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Rac1-mediated DNA damage and inflammation promote Nf2 
tumorigenesis but also limit cell cycle progression

Yuhao Shi1,*, Saumya R. Bollam1,*, Shannon M. White1, Sean Z. Laughlin1, Garrett T. 
Graham1, Mandheer Wadhwa1, Hengye Chen1, Chan Nguyen1, Jeremie Vitte2, Marco 
Giovannini2, Jeffery Toretsky1, and Chunling Yi1,3

1Lombardi Comprehensive Cancer Center, Georgetown University Medical Center, Washington, 
DC 20057, USA

2Department of Head and Neck Surgery, David Geffen School of Medicine, University of 
California, Los Angeles, CA 90095, USA

SUMMARY

Merlin encoded by the Nf2 gene is a bona fide tumor suppressor that has been implicated in 

regulation of both the Hippo-Yap and the Rac1-Pak1 pathways. Using genetically engineered 

murine liver models, we show that co-deletion of Rac1 with Nf2 blocks tumor initiation but 

paradoxically exacerbates hepatomegaly induced by Nf2 loss, which can be suppressed either by 

treatment with pro-oxidants or by co-deletion of Yap. Our results suggest that while Yap acts as 

the central driver of proliferation during Nf2 tumorigenesis, Rac1 primarily functions as an 

inflammation switch by inducing ROS that on one hand induces NFkB signaling and expression of 

inflammatory cytokines, and on the other activates p53 checkpoint and senescence programs 

dampening the cyclinD1-pRb-E2F1 pathway. Interestingly, senescence markers are associated 

with benign NF2 tumors but not with malignant NF2 mutant mesotheliomas, suggesting that 

senescence may underlie the benign nature of most NF2 tumors.
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INTRODUCTION

Merlin (Moesin, ezrin, and radixin like protein), a member of the Band 4.1 ERM family of 

proteins, is encoded by the Neurofibromin 2 (NF2) gene whose mutations underlie 

Neurofibromatosis type 2 (NF2), an autosomal dominant genetic disorder characterized by 

the development of benign vestibular schwannomas and meningiomas (Rouleau et al., 1993; 

Trofatter et al., 1993). Somatic mutations of NF2 occur frequently in sporadic 
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schwannomas, meningiomas, ependymomas and mesotheliomas, and at lower rates in 

thyroid cancer, melanoma, kidney cancer and other common cancers (Petrilli and Fernandez-

Valle, 2015). Merlin is primarily localized to the cell:cell junctions where it mediates contact 

dependent inhibition of proliferation (Petrilli and Fernandez-Valle, 2015), although it has 

can also translocate into the nucleus (Li et al., 2014; Li et al., 2010). Inactivation of Merlin 

has been linked to deregulation of numerous signaling molecules, including most 

prominently Yes-associated protein (Yap) and Ras-related C3 botulinum toxin substrate 1 

(Rac1).

Yap is a transcriptional co-activator that partners with the Tead family of transcription 

factors to regulate the expression of genes involved in cell proliferation and survival (Hansen 

et al., 2015). Merlin forms scaffolding complexes with WW45 and Kibra, which recruit the 

Mst1/2 and Lats1/2 kinases to the cell junctions upon cell:cell contact, initiating an Mst1/2-

Lats1/2-Yap phosphorylation cascade that results in cytoplasmic retention and proteasomal 

degradation of Yap (Hamaratoglu et al., 2006; Yin et al., 2013; Zhang et al., 2010). In 

addition, Merlin has been shown to prevent ubiquitination/degradation of Lats1/2 by the 

CRL4-DCAF1 E3 ubiquitin complex in the nucleus (Li et al., 2014).

Rac1 is a Rho family small GTPase that regulates a plethora of signaling pathways including 

JNK, MAPK, NFkB, mTOR, and reactive oxygen species (ROS) production (Bosco et al., 

2009). Merlin is a bona fide substrate of p21-activated kinases - direct downstream effectors 

of Rac1 (Kissil et al., 2002; Rong et al., 2004; Xiao et al., 2002). It has been shown that 

myelination arrest caused by Rac1 inactivation in Schwann cells can be rescued by co-

deletion of Nf2, supporting Merlin functioning downstream of Rac1 (Guo et al., 2012). 

Existing evidence also supports Merlin functioning upstream of the Rac1-Pak axis. Primary 

schwannoma cells isolated from NF2 patients exhibit elevated Rac1-GTP levels compared to 

normal Schwann cells (Kaempchen et al., 2003). Merlin has been found to block the 

recruitment of Rac1-GTP to the plasma membrane upon cell-cell contacts (Das et al., 2015; 

Okada et al., 2005). Dominant-active Rac1 or Pak can reverse Merlin’s inhibition of MAPK 

signaling (Morrison et al., 2007). We have shown that Merlin inhibits Rac1 and the MAPK 

pathway by releasing Rich1 (a Rac1/Cdc42 GTPase activating protein) from its inhibitor 

Angiomotin at the tight junctions (Yi et al., 2011).

In vivo modeling of NF2 has been challenging. Homozygous Nf2 knockout in mice is 

embryonically lethal, whereas heterozygous deletion produces tumors that do not 

recapitulate human disease (McClatchey et al., 1998; McClatchey et al., 1997). Targeted 

deletion of Nf2 in Schwann or arachnoidal cells in mice leads to tumors with low penetrance 

and long latency (Giovannini et al., 2000; Kalamarides et al., 2002), limiting their 

usefulness. In recent years, a highly penetrant liver system utilizing Cre-recombinase driven 

by the Albumin promoter (Alb-cre) to specifically knockout Nf2 in parenchymal liver 

epithelial cells has been adopted to model NF2 tumorigenesis (Benhamouche et al., 2010; 

Postic et al., 1999; Zhang et al., 2010). Nf2 deletion in the murine liver leads to the 

expansion of Sox9+CK19+ liver progenitor cells (LPCs) and development of 

cholangiocarcinoma (CC) as well as hepatocellular carcinoma (HCC) in a Yap-dependent 

manner (Liu-Chittenden et al., 2012; Yimlamai et al., 2014; Zhang et al., 2010). The 

importance of Yap as a downstream effector of Merlin has been subsequently confirmed in 
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NF2-relevant cell types (Guerrant et al., 2016; Lavado et al., 2013; Serinagaoglu et al., 

2015), underscoring the value of the liver model in elucidating the molecular mechanisms of 

Nf2 tumorigenesis.

Even though Nf2 mutations are rare in human hepatic malignancies, deregulation in Hippo-

Yap signaling is commonly associated with both human HCC and CC. An estimated 5–10% 

of human HCCs harbor genomic amplification of the YAP locus (Zender et al., 2006), 

whereas a study identified focal deletion in the coding regions of the SAV1 gene (encodes 

the WW45 protein) in 12% of human CCs in a mutually exclusive manner to KRAS and 

BRAF mutations (Sia et al., 2013). Given that the Alb-Cre-mediated liver knockout of Nf2 
largely phenocopies that of other components of the Hippo pathway (Lee et al., 2010; Lu et 

al., 2010; Nishio et al., 2016; Song et al., 2010; Zhou et al., 2009), this model system also 

provides a useful platform to interrogate the role of the Hippo-Yap pathway in liver cancer.

Using this model, we previously showed that Angiomotin, which functions both upstream of 

Rac1 and Yap, is also required for tumorigenesis induced by Nf2 loss (Yi et al., 2013). In the 

current study, we again utilize this well-established system to resolve the role of Rac1 in Nf2 

tumorigenesis and dissect signaling hierarchies between Merlin, Rac1 and Yap.

RESULTS

Inactivation of Rac1 aggravates hepatomegaly while impeding tumorigenesis in Nf2-
deleted mouse livers

Liver-specific knockout of the Hippo pathway genes leads to the expansion of LPCs, 

hepatomegaly, and development of frank (macroscopically visible) tumors in mice that 

resemble human CC (Lee et al., 2010; Lu et al., 2010; Nishio et al., 2016; Song et al., 2010; 

Zhang et al., 2010). Consistent with a previous report (Sia et al., 2013), analysis of The 

Cancer Genome Atlas (TCGA) CC dataset revealed the presence of mutations or deletions in 

the Hippo pathway genes including NF2, SAV1, and FAT1-4 in significant fractions of the 

tumors (Figure 1A), underscoring the relevance of this pathway to human CC.

Besides deregulation of Hippo signaling, MERLIN/NF2 loss also causes hyperactivation of 

RAC1 (Das et al., 2015; Kaempchen et al., 2003; Okada et al., 2005). To elucidate the role 

of RAC1 in Nf2 tumorigenesis, we generated liver-specific Nf2:Rac1 double knockout (Alb-
cre;Nf2flox/flox;Rac1flox/flox, DKO) mice and compared them anatomically and 

histopathologically with wild type (WT), Nf2KO (Alb-cre;Nf2flox/flox) and Rac1KO (Alb-
cre;Rac1flox/flox) littermates. Consistent with the previous reports (Benhamouche et al., 

2010; Zhang et al., 2010), we found that Nf2KO livers were significantly enlarged compared 

to WT at all time points, and developed frank bile duct hamartomas (BDH) composed 

mostly of Sox9+CK19+ LPCs with 100% penetrance as early as 1.5 months (Figures 1B–1E, 

and Figure S1A). Despite the early tumor onset, Nf2KO tumors were slow growing and the 

size of the Nf2KO tumors relative to the size of the livers did not significantly change over 

time (Figures S1B–C). Compared to Nf2KO livers, DKO livers exhibited diffuse expansion 

(hyperplasia) of CK19+Sox9+ LPC populations and significant further increase in liver size 

(Figures 1B, 1D and 1E). By 6 months to 1 year, LPC hyperplasia originating from the 

portal veins became so prevalent in DKO livers that they began to overpopulate, squeezing 
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hepatocytes into small islands (Figure 1B). Paradoxically, in spite of the extensive LPC 

hyperplasia, DKO livers remained free of frank tumors for as long as 1 year (Figures 1B–

1C).

The hyperplastic phenotype of DKO mice was not caused by compensatory upregulation of 

other Rac1-related proteins Rac2, Rac3 or Cdc42, as their mRNA levels were reduced or 

unchanged in DKO livers when compared to Nf2KO livers (Figure S1D and Data S1). It also 

did not result from additive effects of Rac1 deletion, as Rac1KO mice developed normally, 

lived a normal lifespan, and displayed normal liver histology, size, transcriptional profiles, 

and response to 3,5-diethoxycarbonyl-l,4-dihydrocollidine (DDC) induced liver injury 

(Figures 1B–1D, Figures S1E–S1F, and Data S1) (Bopp et al., 2013). These results indicate 

that instead of playing a general anti-proliferative role in LPCs, Rac1 functions in the 

context of Nf2 inactivation in restricting LPC proliferation and liver size.

Knockout of Rac1 does not affect the Hippo and Notch pathway inactivation and 
hepatocyte de-differentiation induced by Nf2 loss

In agreement with the original report (Zhang et al., 2010), we found that heterozygous Yap 
deletion (Alb-cre:Nf2flox/flox:Yapflox/+, Nf2KO:Yaphet) was just as effective as homozygous 

Yap knockout (Alb-cre:Nf2flox/flox:Yapflox/flox, Nf2KO:YapKO) in suppressing liver 

enlargement and tumorigenesis (Figure S1G and data not shown).

To investigate whether Rac1 affects the Hippo-Yap pathway, we carried out western blot, 

immunohistochemistry (IHC), microarray and quantitative real time PCR (qRT-PCR) 

analyses with WT, Rac1KO, Nf2KO (both tumor and tumor adjacent regions, Nf2KO_T and 

Nf2KO_TA) and DKO livers. Compared to WT and Rac1KO livers, both Nf2KO_T and DKO 

livers exhibited decreased levels of pLats1 (inhibitory kinase of Yap) and pYap (Figure 2), 

increased nuclear Yap expression in CK19+ cells (Figures S1H–S1I), and correspondingly 

increased expression of Hippo-Yap pathway regulated genes, including Amot and Cyr61 
(Figure 2, Figures S2A–S2B, and Data S1). While the raw expression of Hippo pathway 

genes is lower in the DKO livers compared to Nf2KO_T regions, this likely reflects the lower 

percentage of CK19+Sox9+ LPC population in the DKO livers compared to Nf2KO_T regions 

(Figure S2B and Data S1). Indeed, when adjusted to CK19 levels, the majority of Hippo 

pathway genes showed no significant change or even increased expression in DKO liver 

cells compared to Nf2KO_T regions (Figure S2C).

Inactivation of Nf2 or activation of Yap induces hepatocyte-ductal metaplasia by activating 

Sox9 and Notch signaling (Yimlamai et al., 2014). Compared to WT and Rac1KO livers, 

both Nf2KO and DKO livers displayed reduced expression of hepatocyte-associated genes 

while increasing expression of genes associated with the Notch pathway as well as ductal/

progenitor cells (Figures S2A–S2B, and Data S1). Correspondingly, DKO livers showed 

similar distribution of Sox9+CK19+, Sox9+CK19−, and Sox9−CK19+ cell populations as 

Nf2KO livers (Figure S1J). Thus, co-deletion of Rac1 does not interfere with the inactivation 

of Hippo and Notch signaling and hepatocyte-ductal metaplasia caused by Nf2 inactivation.
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Ablation of Rac1 in the Nf2 deficient liver further enhances cell proliferation by 
hyperactivating the CyclinD-Rb-E2F1 pathway

In line with their overall liver growth rates (Figure 1D), DKO livers contain persistently 

higher percentage of PCNA+ proliferating cells compared to Nf2KO livers (both Nf2KO_T 

and Nf2KO_TA regions) up until 6 months of age (Figure S2D). Correspondingly, the 

percentage of proliferating CK19+ cells are also significantly higher in DKO livers 

compared to Nf2KO livers (Figures 3A–3B).

To probe for the underlying molecular mechanism, we conducted pathway profiling of genes 

differentially expressed between DKO and Nf2KO livers from our microarray dataset (Data 

S1, GSE70742). Strikingly, the top 10 gene sets enriched for the DKO-upregulated genes 

(DKO_Liver_Up) were involved in cell cycle regulation, including genes such as E2f1, 

Ccnb1, Ccne2, Birc5, Mcm7 and Rad51 that were also validated by qRT-PCR (Figures 3C–

2E, and Figure S2E). Moreover, gene set enrichment analysis (GSEA) demonstrated that 

DKO_Liver_Up genes were strongly induced in the Rb family triple knockout (Rb_TKO) 

livers (Figure 3F) (Viatour et al., 2011), suggesting that induction of cell-cycle-associated 

genes in DKO livers was likely caused by Rb inactivation. Indeed, we detected marked 

further increase in the protein levels of pRb and Cyclin D1 in DKO livers compared to 

Nf2KO livers (Figures 2, 3G, and 3H). In contrast, either heterozygous or homozygous Yap 
deletion blocked Rb phosphorylation and Cyclin D1 accumulation (Figure 2), consistent 

with their similar ability to suppress liver enlargement caused by Nf2 loss (Figure S1G). 

These data suggest that Rac1 suppresses cell cycle progression in Nf2-deleted liver cells by 

dampening the activation of CyclinD1-pRb-E2F1 pathway, opposite of Yap.

The status of Erk, Akt and Stat3 signaling does not correlate with liver size or 
tumorigenesis in Nf2 deficient livers

Inactivation of NF2 has been shown to activate ERK, AKT and STAT3 signaling (Ammoun 

et al., 2008; Benhamouche et al., 2010; Hilton et al., 2009; James et al., 2009; Scoles et al., 

2002; Yi et al., 2011). To examine whether these pathways were the sources of the increased 

proliferative signals in the DKO liver, we analyzed the phosphorylation status of Stat3, Erk, 

and Akt via western blot or Immunofluorescence (IF).

As expected, we observed increased activating phosphorylation of Erk (T202/Y204) and 

Stat3 (Y705) in the tumor regions of Nf2KO livers (Figure 2). IF analysis showed that within 

Nf2KO_T regions activation of Erk primarily occurs in the CK19+ tumor cells, whereas Stat3 

activation occurs in subsets of tumor cells as well as stromal cells (Figures S3A–S3B). 

Unexpectedly, the activation of these two pathways was suppressed in DKO livers in spite of 

their hyperproliferative state (Figure 2, and Figures S3A–S3B). These results suggest that 

while Rac1 is required for activation of the Erk and Stat3 pathways upon Nf2 loss, these 

pathways are not necessary for sustaining proliferation and liver enlargement in DKO livers. 

In further support of a lesser role for these pathways in driving proliferation and 

tumorigenesis caused by Nf2 loss, Erk and Stat3 signaling remained high in Nf2KO:Yaphet 

livers that are tumor free (Figure 2). This was in sharp contrast to pRB and CyclinD1, which 

were effectively blocked by either heterozygous or homozygous Yap ablation in Nf2 
deficient livers (Figure 2).
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Full activation of AKT requires both PDK1-mediated phosphorylation at T308 and TORC2-

mediated phosphorylation at S473 (Dibble and Cantley, 2015). Interestingly, the tumor 

regions of Nf2KO livers exhibited robust induction of phosphorylation of Akt at S473, but 

not at T308 (Figure 2), suggesting that inactivation of Nf2 is insufficient in fully activating 

Akt in the mouse liver. Indeed, Nf2 deletion also did not induce phosphorylation of mTOR 

or its downstream targets p70S6K, 4E-BP1 and S6 (Figure 2), again suggesting that the Akt-

mTOR pathway does not play a major role in in Nf2 deficient livers.

Inactivation of Nf2 induced p53 expression and DNA damage checkpoint in 

a Rac1-dependent manner

In spite of hyperactivation of the CyclinD1-pRb-E2f1 pathway and cell cycle genes, 

progression to frank tumors was suppressed in DKO livers. We hypothesized that genes 

differentially expressed between Nf2KO and WT livers but with a reversed profile in DKO 

livers (DKO_Liver_Reversed, Figure S4A) could be important for Nf2 tumorigenesis. 

Pathway profiling showed that DNA damage response (DDR) and cell death were among the 

top 10 pathways enriched with the DKO_Liver_Reversed gene set (Figure S4B). 

Interestingly, GSEA showed this set of genes also significantly associated with genes 

upregulated in human vestibular schwannomas (VS) (Torres-Martin et al., 2013) despite the 

tissue and cell type differences (Figure S4C), implying their potential relevance to NF2.

DNA damage induces CHK1/2 phosphorylation, which in turns activates p53 (Lavin and 

Gueven, 2006). Indeed, the protein levels of pChk1, p53 as well as Rpa32 were induced in 

Nf2KO tumors to a much higher extent than in DKO livers (Figure 2). Correspondingly, we 

also observed a robust increase in transcript levels of other DNA damage-induced genes 

including Cdkn1a (p21), Cdkn2a (p16), Cdkn2b (p15), Gadd45a, and Birc3 in Nf2KO tumors 

compared to DKO livers (Figure 4A, Figure S4D). These results suggest that Rac1-mediated 

induction of DDR and p53 serves as a negative feedback mechanism limiting cell cycle 

progression, LPC expansion and tumor growth in Nf2KO livers. By contrast, failure to fully 

activate DDR and the p53 checkpoint due to Rac1 loss results in uncontrolled cell cycle 

progression and pervasive LPC hyperplasia in DKO livers. However, the extensive LPC 

hyperplasia never progressed into frank tumors in DKO livers, suggesting that besides 

activating p53 checkpoint that restricts tumor growth, Rac1 likely induces additional pro-

tumorigenic signaling that are required for tumor development in Nf2 deficient livers.

Nf2 inactivation induces Rac1-mediated activation of the NFkB pathway and senescent 
phenotypes

In addition to cell cycle arrest, DDR and p53 can induce senescence or apoptosis. However, 

we detected no cleaved Caspase-3 (commonly used apoptosis marker) signals in either 

Nf2KO or DKO livers, while DDC-treated WT and DDC-treated Rac1KO livers showed 

robust Caspase-3 staining (Figure S4E).

Prompted by the observation of specific upregulation of common senescence drivers p53, 

p21, p16 and p15 in Nf2KO tumors, we examined our liver cohorts for evidence of the so-

called senescence-associated secretory phenotype (SASP) (Coppe et al., 2010). Significantly 
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higher levels of SASP-associated proinflammatory cytokines including Il6, Il16, Csf2 and 

Timp2 as well as immune infiltrates were present in Nf2KO_T regions compared to WT, 

Rac1KO, DKO livers or Nf2KO_TA regions (Figure 4A, and Figures S5A–S5B), matching the 

expression patterns of p53, p21, p16 and p15 (Figures 2 and 4A).

As senescence involves global transcription reprogramming, we next compiled a high 

confidence hepatocyte senescence gene signature (HSGS) by intersecting genes 

differentially expressed in hepatocytes that had undergone H2O2 or replication induced 

senescence from two independent studies (66 up and 42 down) (Aravinthan et al., 2014; 

Yildiz et al., 2013). GSEA showed that the upregulated genes within our HSGS 

(Hepatocyte_Senescence_Up) were strongly enriched with genes expressed higher in Nf2KO 

tumors than in DKO livers, whereas the downregulated genes within the HSGS 

(Hepatocyte_Senescence_Down) significantly coincided with genes with decreased 

expression in Nf2KO tumors compared to DKO livers (Figure 4B). Finally, compared to 

DKO livers, Nf2KO livers expressed significantly higher levels of senescence-associated β-

galactosidase (SA-β-gal) and pH2AX, particularly within the tumor nodules (Figures 4C and 

4D).

NFkB signaling has been reported to be the major driver of SASP (Salminen et al., 2012). 

Western blot, IHC, subcellular fractionation, GSEA, and qRT-PCR analyses showed that 

NFkB signaling and the expression of NFkB target genes were significantly elevated in 

Nf2KO_T regions compared to WT livers or Nf2KO_TA regions, and inhibited by deletion of 

either Rac1 or Yap (Figures 2 and 5A–5E). Notably, NFkB IHC showed specific increase in 

NFkB nuclear staining along ductal structures within Nf2KO_T regions indicative of 

activation of NFkB within tumor cells (Figure 5A–B), although it cannot be ruled out that 

infiltrating stromal cells might also contribute to increased NFkB signal in Nf2KO livers.

Taken together, our data demonstrate that inactivation of Nf2 induces NFkB signaling and 

senescent phenotypes in a Rac1-dependent manner.

DNA damage/senescence signature is present in NF2 associated human schwannomas 
and meningiomas

Similar to the Nf2KO mouse livers, human schwannomas and meningiomas carrying NF2 
mutations are generally benign and slow growing. We postulated that a p53-mediated DNA 

damage/senescence program might also constrict the growth of human NF2 tumors. To test 

this hypothesis, we conducted GSEA with our HSGS on three published human 

schwannomas and meningiomas microarray datasets (Clark et al., 2013; Tabernero et al., 

2009; Torres-Martin et al., 2013). Despite the difference in cell types, we observed 

significant enrichment of the Hepatocyte_Senescence_Up gene set among genes upregulated 

in NF2-associated schwannomas compared to normal nerves or in NF2-associated 

meningiomas (NF2) compared to meningiomas that do not contain NF2 mutations (nonNF2) 

(Figure 6A). In contrast, we detected no significant association between our HSGS and 

genes differentially expressed in NF2 mutant mesotheliomas (Bott et al., 2011) (Figure 6A), 

a highly malignant form of cancer frequently carrying p16 mutations (Sekido, 2013). In 

further support of p53-mediated cellular senescence underlying the benign nature of NF2-

associated tumors, we noted that human schwannoma samples were distinguishable from 
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normal nerves or human Schwann cells (HSCs) by the expression of 20 validated 

senescence/p53 associated genes (Figure S7). Consistent with findings from the gene 

expression analysis, IHC staining of five human NF2 schwannomas and one meningioma 

revealed that a significant percentage of tumor cells are positive for pH2AX (Figure 6B). 

Likewise, wide spread expression of pH2AX was detected in schwannomas developed in the 

uterus of P0-cre;Nf2flox/flox mice, but not in WT uterus (Figure 6B). These results imply that 

NF2 inactivation may also cause DNA damage/senescence in benign NF2 tumors.

Production of ROS in the Nf2-deleted mouse liver is dependent on Rac1

Previous reports have shown that Rac1 is required for the production of ROS both in vitro 

and in vivo (Daugaard et al., 2013; Myant et al., 2013; Sundaresan et al., 1996). We 

compared the levels of ROS in Nf2KO and DKO livers by staining liver sections with a ROS-

responsive dye, Dihydroethidium (DHE), which turns fluorescent red and intercalates with 

DNA upon oxidation by ROS (Carter et al., 1994). Nf2KO livers, particularly regions 

containing hyperplastic LPCs, exhibited significantly higher nuclear DHE staining when 

compared to DKO livers (Figures 7A and 7B), suggesting that ROS overproduction in 

Nf2KO livers is Rac1-induced.

Modulation of ROS levels affects LPC expansion in Nf2 and Nf2:Rac1 knockout mouse 
livers

Acetaminophen (N-acetyl-p-aminophenol, APAP), when used above the clinically 

recommended dose, has been shown to raise ROS levels and cause oxidative stress in the 

liver by draining the ROS scavenger glutathione (GSH) in both human and animal models 

(Jaeschke et al., 2011; McGill and Jaeschke, 2013). To test whether reduced ROS levels are 

responsible for blocking DDR and p53 activation, and for exacerbating LPC hyperplasia and 

liver enlargement in DKO mice, we sought to raise the ROS levels in the livers of WT and 

DKO mice by supplementing their diet with subtoxic doses of APAP. As expected, APAP 

treatment induced the accumulation of p53 and DNA damage marker pH2AX in both WT 

and DKO livers (Figures 7C–7E). Correspondingly, DKO livers exhibited dramatic decrease 

in the overall numbers and proliferation rates of CK19+Sox9+ LPCs (Figures 7D–E) and did 

not develop any frank tumors even after three months of APAP treatment. To corroborate 

this finding, we treated DKO mice with another pro-oxidant, buthionine sulfoximine (BSO) 

that acts by blocking GSH synthesis. Similar to APAP, BSO treatment induced massive 

accumulation of pH2AX and rapidly blocked the proliferation of CK19+Sox9+ LPCs, 

resulting in gradual decrease in the percentage of CK19+Sox9+ LPCs over time (Figures 

7D–E, and Figure S6A). These data suggest that Rac1 limits the proliferative potentials of 

Nf2 deficient LPCs at least in part through ROS-mediated activation p53 and DDR.

To further confirm that elevated ROS levels limit the proliferation of LPCs in Nf2KO livers, 

we treated Nf2KO mice from birth with ROS inhibitor N-acetylcysteine (NAC) for 1.5 

months. As shown in Figures S6B–C, compared to age-matched untreated Nf2KO livers, 

NAC-treated Nf2KO livers exhibited increased hyperplasia and corresponding increase in the 

percentage of PCNA+CK19+ cells within both the tumor or non-tumor regions. Interestingly, 

NAC treatment also induces increased buildup in SMA+ fibroblasts in Nf2KO livers (Figures 
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S6B–C), suggesting that the effects of ROS depletion are not limited to the liver epithelial 

cells.

The hyperproliferative capacity of Nf2:Rac1 double knockout liver cells is dependent on 
Yap

Given the high Yap activity in DKO livers as evidenced by their robust expression of nuclear 

Yap and the strong association of DKO_Liver_Up genes with genes induced in Yap-

overexpressing (Yap_OE) livers (Yimlamai et al., 2014) (Figures S1H and S2F), we 

generated Alb-cre;Nf2flox/flox;Rac1flox/flox;Yapflox/+ (TKO) mice to evaluate the contribution 

of Yap to the hyperproliferative phenotype of DKO livers. Histopathological and IHC 

analyses showed that with reduction in nuclear Yap, the extent of CK19+Sox9+ LPC 

hyperplasia and Cyclin D1 staining (both in terms of cell numbers and intensity) 

significantly decreased in TKO livers compared to DKO livers (Figures 8A and 8B). 

Correspondingly, TKO livers significantly diminished in size and expressed reduced levels 

of cell cycle genes compared to DKO livers (Figures 8C and 8D). In contrast, knockout of 

Yap did not significantly affect the expression of senescence-associated genes (Figure S5C). 

These findings indicate that while Rac1 is the primary driver of inflammation in Nf2 
deficient hepatic cells, they depend on Yap to proliferate regardless of the Rac1 status.

DISCUSSION

Using genetically engineered mouse models, we have demonstrated that Rac1 is necessary 

for tumorigenesis, but unexpectedly also limits LPC hyperplasia, liver enlargement and 

tumor growth in Nf2KO livers. Mechanistically, we show that Rac1 promotes the 

accumulation of ROS, which triggers and p53-mediated DDR, dampening the CyclinD-Rb-

E2F1 pathway while inducing senescence in Nf2 deficient tumor cells (Figure 8E). On the 

other hand, Rac1 drives NFkB activation and the expression of inflammatory cytokines that 

promote tumor growth (Figure 8E). These findings thus point to a complex role of Rac1 

during Nf2 tumorigenesis, in which Rac1 can be growth suppressive or pro-tumorigenic 

depending on the context or disease stage. We propose that during early stage of Nf2 

tumorigenesis, Rac1-ROS-p53-mediated cell cycle checkpoints and senescence serve as 

gatekeepers limiting the rate of tumor growth. With time, persistent DNA damage and 

inflammation associated with high Rac1 and ROS activities cause bypass of the p53 

checkpoint in Nf2KO tumors, resulting in eventual disease progression. This model could 

also explain why Rac1 signaling has been found largely pro-proliferative in previous studies 

using immortalized cell lines, as these cells have had to overcome replicative senescence by 

inactivating p16 or p53 in order to indefinitely propagate in vitro.

Interestingly, we find that a senescence/p53 gene signature enriched in Nf2KO murine livers 

is also present in NF2-associated benign schwannomas and meningiomas, but not in 

malignant mesotheliomas that carry NF2 mutations. Consistent with our finding, several 

recent IHC studies of large cohort of human schwannomas and meningiomas that have 

detected elevated p53 expression in the majority of NF2 tumors (Chen et al., 2014; Pavelin 

et al., 2014). Moreover, p53 mutations and loss of p16 have both been linked to progression 

in human meningiomas (Chang et al., 2009; Kim et al., 2014). While it is tempting to 
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speculate that Rac1-ROS-p53-driven checkpoints and senescence programs may also 

underlie the benign nature of NF2, it needs to be confirmed using disease relevant mouse 

models.

Despite the slow growing nature of early BDH developed in Nf2KO livers, progression to CC 

as well as HCC does eventually occur (Benhamouche et al., 2010; Zhang et al., 2010). In 

contrast, DKO livers remained tumor free by one year of age in spite of its hyperproliferative 

state. Unfortunately, we were not able to follow DKO mice beyond one year due to 

morbidity associated with their excess liver overgrowth, and therefore could not determine 

whether DKO mice would eventually develop tumors if allowed to survive longer. Notably, 

triple knockout of Rb family members or overexpression of E2F1 in the mouse liver has 

been shown to induce HCC development (Conner et al., 2000; Viatour et al., 2011), 

suggesting that sustained activation of the cell cycle machinery is sufficient in inducing liver 

tumorigenesis in Rac1WT background. It would be interesting to see whether Rac1 is 

required for tumorigenesis in these models.

Previous studies from us and others have identified Rac1 as a mediator of signaling between 

Merlin and the MAPK and AKT pathways (Morrison et al., 2007; Okada et al., 2005; Yi et 

al., 2011). Indeed, ablation of Rac1 reduces the activation of these two pathways in Nf2 
deficient livers. However, despite the downregulation of these pathways, Nf2:Rac1 DKO 

livers grew at a significantly faster rate compared to Nf2KO livers. Moreover, removal of one 

allele of Yap effectively inhibits both proliferation and tumorigenesis associated with Nf2 
deficiency without lowering the activities of these pathways. These results underscore the 

need to reexamine the contribution of these pathways to NF2 tumorigenesis using relevant in 

vivo models.

Rac1 has been demonstrated to induce both ROS and NFkB signaling in Apc mutant 

intestine stem cells (Myant et al., 2013). We observed similar Rac1-dependent co-activation 

of NFkB signaling with ROS in Nf2 knockout livers. However, contrary to their finding that 

ablation of Rac1 or inhibition of ROS blocks the proliferation of Apc mutant intestine stem 

cells (Myant et al., 2013), we show that Rac1 inactivation enhances the proliferation of Nf2 
deficient LPCs by reducing ROS-mediated activation of p53 checkpoints. These 

discrepancies could be due to differences in mutations, tissue/cell types or other factors. Our 

preliminary analysis indicates that Rac1 and Yap converge to activate NFkB in Nf2 deficient 

livers, implying a potential role for NFkB signaling during NF2 tumorigenesis, particularly 

involving inflammation. Given the extensive crosstalk between ROS and the NFkB pathway 

(Morgan and Liu, 2011), it will be also interesting to dissect the signaling hierarchy between 

Rac1, ROS, NFkB signaling, p53 and DDR.

We have found that reducing Yap levels by just 50% is sufficient to block the activation of 

the CyclinD1-pRb-E2f1 pathway and cell cycle progression in both Nf2 single and 

Nf2:Rac1 double knockout livers. These results suggest that Nf2 deficient cells are addicted 

to Yap for continued proliferation even when p53 and p16 are inactivated. Indeed, YAP has 

also been shown to be required for the proliferation of NF2 deficient malignant 

mesothelioma cells (Mizuno et al., 2012; Yokoyama et al., 2008). In addition to driving 

proliferation, Yap is also required for the activation of NFkB and thus may also contribute to 
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inflammation in NF2 deficient tumors. These findings underscore the promise of exploiting 

this exquisite sensitivity to YAP activity levels by NF2 deficient cells to treat NF2 and other 

cancers carrying NF2 mutations.

EXPERIMENTAL PROCEDURES

Mouse Strains and Histopathological Analysis

Genetically engineered mouse strains Nf2tm2Gth (Nf2flox/flox), Rac1tm1Tyb (Rac1flox/flox), 
Yap1tm1.1Dupa (Yapflox/flox), and Tg(Alb-cre)21Mgn (Alb-Cre) were interbred to generate all 

liver cohorts (Postic et al., 1999; Walmsley et al., 2003; Zhang et al., 2010). All liver animal 

experiments were conducted according to protocol #11-046 and #14-051 approved by the 

Institutional Animal Care and Use Committee (IACUC) at Georgetown University. P0-
Cre;Nf2flox/flox mice were generated under protocol #2014-010 approved by IACUC at 

UCLA as previously described (Giovannini et al., 2000). All histopathological analysis was 

performed blind under the guidance of an experienced pathologist.

APAP Treatment

Beginning at 1.5 months of age, mice were administered 4-acetamidophenol (N-acetyl-p-

aminophenol, APAP) (Alfa Aesar, Ward Hill, MA) via powdered food at 7.5g/kg until 

euthanasia at 3 months or 6 months of age.

BSO Treatment

Mice were administered L-buthionine-SR sulfoximine (BSO) (Abcam, Cambridge, MA) via 

drinking water at 20 mM for 1 week or 1 month until euthanasia at 3 months of age.

Immunohistochemistry (IHC) and Immunofluorescence (IF)

Standard IHC and IF protocols were conducted for all experiments. Antigen retrieval 

conditions and a list of primary antibodies can be found in Supplementary Experimental 

Methods, Antibodies used in immunohistochemistry and immunofluorescence analysis, 

along with additional details regarding staining protocols. All histopathological analysis was 

performed blind under the supervision of a trained pathologist.

Image Quantification

Representative images of the stained slides with anonymous filenames were analyzed in 

ImageJ for the percentage area covered by stain or by manually counting positively stained 

cells. Images were initially color thresholded before thresholding was applied to identify 

areas for quantification. Particles of all circularity and small pixel size exclusion were 

applied in all measurements.

Western blot

Proteins were extracted from mouse livers using Urea buffer and western blot analysis was 

performed as previously described (Yi et al., 2013). Primary antibody dilutions are as listed 

in Supplementary Experimental Methods, Antibodies used in Western blot analysis.
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qRT-PCR

Reverse transcription was performed with iScript cDNA Synthesis Kit (Bio-Rad, Hercules, 

CA). Using iTaq Universal SYBR Green Supermix (Bio-Rad), cDNA products were 

amplified and quantified. Reactions were conducted in triplicates. Relative gene expression 

was calculated as a unit value of 2−ΔCt=2−[Ct(HPRT)-Ct(Gene of Interest))], with Ct being 

threshold cycle value defined as the fractional cycle number at which the target fluorescent 

signal passes a fixed threshold above baseline. Data is represented by mean of all replicates 

within the genotypes. P-values displayed in qRT-PCR data represent significance between 

WT and Nf2KO_T or Nf2KO_T and DKO, unless otherwise indicated. Primer sequences of the 

genes analyzed are listed in Supplementary Experimental Methods, Primer sequences of 

genes analyzed by qRT-PCR.

Microarray/Genomic Analysis

Total mRNA were amplified, labeled, and hybridized to Illumina MouseRef-8 v2.0 

Expression BeadChips at the UCLA Neuroscience Genomics Core, Los Angeles, California. 

Raw intensity data (deposited in GEO under GSE70742) was background corrected, 

normalized, and differential expression was calculated in R using the limma package from 

Bioconductor (see Data S1). A cutoff of p < 0.05 and FC < 2 were used to determine 

differentially expressed genes. Previously published datasets (GSE19004, GSE47739, 

GSE17546, GSE3964, GSE43290, GSE58037, GSE29354) were downloaded from GEO as 

raw intensity data and reprocessed in R using the oligo (for Affymetrix data) or limma (for 

Illumina data) package. Heatmaps were generated using the pheatmap package and, where 

applicable, Ward hierarchical clustering was used on Euclidean distance matrices. Pathway 

profiling was conducted using Pathway Studio. The GSEA Java-based software package 

from The Broad Institute was used to determine enrichment scores, significance of 

enrichment, and to generate enrichment plots. Mutation and copy number variations of 

TCGA cholangiocarcinomas were compiled using cBioPortal. The high confidence 

hepatocyte senescence gene signature (HSGS) listed in Table S1 was compiled by 

intersecting genes differentially expressed in hepatocytes that had undergone H2O2 or 

replication induced senescence from two independent studies (Aravinthan et al., 2014; 

Yildiz et al., 2013).

Statistical Analysis

Minimum three separate mice or samples were used for all the experiments unless otherwise 

indicated. Student’s t-test was used to determine significance unless otherwise indicated. 

Significance is defined as a p value of 0.05 or less. Error bars on all graphs are standard 

error of the mean or standard deviation as indicated.

Additional methods are in the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Co-deletion of Rac1 suppresses tumorigenesis but exacerbates hepatomegaly induced 
by Nf2 ablation
(A) Mutation and copy number status of indicated genes in TCGA cholangiocarcinoma 

collection (N=35).

(B) Representative images of gross livers, H&E staining, and CK19 immunohistochemistry 

(IHC) of livers from 6-month-old WT, Rac1KO, Nf2KO and DKO mice, and Sox9 (blue)/

CK19 (brown) double IHC of livers from 3-month-old Nf2KO and DKO mice. Arrows 

indicate frank tumor lesions. Dotted lines mark the borders between tumor (T) and tumor 

adjacent (TA) areas in the Nf2KO livers. Scale bars = 100 μm.
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(C) The numbers of WT, Rac1KO, Nf2KO, and DKO mice with frank liver tumors at 3, 6 and 

12 months of age. The tumor numbers in Nf2KO mice are highlighted in red.

(D) Liver weight to body weight ratios (LW/BW) of 1.5-, 3-, 6- and 12-month-old WT, 

Rac1KO, Nf2KO and DKO mice (1.5 months: WT n=8, Rac1KO n=4, Nf2KO n=4, DKO n=6; 

3 months: WT n=4, Rac1KO n=4, Nf2KO=6, DKO n=8; 6 months: WT n=5, Rac1KO n=8, 

Nf2KO=7, DKO n=12; 12 months: WT n=4, Rac1KO n=3, Nf2KO=5, DKO n=6). Data are 

represented as mean +/− SEM. *P<0.05, **P<0.005, ***P<0.0005.
(E) Average percentage of Sox9+CK19+ cells in 3-month-old Nf2KO_TA regions (n=4) and 

DKO (n=6) livers. Data are represented as mean +/− SD. ***P<0.0005.
See also Figure S1.
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Figure 2. Deletion of Nf2, Rac1 or Yap alone or in combination has differential effects on cell 
cycle, DNA damage checkpoint, NFkB, Akt, Erk and Stat3 signaling
Western blot analysis of WT, Rac1KO, DKO, Nf2KO_T, Nf2KO_TA, Nf2KO;Yaphet, and 

Nf2KO;YapKO liver tissues with antibodies against components of the Hippo-Yap pathway, 

cell cycle, DNA damage response, signaling cascades affected by Nf2, Rac1 and/or Yap loss, 

and epithelial cell markers as indicated. GAPDH was used as loading control. Shown is 

representative of three replicated experiments. All samples were run on the same gel for 

each of the blots.

See also Figures S2–S3.
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Figure 3. Deletion of Rac1 synergizes with Nf2 loss to induce the expression of cell cycle genes in 
the mouse liver
(A) Representative images of immunofluorescence (IF) staining of PCNA (green) with 

CK19 (red) on livers from 3-month-old Nf2KO and DKO mice. Nuclei are counterstained 

with DAPI (blue). Scale bars = 100 μm.

(B) Quantification of the average percentage of CK19+ cells that are also PCNA+ in 3-

month-old Nf2KO and DKO (n=8) liver tissues. Nf2KO_T (n=7) and Nf2KO_TA (n=7) regions 

were quantified separately. Data are represented as mean +/− SD. ***P<0.0005.
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(C) Heatmap of genes differentially expressed in DKO livers compared to the rest of the 

cohorts from microarray analysis of WT, Rac1KO, the tumor adjacent (Nf2KO_TA) and tumor 

(Nf2KO_T) regions of Nf2KO, and DKO liver tissues in 3-month-old mice (n=3 for all 

groups).

(D) Quantitative real-time PCR analysis of the indicated cell cycle genes from WT, Rac1KO, 

Nf2KO_TA, Nf2KO_T, and DKO liver tissues from 3-month-old mice (n=3 for all groups). 

Data are represented as mean +/− SEM. ***P<0.0005; **P<0.005, *P<0.05.

(E) The top 10 enriched pathways from GO enrichment analysis of genes from (C).
(F) GSEA by comparing upregulated genes from (C) (DKO_Liver_Up) with a published Rb 

family triple knockout dataset (GSE19004) (Viatour et al., 2011).

(G) Representative images of CyclinD1 IHC staining of livers from 3-month-old Nf2KO and 

DKO mice. Scale bars = 100 μm.

(H) Quantification of the number of CyclinD1-positive nuclei per microscopic field. (Nf2KO 

n=10, DKO n=9). Data are represented as mean +/− SD. ***P<0.0005.

See also Figure S2, and Data S1.
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Figure 4. Co-deletion of Rac1 suppresses DNA damage and senescence markers induced by Nf2 
loss
(A) Quantitative real-time PCR analysis of senescence-associated genes in WT, Rac1KO, 

Nf2KO_TA, Nf2KO_T, and DKO liver tissues from 3-month-old mice (n=3 for all groups). 

Data are represented as mean +/− SEM. ***P<0.0005; **P<0.005; *P<0.05.

(B) GSEA by comparing a high-confidence senescence-associated gene signature 

(Aravinthan et al., 2014; Yildiz et al., 2013) with genes ranked by expression differences 

between Nf2KO_T and DKO liver tissues.
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(C) Representative images of senescence associated β-galactosidase (SA-β-gal) staining (left 

panel), sections from SA-β-gal stained livers counterstained with Nuclear Fast Red Solution 

(middle panel), and pH2AX IHC staining of livers from 3-month-old Nf2KO and DKO mice 

(right panel). Red arrow indicates a frank tumor lesion in the Nf2KO liver. Yellow 

arrowheads indicate positive deposits of SA-β-gal and pH2AX staining. Scale bars = 100 

μm.

(D) Average number of pH2AX+ nuclei per 10× microscopic field in 3-month-old Nf2KO 

(n=5) and DKO (n=7) liver tissues. Nf2KO_T and Nf2KO_TA regions were quantified 

separately. Data are represented as mean +/− SD. *P<0.05.

See also Figures S4–S5, and Tables S1.
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Figure 5. Inactivation of Nf2 induces NFkB signaling in a Rac1-dependent manner
(A)Representative images of NFkB IHC of livers from 3-month-old Nf2KO and DKO mice. 

Scale bars = 100 μm.

(B) Quantification of the relative NFkB staining intensity within the nucleus from (A). 

Nf2KO tissue quantified separately as Nf2KO_T and Nf2KO_TA. Data are represented as mean 

+/− SD. P<0.0005, *P<0.05.
(C) Western blot analysis of NFkB expression in cytoplasmic and nuclear fractions of 

isolated liver cells from 3-month-old WT, DKO, and Nf2KO mice. The tumor and non-tumor 
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tissues from the Nf2KO liver were processed separately as Nf2KO_T and Nf2KO_N. GAPDH 

and Lamin A/C were used as markers for cytoplasmic and nuclear fractions.

(D) GSEA by comparing the Hallmark NF-kB gene signature geneset to genes specifically 

upregulated in Nf2KO_T livers vs DKO livers.

(E) Quantitative real-time PCR analysis of NF-kB signature genes in 3-month-old WT, 

Rac1KO, Nf2KO_TA, Nf2KO_T, and DKO livers tissues (n=3 for all groups). Data are 

represented as mean +/− SEM. *P< 0.05; **P< 0.005.
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Figure 6. DNA damage/senescence signature is present in benign NF2-associated schwannomas 
and meningiomas, but not in NF2 mutant malignant mesotheliomas
(A) GSEA by comparing a high-confidence senescence associated gene set with published 

datasets of human schwannomas (GSE39645) (Torres-Martin et al., 2013), meginingiomas 

(GSE43290 and GSE58037) (Clark et al., 2013; Tabernero et al., 2009), or mesotheliomas 

(GSE29354) (Bott et al., 2011) as indicated.

(B) Representative images of pH2AX IHC of five schwannomas (S1–S5) and one 

meningiomas (M) from NF2 patients, and of uteri from 15-month-old P0-Cre;Nf2flox/flox 

(Nf2KO) and WT mice.

See also Figure S6, and Table S1.
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Figure 7. Ablation of Rac1 suppresses ROS production induced by Nf2 loss and ROS-inducer 
APAP treatment activates p53 and DNA damage and reverses hyper-proliferation in Nf2:Rac1 
double knockout livers
(A) Representative images of DHE and Hoechst double staining of Nf2KO_TA regions and 

DKO livers from 6-month-old mice. Dotted lines denote the LPC expansion areas in both 

Nf2KO_TA and DKO livers. Arrowheads indicate the stronger nuclear DHE staining within 

the LPC expansion region compared to surrounding areas in Nf2KO_TA. Scale bars = 100 

μm.
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(B) Quantification of the average number of DHE+ nuclei per microscopic field in Nf2KO 

and DKO livers (Nf2KO n=5, DKO n=6) as visualized in (A). Data are represented as mean 

+/− SEM. **P<0.005.

(C) Western blot analysis of p53 expression in WT and DKO liver tissues from age-matched 

untreated and APAP-treated mice. GAPDH was used as loading control.

(D) Representative images of H&E staining, pH2AX IHC, and Sox9 (green)/CK19 (red) and 

PCNA (green)/CK19 (red) double IF of livers from 3-month-old DKO mice fed with regular 

diet/drinking water (Ctrl), diet mixed with APAP for 1.5 months (APAP), or drinking water 

containing BSO for 1 month (BSO). Nuclei are counterstained with DAPI (blue). Scale bars 

= 100 μm.

(E) Quantification of the average number of pH2AX+ nuclei per microscopic field, the 

average percentage of Sox9+CK19+ cells, and the average percentage of CK19+ cells that 

are also PCNA+ as visualized in (D) in liver tissues from 3-month-old untreated (n=7), 

APAP-treated (n=9), or BSO-treated (n=6) DKO mice. Data are represented as mean +/− 

SD. ***P<0.0005, **P<0.005.

See also Figure S7.
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Figure 8. Co-deletion of Yap represses biliary epithelial cell expansion and hepatomegaly induced 
by Nf2:Rac1 double knockout
(A) Representative images of H&E, Sox9 (green) with CK19 (red), PCNA (green) with 

CK19 (red), CyclinD1, and Yap IF and IHC staining of DKO and TKO livers from 6-month-

old mice. Scale bars = 100 μm.

(B) Ratio of CK19+ cells that are also PCNA+ nuclei from DKO and TKO mice at 6 months 

of age. Quantification of CyclinD1 positive nuclei in DKO and TKO livers from 6-month-

old mice. (DKO n=9, TKO n=13). Data are represented as mean +/− SD. ***P<0.0005; NS: 

not significant.

Shi et al. Page 30

Dev Cell. Author manuscript; available in PMC 2017 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) LW/BW ratio of 6-month-old WT, DKO, and TKO mice (WT n=5, DKO n=13, TKO 

n=2). Data are represented as mean +/− SEM.*P<0.05, **P<0.005.
(D) Quantitative real-time PCR analysis of indicated cell cycle genes in 6-month-old DKO 

and TKO livers (DKO n=4, TKO n=3). Data are represented as mean +/− SEM. *P<0.05.
(E) A working model of regulation of liver size and tumorigenesis by a signaling network 

controlled with Rac1 and Yap functioning downstream of Merlin/Nf2 as inflammation and 

proliferation switches, respectively.
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