in the absence of Rac1, and partial co-localization of γH2AX 
and 53BP1 foci (Supplementary Figure S4, available at Carcinogenesis 
Online). As analyzed 24 h after DEN treatment, Rac1 deficiency also 
augmented the level of S15 phosphorylated p53 protein (p-p53) as 
compared to the WT (Figure 4A). S15 phosphorylation of p53 is a 
mechanism of p53 stabilization by ATM after DNA damage (55). 
p-p53 levels normalized 72 h after DEN exposure in both WT and 
rac1 KO animals (Figure 4A). Protein level of p-Mdm2 transiently 
decreased 24 h after DEN treatment independent of the rac1 sta-
tus (Figure 4A). Bearing in mind that Rac1 regulates the activity of 
the transcription factor AP-1 (13), which gets activated by various 

genotoxins and regulates of the expression of multiple DNA repair 
genes (56), we next analyzed the expression of factors that are 
involved in the processing of DNA double-strand breaks. The 
expression of Brca1 and Rad51, which are involved in the repair of 
DNA double-strand breaks by homologous recombination (57), was 
enhanced in rac1 KO mice (Figure 4A). As shown in Figure 4C, basal 
mRNA expression of the repair gene MGMT, which plays a key role 
in the repair of DNA methylation damage (58), was only minorly 
affected if rac1 is absent. In line with this, hepatic MGMT activ-
ity was similar in the presence or absence of Rac1 (99.3 ± 9.9 fmol/
mg protein (n = 6) in WT and 98.3 ± 13.9 fmol/mg protein (n = 6) in 
rac1 KO animals). This indicates that O6-methylguanine induced 

Figure 4. Lack of Rac1 protein promotes acute DEN-induced DDR and stimulates the expression of a subset of DNA repair genes. (A) Protein expression of factors 

reflecting the activation of the DDR (p-ATM, p-ATR, γH2AX, p-p53) and factors involved in the repair of DSBs by homologous recombination (Brca1, Rad51) was analyzed 

by western blot analysis. Total liver extracts from untreated (Con) or DEN treated WT and rac1 KO mice were isolated 24 h and 72 h after DEN treatment (90 mg/kg; i.p.). 

Protein expression of GADPH was monitored as loading control. Relative expression in the WT was set to 1.0. Shown are representative autoradiographies from two 

independent experiments. nd = not detectable. Quantitative data are based on densitometrical analyses as described in methods. (B) The frequency of γH2AX positive 

nuclei was determined in liver sections of WT and Rac1 deficient (KO) mice 24 h and 72 h after DEN (90 mg/kg; i.p.) treatment. Stained nuclei were counted and related 

to the total number of nuclei. Arrows exemplarily point to γH2AX positive nuclei. Inserts represent single γH2AX positive nuclei in higher magnification, showing that 

DEN treatment results in both pan-staining and formation of distinct foci. Quantitative data shown are the mean ± SD from n = 3–4 animals. At least three liver sec-

tions per animal were subjected to analysis. *P ≤ 0.05. See also Supplementary Figure S4, available at Carcinogenesis Online. (C) To investigate the basal (Control) and 

DEN-induced mRNA expression levels of a subset of DNA repair genes, mRNA was isolated from liver 24 h and 72 h after DEN treatment (90 mg/kg; i.p.). Quantitative 

analysis of mRNA levels was performed by qRT–PCR (triplicate determinations) as described in methods. Relative mRNA expression in untreated WT was set to 1.0 

(dashed line). (D) Total liver extracts that were isolated from untreated (Control) animals or 24 h and 72 h after DEN treatment (90 mg/kg; i.p.) of WT and rac1 KO mice 

were analyzed with respect to the activity status of a subset of protein kinases and related transcription factors by western blot analysis using the indicated phospho-

specific antibodies (see materials for phosphorylated residues). For protein loading control, the membrane was reprobed with anti-GAPDH specific antibody. Relative 

expression in the untreated WT was set to 1.0. Autoradiographies show a representative result of two independent experiments (n = 3 mice). Quantitative data are based 

on densitometrical analyses as described in methods.
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by DEN and its repair by MGMT does likely not account for the 
observed differences in the DDR (Figure 4A). In line with the west-
ern blot-based data (Figure 2A), basal mRNA expression of Brca1 
and Rad51 was enhanced by about 2-fold in the absence of the 
rac1 gene (Figure 4C). Since the Rac1 deficient Rac1flox/flox/Abl-Cre mice 
express the Cre-recombinase, which may cause unspecific DNA 
damage thereby triggering DNA damage responses, we investi-
gated the expression of Brca1 and Rad51 in Alb-Cre mice harbour-
ing WT Rac1 protein (Rac1wt/wt/Alb-Cre). These analyses showed that 
basal mRNA and protein expression of Brca1 and Rad51 are specifi-
cally upregulated in Rac1 deficient Rac1flox/flox/Abl-Cre mice but not in 
Cre expressing mice harbouring WT Rac1 (Supplementary Figure 
S5, available at Carcinogenesis Online). Correspondingly, upregula-
tion of the aforementioned DSB repair factors is the consequence 
of Rac1 deficiency rather than the expression of Cre recombinase. 
The observation that Rac1 deficient hepatocytes do not show 
elevated basal protein levels of γH2AX or p-p53 (Figure 4) further 
argues against a significant formation of DNA damage by the 
expression of Cre protein.

Analysis of gene expression 24–72 h after DEN treatment 
revealed an increase in the mRNA levels of N-methylpurine-
DNA-glycosylase (MPG), Rad51 and Rev1, which was inde-
pendent of rac1 status (Figure 4C). By contrast, 72 h after DEN 
treatment, the mRNA levels of Brca1 and Rad51 were higher if 
rac1 is deleted (Figure 4C). Taken together, the mRNA and pro-
tein data provide novel in vivo evidence that Rac1 signaling 
represses the expression of DSB-associated DNA repair genes 
and, moreover, attenuates the DNA damage response. Bearing 
in mind that rac1 KO caused a decrease in the basal mRNA 
expression of Cyp2E1, which is involved in metabolic activation 
of DEN (59), a reduced level of DNA damage and, correspond-
ingly, an attenuated DDR may have been anticipated in rac1 
KO animals. However, the opposite was observed: lack of Rac1 
enhanced the DDR following DEN treatment. Hence, the data 
point to an inhibitory function of Rac1 in the DDR stimulated by 
DEN. In a previous study we have observed that Rac1 is required 
for activating the DDR in hepatocytes when exposed to the 
anthracycline derivative doxorubicin (60), which induces DNA 

Figure 5. rac1 KO impacts the expression of cell cycle regulatory factors and promotes induction of cell death. (A) The hepatic mRNA expression of cell cycle and 

apoptosis-related genes was analyzed 24 h and 72 h after DEN treatment (90 mg/kg; i.p.) of WT and rac1 KO mice by qRT–PCR as described in methods. Data shown are 

from triplicate determinations. Relative mRNA expression in untreated control was set to 1.0 (dashed line). (B) Total liver extracts were isolated from untreated (Con-

trol) animals or 24 h and 72 h after DEN treatment of WT and rac1 KO mice. The expression level of a subset of CDK inhibitors (p16, p21, p27) was analyzed by western 

blot using the indicated antibodies. In addition, Ser10 phosphorylation of histone H3 (p-H3), which is indicative of chromosome condensation in G2/M phase cells, 

was analyzed by use of phospho-specific antibody. For protein loading control, the membrane was reprobed with anti-GAPDH specific antibody. Relative expression 

in the WT was set to 1.0. Shown are representative autoradiographies from two independent experiments. Quantitative data are based on densitometrical analyses 

as described in methods. (C) In order to analyze the frequency of apoptotic cells the TUNEL assay was used. Mice were treated with DEN as described under A. Arrows 

indicate TUNEL positive cells. Quantitative data shown are the mean ± SD from n = 3–4 animals per group with ≥3 liver sections being analyzed per animal. *P ≤ 0.05 

[as compared to DEN (72 h) treated WT mice].
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damage by inhibition of topoisomerase II isoforms. Therefore, 
we assume that the biological relevance of Rac1 for the regula-
tion of the DDR depends on the type of the genotoxin.

Depending on the cellular context, Rac signaling has either 
a pro-survival or pro-apoptotic role in vitro (61,62). Since apop-
tosis works against tumor formation, we next investigated the 
influence of Rac1 deficiency on a selected subset of stress-
inducible signaling pathways and transcription factors that 
are known to be regulated in a Rac1-dependent manner and/
or affect pathways of cell survival and death. These analyses 
show that basal p-Akt level was higher in rac1 KO animals than 
in the corresponding WT (Figure 4D). This result was unexpected 
since Rac1 is reported to activate Akt (63). Basal phosphorylation 
of the transcription factor Foxo1/3, which is a major target of 
Akt signaling (64) and is involved in the regulation of p27 (65) 
and Cyp2E1 expression (66), was also enhanced in the absence 
of rac1 (Figure  4D). Yet, whereas the p-Foxo1/3 level largely 
increased in WT animals treated with DEN, this response was 
no longer observed if rac1 was missing (Figure  4D). Obviously, 
Rac1 signaling is essential for DEN-stimulated phosphorylation 

of the transcription factor Foxo1/3. As the level of p-Akt did not 
parallel the level of p-Foxo1/3 (Figure 4D), we suppose that the 
DEN-stimulated increase in the phosphorylation of Foxo 1/3 is 
independent of Akt kinase. As it is known that Foxo proteins 
can directly interact with ATM (67), we speculate that the aug-
mented DDR in rac1 KO mice promotes ATM/Foxo interaction, 
which in turn results in a reduced accessibility of Foxo 1/3 for 
phosphorylation by Akt. Considering that Rac1 is known as a 
major regulator of mitogen-activated protein kinase and down-
stream AP-1-like transcription factors (11,12), we further investi-
gated their activation status under basal situation and following 
DEN treatment. Basal and DEN-stimulated phosphorylation of 
c-Jun-N-terminal kinase (JNK), which is the major c-Jun phos-
phorylating kinase, and of p38 kinase were not affected by rac1 
deletion (Figure 4D). As compared to the WT, the level of p-ERK 
was enhanced in the absence of rac1 as observed 24 h after 
DEN exposure (Figure 4D). A possible explanation for this unex-
pected finding is that the extracellular regulated kinase (ERK) 
phosphorylating kinase MEK1/2 is not exclusively regulated in 
a Rac1 dependent manner. Hence, compensatory mechanisms 

Figure 6. Rac1 deficiency influences the mRNA expression of cytokines that are related to inflammation and fibrosis. (A) Basal and DEN-induced changes in the mRNA 

expression of inflammatory genes was analyzed in the liver of untreated mice (Control) or 24 h and 72 h after DEN treatment (90 mg/kg; i.p.) of rac1 WT and rac1 KO 

animals by qRT–PCR (triplicate determinations). Relative expression in untreated WT was set to 1.0. (B) Infiltration of liver tissue by immune cells was analyzed by 

H&E staining and by counting the number of MPO expressing cells. Quantitative data represent the number (mean ± SD) of MPO positive cells detected by microscopic 

analysis (per 20× field) of liver sections from n = 4 animals with ≥3 liver sections per animal being investigated. *P ≤ 0.05. (C) Protein expression of the indicated factors 

was analyzed in total liver extracts from untreated (Control) or DEN treated WT and Rac1 deficient (KO) mice by western blot analysis. Relative protein expression in 

the WT was set to 1.0. Autoradiographies are representative of two independent experiments. Quantitative data are based on densitometrical analyses as described 

in methods.
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resulting from Rac1 deficiency could account for this phenome-
non. Taken together, in the liver, Rac1 selectively interferes with 
MEK1/2-regulated ERK signaling but not with DEN-stimulated 
and MKK-regulated activation of JNK and p38 kinase. The phos-
phorylation status of the transcription factor c-Jun, which is 
reported to control the initiation of liver cancer (68), transiently 
increased 24 h after DEN treatment. This response was not 
affected upon rac1 deletion (Figure 4D).

Rac1 influences the DEN-induced mRNA expression 
of cell cycle- and cell death-related factors

Regarding the mRNA expression of factors regulating cell cycle 
progression and death, we found that Rac1 deficiency caused 
a large increase in the basal mRNA expression of checkpoint 
kinase 1 (Chk1), but not of Chk2, and of cyclin-dependent kinase 
inhibitor 1A (p21) (Figure  5A). The mRNA expression of mem-
brane- and mitochondria-associated death-regulatory factors 
such as Fas-R/Fas-L and Bax/Bcl2, respectively, remained unaf-
fected if the hepatic rac1 gene was knocked-out. DEN treatment 
resulted in a >100-fold increase in p21 mRNA level in WT and 
rac1 KO mice, both 24 h and 72 h after treatment (Figure  5A). 
Based on these results and taking into consideration that Rac1 
is essential for cell cycle progression and mitosis (69), we ana-
lyzed the protein expression of various inhibitors of cyclin-
dependent protein kinases, including p21, on the protein level. 
As shown in Figure  5B, Rac1 had only minor effects on basal 
p21 protein expression. This finding contrasts with the RNA 
data (Figure  5A) and may depend on mechanisms of transla-
tional control. Following DEN treatment, the p21 protein level 
was largely increased, which was independent of the rac1 status 
(Figure 5B). By contrast, expression of p27 protein was elevated in 
the absence of rac1, both under basal conditions and after DEN 
exposure, while p16 expression again remained unaffected by 
the rac1 status (Figure 5B). Apart from p21 mRNA expression, the 
mRNA level of the G2/M specific cyclinB1 was also increased in 
rac1 KO as compared to WT mice 72 h after DEN administration 
(Figure 5A). The phosphorylation status of histone H3 (p-H3) at 
Ser10, which is a hallmark of G2/M phase cells (70), was largely 
stimulated by DEN exposure and was not influenced by Rac1 
(Figure  5B). Measuring the frequency of apoptotic cells using 
the TUNEL assay, we observed a moderate, but statistically sig-
nificant higher frequency of dead cells in the absence of Rac1 
as compared to the WT 72 h after DEN treatment (Figure  5C). 
This is in line with the finding that Rac1 signaling suppresses 
apoptosis (71). Since apoptotic cells are quickly removed in vivo 
by the immune system, it might be that the frequency of apop-
totic cells is underestimated. We hypothesize that the increase in 
DEN-induced apoptosis in Rac1 deficient mice results in a more 
efficient (early) elimination of initiated cells and that this con-
tributes to the lower incidence of liver tumors observed at late 
time points. The data provide evidence that Rac1 influences the 
expression of a subset of cell cycle regulatory factors, which is in 
line with in vitro data showing that Rac1-regulated mechanisms 
are required for cell cycle progression through G1 (72,73) and 
G2/M (69). Moreover, our data show that Rac1 signaling protects 
liver cells from the pro-apoptotic effects of DEN treatment. The 
data are in line with earlier in vitro reports showing that Rac1 
protects against detachment-induced apoptosis (anoikis) (74).

Effect of hepatic rac1 KO on acute inflammatory 
stress responses

Cell death following genotoxin exposure can result in inflam-
matory stress responses. Therefore, we next investigated the 
influence of rac1 KO on the basal and DEN-induced mRNA 

expression of factors involved in inflammatory processes and 
tissue remodeling. As shown in Figure 6A pro-inflammatory and 
-fibrotic stress responses were observed not before 72 h after 
DEN exposure. The nitrosamine caused an up to 4-fold increase 
in the mRNA expression of the inflammatory cytokines IL-1α, 
TNFα and IL-10α as well as of the pro-fibrotic cytokines TGFβ 
and connective tissue growth factor (Figure 6A). In rac1 KO mice, 
the mRNA expression of IL-10α and connective tissue growth 
factor was largely reduced (Figure 6A). Hematoxylin and eosin 
(H&E) staining of liver sections obtained 72 h after DEN treat-
ment revealed an increased number of cells with small nuclei 
around the vessels in rac1 KO mice, which could be indicative of 
infiltrating leukocytes. Indeed, visualization of granulocytes and 
macrophages by MPO staining confirmed a higher infiltration of 
liver tissue by immune cells in the absence of Rac1 (Figure 6B). 
Keeping in mind that MPO expressing cells are recruited to 
sites of inflammation where they are needed for the removal of 
apoptotic cells, the data point to aggravated inflammatory and 
apoptotic processes following DEN treatment especially under 
situation of Rac1 deficiency. This assumption is in line with the 
higher frequency of apoptotic cells observed in rac1 deficient 
animals 72 h after exposure (Figure  5C). Protein expression of 
MPO, soluble TNFα and E-selectin, which is an endothelial cell 
adhesion molecule, was further examined by western blot anal-
ysis. The results show that DEN causes a similar increase in the 
protein expression of these factors in WT and rac1 KO animals 
(Figure 6C). Altogether, the results of our studies provide in vivo 
evidence that the small GTPase Rac1 plays a key role in the reg-
ulation of multiple DEN-inducible stress pathways that affect 
DNA repair, DDR, cell cycle progression, cell death and inflam-
mation. Although our analyses clearly demonstrate a consid-
erable influence of Rac1 on both early DEN-stimulated hepatic 
stress responses and late hepatocarcinogenesis, it remains 
unclear which of the highly complex effects of Rac1 on acute 
DEN responses is most causal for the formation of liver tumors 
at late times. In view of the complexity of carcinogenesis, we 
speculate that the anticarcinogenic effect developing from Rac1 
deficiency is multifarious. Bearing in mind that Rac1 is a key 
regulator of NADPH oxidase activity (75,76), it appears feasible 
that ROS signaling and/or oxidative DNA damage contributes to 
DEN carcinogenesis. In this context we would like to note that 
an increase in antioxidative capacity has been observed after 
DEN treatment (77) and the antioxidant NAC was found to atten-
uate hepatocarcinogenesis (78).

In summary, the data show that Rac1 deficiency impacts the 
formation of liver tumors following DEN treatment. Based on 
the data, we suggest that the clonal outgrowth of liver tumors 
is inhibited when Rac1 is missing. The development of small-
sized tumors in rac1 deficient mice is likely independent of Ras 
signaling as judged from the lack of p-ERK expression. Activated 
ß-catenin signaling seems also not to be crucial for a specific 
development of Rac1 deficient tumors, as concluded from 
the lack of GS expression in Rac1 deficient mice and a similar 
ß-catenin expression in tumors of both WT and KO mice. The 
reduced average size of tumors in the absence of Rac1 probably 
depends on a decreased proliferation rate due to a restrained 
mitotic progression as inferred from the determination of 
mitotic index and expression of cyclinB1. The reduced nuclear 
localization of ß-catenin observed in Rac1 deficient tumors may 
contribute to this phenotype and requires clarification in future 
studies employing phenobarbital for tumor promotion. Apart 
from affecting tumor promotion, Rac1 also affects mechanisms 
related to the process of tumor initiation. This is concluded from 
that fact that hepatic KO of rac1 has multiple effects on early 
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hepatic responses to DEN treatment. Lack of Rac1 augments 
the DNA damage response, stimulates the expression of DNA 
repair factors and increases the incidence of TUNEL positive 
cells following DEN treatment. We therefore hypothesize that 
the increased DDR in the absence of Rac1 is predominantly pro-
apoptotic, thereby leading to an early and preferential elimina-
tion of initiated cells. This is in line with the observation of a 
lower number and reduced size of liver tumors in Rac1 deficient 
mice. In the presence of WT Rac1 the DEN-induced DDR is miti-
gated, resulting in a less efficient elimination of initiated cells. 
Correspondingly, Rac1 signaling contributes to an augmented 
tumor formation. A model of the complex consequences of rac1 
deficiency on the process of chemical hepatocarcinogenesis 
triggered by DEN is displayed in Supplementary Figure S6, avail-
able at Carcinogenesis Online. Taken together, we conclude that 
WT Rac1 promotes hepatocarcinogenesis by multiple mecha-
nisms, including the inhibition of the DEN-induced activation 
of the DDR, suppression of apoptotic death of initiated cells and, 
ultimately, by facilitating the outgrowth of mouse liver tumors 
by cooperating with the Ras/Raf/ERK pathway.

Supplementary material
Supplementary Tables 1 and 2 and Figures S1–S6 can be found at 
http://carcin.oxfordjournals.org/
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