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Abstract

The proline-rich Akt substrate of 40 kDa (PRAS40), an inhibitory component of the mTORC1 

complex, was identified as an Akt substrate through phosphorylation at Thr246. Phosphorylation 

at this site releases PRAS40 from the mTORC1 complex allowing increased activity. Targeted 

expression of a mutant form of PRAS40 (PRAS40T246A) in basal keratinocytes of mouse 

epidermis (BK5.PRAS40T246A mice) has allowed further examination of mTORC1 specific 

signaling in epithelial carcinogenesis. BK5.PRAS40T246A mice were resistant to TPA-induced 

epidermal hyperproliferation and skin tumor development. In transgenic mice, PRAS40T246A 

remained bound to raptor in keratinocytes even after treatment with TPA, consistent with reduced 

mTORC1 signaling and altered levels of cell cycle proteins. BK5.PRAS40T246A mice also 

displayed attenuated skin inflammation in response to TPA. Inhibition of mTORC1 in 

keratinocytes significantly inhibited their migration in vitro and, in addition, inhibited TPA-

induced proliferation and migration of bulge-region stem cells in vivo. Furthermore, targeted 

inhibition of mTORC1 in BK5.PRAS40T246A mice resulted in delayed wound healing. Decreased 

keratinocyte migration and impaired wound healing correlated with altered expression of EMT 

markers and reduced smad signaling. Collectively, the current data using this unique mouse model 

provide further evidence that mTORC1 signaling in keratinocytes regulates key events in 

keratinocyte function and epithelial cancer development.

Introduction

Considerable evidence exists for a role of Akt and mTOR signaling in cancer growth and 

progression (Forde and Dale, 2007, Guertin and Sabatini, 2005, Hay, 2005, Inoki et al. , 

2005, Inoki and Guan, 2006, Mak and Yeung, 2004, Petroulakis et al. , 2006, Ruggero and 

Sonenberg, 2005). Previous studies from our laboratory revealed that Akt and mTORC1 
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signaling pathways play an important role in epithelial carcinogenesis using the mouse skin 

model (Checkley et al. , 2011, Lu et al. , 2007). Rapamycin (an mTORC1 inhibitor) 

dramatically blocked mTORC1 downstream signaling, epidermal proliferation and skin 

tumor promotion induced by TPA in both wild-type (WT) and BK5.Akt1 transgenic mice 

(Checkley et al. , 2014, Checkley, Rho, 2011, Rho et al. , 2013). Treatment of mouse 

epidermis with TPA leads to increased phosphorylation of Akt and PRAS40 (proline-rich 

Akt substrate of 40 kDa) (Lu, Rho, 2007, Rho, Kiguchi, 2013).

PRAS40, an inhibitory subunit of mTORC1 was originally identified as an Akt substrate 

through Akt-mediated phosphorylation at Thr246 (Kovacina et al. , 2003, Vander Haar et 

al. , 2007) and this phosphorylation is critical for mTORC1 activity (Wang et al. , 2008, 

Wang et al. , 2007). Overexpression of PRAS40 and PRAS40 mutants (T246A or S221A) in 
vitro leads to inhibition of mTORC1 activity assessed by reduced phosphorylation of S6K1 

at Thr389 and 4EBP1 at Thr37/46 (Oshiro et al. , 2007, Wang, Harris, 2008, Wang, Harris, 

2007).

Here, we generated transgenic mice that overexpress a mutant form of PRAS40 

(PRAS40T246A) under control of the bovine keratin 5 (BK5) promoter to further examine the 

importance of keratinocyte specific mTORC1 signaling in epithelial carcinogenesis and to 

evaluate the functional contribution of mTORC1 during skin tumor promotion by TPA. 

Although BK5.PRAS40T246A mice did not display a discernable gross skin phenotype, these 

mice were significantly less sensitive to TPA-induced epidermal hyperproliferation and skin 

tumor development. In transgenic mice, PRAS40T246A remained bound to raptor in 

keratinocytes even after TPA treatment indicating a selective inhibition of mTORC1 

signaling. BK5.PRAS40T246A mice exhibited reduced epidermal mTORC1 signaling and 

altered levels of cell cycle proteins consistent with reduced keratinocyte proliferation 

observed following treatment with TPA. BK5.PRAS40T246A mice also displayed a 

significantly reduced skin inflammatory response to TPA. Notably, TPA-mediated 

proliferation and migration of bulge-region label retaining cells (LRCs) were also inhibited 

in BK5.PRAS40T246A mice. Furthermore, expression of PRAS40T246A in basal 

keratinocytes significantly inhibited keratinocyte migration in vitro and led to delayed 

wound-healing. Finally, expression of PRAS40T246A modulated the levels of key EMT 

proteins in keratinocytes consistent with the effects observed on migration. Collectively, 

selective inhibition of mTORC1 signaling in keratinocytes of this unique mouse model has 

provided further evidence that mTORC1 signaling pathways regulate several important 

mechanistic events involved in the process of skin tumor development.

Results

Generation and initial characterization of BK5.PRAS40T246A mice

Using the BK5 vector, we generated transgenic mice that overexpress PRAS40T246A in basal 

keratinocytes of the epidermis to selectively inhibit keratinocyte mTORC1 signaling (Figure 

1a). One line (L18) among five established lines had the highest epidermal expression of 

PRAS40T246A protein (Figure 1b, Figure S1a) and was bred to the FVB/J genetic 

background for all experiments. These mice did not have a histologically discernable skin 
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phenotype. Unless otherwise noted, all transgenic mice used for the study were hemizygous 

for the transgene.

Epidermal protein lysates were prepared from groups (n=5/group) of WT and 

BK5.PRAS40T246A mice 6h after the last of 4 treatments with TPA (6.8 nmol) or acetone 

(Ace). Immunoprecipitation analysis showed that PRAS40 dissociation from raptor was 

induced by TPA treatment compared to Ace treatment in WT mice (ratio of TPA/Ace = 

0.28) (Figures 1c, 1d). In contrast, overexpression of PRAS40T246A in epidermis prevented 

dissociation of raptor following TPA treatment (ratio of TPA/Ace = 0.77).

Compared to WT mice, BK5.PRAS40T246A mice displayed reduced epidermal mTORC1 

downstream signaling as shown by reduced phosphorylation of S6K (Thr389), 4EBP1 

(Ser65 and Thr37/46) and ULK1 (Ser757) (Figure 2a) at known mTORC1 phosphorylation 

sites (Fingar et al. , 2004, Rho et al. , 2011). No differences were observed in epidermal 

levels of phospho-PRAS40 (Thr246) and phospho-Akt (Ser473) following TPA treatment 

between PRAS40T246A and WT mice as expected (Figure 2a). Quantitation of the levels of 

mTORC1 signaling in the Western blot shown in Figure 2a is provided in supplemental 

Figure S1b. We also compared the effects of various doses of rapamycin following topical 

treatment (200 nmol, 50 nmol, and 5 nmol) on TPA-induced mTORC1 signaling inhibition 

with that of BK5.PRAS40T246A mice by measuring phosphorylation of S6K at Thr389. As 

shown in supplemental Figure S1b and S1c, reduction of TPA-induced mTORC1 activation 

in BK5.PRAS40T246A mice produced a inhibitory effect similar to that observed with 5 

nmol of rapamycin treatment. This dose of rapamycin was previously shown to produce an ~ 

50% inhibition in skin tumor promotion by TPA in wild-type mice (Checkley et al., 2011)

BK5.PRAS40T246A mice also had reduced levels of phospho-Rb (Ser807/811) and reduced 

protein levels of Cdk2, Cdk6, Cyclin D3, Cyclin A and Cyclin E following treatment with 

TPA compared to WT mice (Figure 2b). In contrast, p27 protein levels were increased, while 

levels of Cdk4 and Cyclin D1 were not significantly altered compared to WT mice (Figures 

2b, 2c). Figure 2c shows quantitative analysis of the levels of cell cycle proteins in 

BK5.PRAS40T246A mice compared to WT mice 6h after TPA treatment. The reduced levels 

of Cdk6, Cdk2, Cyclin D3 and phospho-Rb following TPA treatment of BK5.PRAS40T246A 

compared to WT mice were statistically significant (p=0.0011, Cdk6; p=0.0009, Cdk2; 

p=0.033, Cyclin D3; p=0.031, p-Rb, Student’s t test).

We also analyzed additional key signaling pathways affecting the proliferative and survival 

responses in epidermis during TPA promotion. As shown in Figure S2, there were no 

significant differences in the signaling pathways examined suggesting a lack of significant 

off-target effects of transgene expression in these mice.

BK5.PRAS40T246A mice are less sensitive to TPA-induced epidermal hyperproliferation, 
skin inflammation, and angiogenesis compared to WT mice

Groups of mice, 7 to 9 weeks of age, were topically treated with Ace or TPA (6.8 nmol) 

twice weekly for two weeks to compare the epidermal proliferative response. BrdU (100 

µg/g) was injected 30 minutes prior to sacrifice. Skins were collected 48h after the last 

treatment for analysis of BrdU incorporation and inflammatory cell infiltrates in the dermis. 
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Representative BrdU stained skin sections are shown in Figure S3a. BK5.PRAS40T246A 

mice were significantly less sensitive to TPA-induced epidermal hyperproliferation 

measured by labeling index (LI) and epidermal thickness (Figures 3a, 3b; p<0.0001, Mann-

Whitney U test). These data together with the data in Figure 2 indicate that overexpression 

of PRAS40T246A in basal keratinocytes effectively blocked TPA-induced epidermal 

hyperproliferation, which reproduces the effect of rapamycin observed in our previous 

studies (Checkley, Rho, 2011, Rho, Kiguchi, 2013).

There was a significant increase in the infiltration of mast cells (Toluidine Blue O staining, 

Figure S3b) and total leukocytes (CD45 staining, Figure S3c) in the dermis of WT mice 

following TPA treatment. However, these responses were significantly reduced in 

BK5.PRAS40T246A mice (Figures 3c, 3d and Figures S3b, S3c). Quantitative RT-PCR (qRT-

PCR) analysis revealed that mRNAs for IL-1α and TNFα were significantly reduced by 

1.94-fold and 2.5-fold, respectively, in the epidermis of TPA-treated BK5.PRAS40T246A 

mice compared to WT (Figure 3e; p=0.016 and p=0.007,respectively, Student’s t test). In 

addition, the skin of BK5.PRAS40T246A mice exhibited a markedly reduced angiogenic 

response after TPA treatment compared to WT mice (Figure S3d).

Targeting mTORC1 in keratinocytes effectively suppresses skin tumor promotion by TPA

Groups of 11–16 male and female mice 10–12 weeks of age were initiated with 50 nmol of 

DMBA. Two weeks after initiation, mice were treated topically (twice-weekly) with 6.8 

nmol TPA or Ace. BK5.PRAS40T246A mice displayed a significantly reduced tumor 

response. There was 63% inhibition at 22 weeks in the average number of papillomas per 

mouse in BK5.PRAS40T246A mice compared to WT mice (Figure 4a; p=0.0151, Mann-

Whitney U test). The final percent of mice with papillomas (tumor incidence) for WT and 

BK5.PRAS40T246A was also significantly different at 22 weeks of promotion (Figure 4b; 

p<0.0001, χ2 -test) and in addition, tumor latency was increased in BK5.PRAS40T246A mice 

compared to the WT group (Figure S4a; p=0.0008, Mantel-Cox test). Finally, as shown in 

Figures 4c, 4d, and S4b, BK5.PRAS40T246A mice exhibited reduced tumor size (p=0.0041, 

Mann-Whitney U test) as well as a significant decrease in tumor burden (i.e., tumor weight 

and total tumor weight per mouse) in BK5.PRAS40T246A mice compared to WT mice 

(p=0.0041 and p<0.0001, respectively, Mann-Whitney U test).

Response of BK5.PRAS40T246A mice to DMBA-Induced Epidermal Apoptosis

To determine whether expression of PRAS40T246A influenced the epidermal response to 

DMBA, epidermal apoptosis was measured 24 h following a single topical dose of the tumor 

initiator (Figure S5). Apoptotic keratinocytes were analyzed in skin sections obtained by 

quantitating the number of active caspase-3 positive cells in both the interfollicular as well 

as follicular epidermis. As shown in Figure S5, there were no significant differences in the 

number of apoptotic keratinocytes in either epidermal compartment when comparing 

BK5.PRAS40T246A mice to WT. These data suggest that the initiating response to DMBA 

(metabolism and DNA adduct formation) was not significantly affected in BK5. 

PRAS40T246A mice.
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Overexpression of PRAS40T246A in basal keratinocytes blocks TPA-induced proliferation 
and migration of LRCs

To study the impact of selective mTORC1 inhibition in basal keratinocytes, BrdU (50 

µg/gm) was injected i.p. to groups of 10 day-old pups every 12h for 2 days. At 11 weeks of 

age, the skins of BrdU injected mice were treated topically (twice-weekly for 2 weeks) with 

6.8 nmol TPA or Ace and evaluated for BrdU staining and LRC analysis 48h following the 

last treatment as previously described (Rho, Kiguchi, 2013). The proliferation/migration of 

LRCs out of the hair follicle bulge region of TPA-treated BK5.PRAS40T246A mice was 

significantly reduced (Figures S6, 5a; p=0.0143, Mann-Whitney U test) compared to WT 

mice. Most LRCs remained in or near the bulge region of BK5.PRAS40T246A mice, while 

LRCs of WT mice had mostly migrated out of the bulge region.

Keratinocyte-specific expression of PRAS40T246A inhibits keratinocyte migration and 
delays wound-healing.

Primary mouse keratinocytes were isolated, seeded evenly, and grown to confluence in 

collagen-coated 6-well culture plates. Cells were wounded by scratching and then incubated 

in complete medium for 24h to allow gap closure. An additional set of WT cells were treated 

with rapamycin (200 nM). As shown in Figure 5b and 5c, WT keratinocytes migrated into 

the scratched area within 24h whereas those from BK5.PRAS40T246A mice and WT

+Rapamycin did not. Furthermore, as shown in Figure 5d and Figure S7, 

BK5.PRAS40T246A mice exhibited a significantly delayed wound-healing response 

following tape stripping at day 7 compared to WT mice (p=0.0318 Mann-Whitney U test). 

Therefore, selective mTORC1 inhibition in keratinocytes via expression of PRAS40T246A 

blocked cell migration in vitro and wound healing in vivo. The effects on keratinocyte 

migration in vitro were mimicked by treatment with rapamycin.

We also investigated the expression of the key EMT markers, as EMT has been linked to 

tissue repair and remodeling (Corallino et al. , 2015). Mice were treated topically twice 

weekly for two weeks and epidermal tissue was harvested 6h following the last treatment. In 

the absence of TPA treatment, levels of the proteins shown were similar in epidermal lysates 

from WT and BK5.PRAS40T246A mice (Figure 5e). In contrast, following treatment with 

TPA, increased levels of epithelial markers (E-cadherin, claudin-1, Fzd-7, Zo-1) and reduced 

levels of the mesenchymal marker, N- cadherin (Zeisberg and Neilson, 2009) were observed 

in BK5.PRAS40T246A mice as compared with WT mice. The levels of twist1 and Tcf8/zeb1, 

which bind and suppress E-cadherin expression (Zeisberg and Neilson, 2009), were also 

reduced in TPA-treated epidermis of BK5.PRAS40T246A (Figure 5e). Notably, the levels of 

MMP-9, Tspan13, and Wnt5a were markedly reduced in BK5.PRAS40T246A in response to 

TPA compared to WT mice (Figure 5e).

Interestingly, the expression of nodal, a member of the TGFβ family was higher (both 

mRNA and protein) in TPA-treated epidermis of WT mice compared to BK5.PRAS40T246A 

mice (Figures 5f, 5g). Smad signaling as assessed by phosphorylation of smad2 and smad3 

was inhibited (especially phospho-smad3) in epidermis of BK5.PRAS40T246A mice 

following treatment with TPA.
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Discussion

A genetic approach, with targeted expression of PRAS40T246A in basal keratinocytes 

(BK5.PRAS40T246A mice), allowed for dissection of the role of mTORC1 specific signaling 

in keratinocytes during epithelial carcinogenesis. Our earlier studies demonstrated that 

topical treatment with rapamycin effectively reduced skin tumor promotion in both WT and 

BK5.Akt1WT mice and inhibited further growth of existing papillomas as well as 

significantly inhibited skin inflammation (Checkley, Rho, 2011, Rho, Kiguchi, 2013). 

However, it could not be determined conclusively whether the effects of rapamycin on skin 

tumor promotion were due primarily to direct effects on keratinocytes or a combination of 

direct effects on keratinocytes and other cells that reside in the epidermis and dermis (e.g., 

inflammatory cells). Overexpression of PRSA40T246A in basal keratinocytes caused a 

significant inhibition of epidermal proliferation and skin tumor promotion by TPA. The 

effect on tumor development was seen not only in tumor number, incidence, and tumor 

latency but also in tumor weight and size. These data using BK5.PRAS40T246A mice mimic 

the effect of topical rapamycin on TPA-induced tumor promotion seen in our previous work 

(Checkley, Rho, 2011, Rho, Kiguchi, 2013). Our current and previous studies clearly 

demonstrate that inhibition of mTORC1 in keratinocytes is sufficient to inhibit both 

keratinocyte proliferation and skin tumor development induced by TPA.

Overexpression of PRAS40T246A substantially prevented TPA-mediated dissociation of 

PRAS40 from raptor in the mTORC1 complex (Figures 1c, 1d) leading to inhibit epidermal 

mTORC1 signaling (Figure 2a). The levels of critical cell cycle proteins were altered in 

epidermis of BK5.PRAS40T246A mice compared to WT mice treated with TPA (Figures 2b, 

2c). Interestingly, the levels of Cdk4 and Cyclin D1 were not significantly changed in 

BK5.PRAS40T246A mice compared to WT mice 6h after TPA treatment. Several previous 

studies have suggested that the Cdk6-Cyclin D3 complex can also initiate the G1/S transition 

(Connell-Crowley et al. , 1997, Faast et al. , 2004, Lin et al. , 2001). Thus, the changes 

observed in cell cycle regulatory proteins in PRAS40T246A mice are consistent with the 

reduced proliferative response seen following TPA treatment and reduced tumor 

development. Recently, rapamycin given orally in a microencapsulated form (eRapa) was 

shown to inhibit two-stage skin carcinogenesis by inhibiting initiation with DMBA through 

a mechanism not involving inhibition of epidermal mTORC1 signaling (Dao et al. , 2015). 

In addition, eRapa did not inhibit tumor promotion by TPA in these studies. Thus, low dose 

rapamycin when given orally may have other effects that can influence the initiation of skin 

tumors independent of mTORC1 inhibition. However, in the current study we did not find 

evidence that expression of PRAS40T246A in keratinocytes affected the apoptotic response to 

topical application of DMBA, which indirectly supports the hypothesis that inhibition of 

keratinocyte mTORC1 primarily impacted processes associated with tumor promotion in 

this model system.

To probe for possible off-target effects of overexpression of PRAS40T246A, we analyzed 

several other signaling pathways in keratinocytes from both WT and BK5.PRAS40T246A 

mice known to be important in skin tumor promotion by TPA (Rho, Kim, 2011). We did not 

find significant alterations in any of the signaling pathways examined, including Stat3, Erk, 

RSK, JNK, p-38 MAPK and Gsk3β. These data support the conclusion that 
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BK5.PRAS40T246A mice represent a unique model of selective inhibition of mTORC1 

signaling in basal keratinocytes of mouse epidermis.

In previous studies, topical rapamycin was shown to significantly inhibit the proliferation 

and upward migration of LRCs to the interfollicular epidermis following treatment with TPA 

(Rho, Kiguchi, 2013). As shown in Figure 5a and Figure S6, overexpression of 

PRAS40T246A in basal keratinocytes (including those in the bulge region of hair follicles), 

significantly inhibited the proliferation and upward migration of LRCs from the hair follicle 

bulge region induced by TPA. Deng and colleagues demonstrated that mTORC1 signaling is 

essential for stem cell activation in hair follicles (Deng et al. , 2015). In addition, Castilho et 
al (Castilho et al. , 2009) reported that rapamycin treatment retained CD34+ keratinocyte 

stem cells (KSCs) in the bulge region of the hair follicle of K5rtTA/tet-Wnt1 transgenic 

mice. Furthermore, Rodgers et al (Rodgers et al. , 2014) demonstrated that mTORC1 

activity was essential for the transition of quiescent adult stem cells into an “alert” phase to 

enter the cell cycle in response to injury and stress. Our data support the hypothesis that 

mTORC1 contributes significantly to the proliferation and migration of bulge-region KSCs.

Interestingly, mTORC1 signaling has been implicated in the migration of several epithelial 

cell types (Kim et al. , 2012, Liu et al. , 2012). In K14.Cre x PTENflox/flox mice, wound-

healing and keratinocyte migration are increased, which are inhibited by rapamycin 

(Squarize et al. , 2010). Activation of mTORC1 in keratinocytes of K14.Cre x Tsc1flox/flox 

mice has been shown to accelerate cutaneous wound-healing as compared to control mice 

(Squarize, Castilho, 2010). In our study, mTORC1 inhibition by overexpression of 

PRAS40T246A dramatically inhibited migration of keratinocytes in vitro and delayed wound-

healing in vivo (see again Figures 5b, 5c, 5d and Figure S7). Rapamycin also effectively 

inhibited keratinocyte migration in vitro. Moreover, we examined the levels of key EMT 

markers linked to tissue remodeling and repair (Corallino, Malabarba, 2015, Xu et al. , 

2009). Increased levels of the epithelial markers as well as decreased levels of a 

mesenchymal marker were found in epidermis of BK5.PRAS40T246A mice compared to WT 

mice following treatment with TPA (Figure 5e). Cells with reduced Fzd7, a seven-pass trans-

membrane Wnt receptor could not undergo mesenchymal-epithelial transition causing a 

mesenchymal state in colorectal cancer cells (Vincan et al. , 2007). As seen in Figure 5e, 

Fzd7 protein was elevated in epidermis of BK5.PRAS40T246A compared to WT after TPA 

treatment. Wnt5a signaling is linked to cell motility and invasion in various tumors 

(Kurayoshi et al. , 2006, Ripka et al. , 2007, Weeraratna et al. , 2002). TPA induced Wnt5a 

expression in epidermis of WT but not BK5.PRAS40T246A mice (Figure 5e). MMP-9 is 

associated with keratinocyte migration and wound-repair in mouse skin (Hattori et al. , 2009, 

LeBert et al. , 2015, McCawley et al. , 1998). Reduced MMP-9 expression leads to impaired 

wound-healing and reduced migration of keratinocytes. Induction of MMP-9 expression in 

mouse epidermis by TPA was significantly inhibited in BK5.PRAS40T246A mice as 

compared with WT (Figure 5e). Tspan13, a member of the tetraspanin superfamily is 

associated in cell adhesion and migration (Serru et al. , 2000). Tspan13 protein levels were 

also significantly reduced in epidermis of BK5.PRAS40T246A mice compared with WT mice 

following TPA treatment (Figure 5e). Collectively, the current data demonstrate that the 
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PRAS40T246A expression in basal keratinocytes resulted in decreased migration, increased 

adhesion and impaired wound-healing.

TPA-induced expression of nodal, a member of the TGFβ family (Zhou et al. , 1993) was 

significantly inhibited in epidermis of BK5.PRAS40T246A compared to WT (Figures 5f, 5g). 

Nodal is involved in embryonic development and is important for maintaining self-renewal 

and pluripotency in human embryonic stem cells (Vallier et al. , 2005, Vallier et al. , 2004). 

These functions occur through binding to specific cell surface receptors and activation of 

signaling via smad2/3 (Shi and Massague, 2003). Recent studies have described that nodal 

induces EMT and invasion in murine melanoma cells both in vitro and in vivo (Guo et al. , 

2015, Quail et al. , 2014). As demonstrated in Figure 5f, phosphorylation of smad3 was 

significantly reduced in epidermis of BK5.PRAS40T246A mice after TPA treatment 

compared to WT mice. These data are consistent with the reduced levels of nodal and thus 

changes in this signaling pathway may also play a role in the reduced migratory properties 

of keratinocytes in BK5.PRAS40T246A mice.

Finally, in our previous study, topical application of rapamycin to the skin inhibited the TPA-

induced infiltration of inflammatory cells including T cells, macrophages, neutrophils and 

mast cells (Checkley, Rho, 2011). In the present study, inhibition of mTORC1 signaling in 

basal keratinocytes of BK5.PRAS40T246A mice significantly reduced dermal infiltration of 

inflammatory cells including mast cells and total leukocytes following TPA treatment 

(Figures 3c, 3d, S3b, S3c). Furthermore, the expression of inflammatory cytokines induced 

in the epidermis of WT mice by TPA treatment, specifically IL-1α and TNFα, was 

downregulated in BK5.PRAS40T246A mice (Figure 3e). In addition, TPA-induced 

neovascularization as visualized by CD31 staining was dramatically inhibited in the skin of 

BK5.PRAS40T246A mice compared to WT mice (Figure S3d). Thus, mTORC1 signaling in 

keratinocytes plays a crucial role in regulating the dermal inflammatory/angiogenesis 

response to TPA, in part, by regulating the levels of cytokines that they produced.

In conclusion, the current data clearly demonstrate that selective blocking of mTORC1 in 

keratinocytes is sufficient to produce inhibition of skin tumor promotion, wound-healing and 

skin inflammation. These studies further show that mTORC1 is an important target for 

cancer prevention and that BK5.PRAS40T246A mice represent a unique model for further 

studies on mTORC1 specific signaling in cancer development.

Materials and Methods

Chemicals and Reagents.

DMBA, BrdU, anti-β-tubulin, anti-actin, proteinase inhibitor cocktails, and phosphatase 

inhibitor cocktails were purchased from Sigma. TPA and Zinc Fixative were obtained from 

Alexis Corporation or BD Transduction Laboratories, respectively. Antibodies were 

purchased from Cell Signaling Technology except Cyclin A (Santa Cruz Biotechnology), 

p27 (BD Transduction Laboratories) and CD31 (Abcam).
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Generation of BK5.PRAS40T246A mice.

Transgenic mice that overexpress PRAS40T246A were generated using the BK5 vector as 

previously described(Bol et al. , 1998, Segrelles et al. , 2007). The PRAS40T246A plasmid 

was generously provided by Lifu Wang (University of Virginia, Charlottesville, VA)(Wang, 

Harris, 2008). Transgenic mice were generated on a FVB/N genetic background in the 

Mouse Genetic Engineering Facility at The University of Texas at Austin and then 

transferred to a FVB/J mice (The Jackson Laboratory, Bar Harbor, ME) for all experiments.

Animals and Treatments.

Mice were fed ad libitum and group housed for all experiments. Preparation of epidermal 

protein lysates and analysis of epidermal thickness and LI were conducted as previously 

described(Rho, Kiguchi, 2013).

Immunohistochemistry and Toluidine Blue O staining.

The expression of PRAS40, CD45, and CD31 were analyzed using immunofluorescence on 

skin sections as described(Kim et al. , 2009). For CD45 and CD31 staining, sections fixed in 

zinc fixative were generated from paraffin-embedded skins. For Toluidine Blue O staining, 

paraffin-embedded sections were deparaffinized and stained in 1% Toluidine Blue O for 1 

minute. After washing and dehydration, slides mounted with VectaMount mounting 

media(Checkley, Rho, 2011).

qRT-PCR Detection of Cytokines..

cDNAs from RNA isolated using the Qiagen RNeasy Mini Kit were synthesized by 

Superscript III reverse transcriptase (Invitrogen). qRT-PCR was carried out with Assay-On-

Demand TaqMan probes [TNF α (Mm0043258), IL-1 α (Mm00439620), and Rn18s 

(Mm03928990)] (Applied Biosystems) using ViiA ™ 7 Real-Time PCR System.

Two-Stage Skin Carcinogenesis.

Groups of 11–16 male and female mice were initiated with 50 nmol of DMBA. Two weeks 

after initiation, mice received twice-weekly topical treatments with TPA (6.8 nmol) or Ace. 

Tumor multiplicity (average number of papillomas per mouse) and tumor incidence were 

recorded weekly until tumor multiplicity reached a plateau.

Wound-Healing Assays.

Primary mouse keratinocytes were isolated as previously described(Macias et al. , 2014), 

seeded evenly, and grown to confluence in collagen-coated 6-well culture plates. Cells were 

wounded by scratching with a 200 µl tip and incubated in complete medium for 24h. For 

tape stripping-wound of skin, 3M Scotch tape was applied and lifted from the shaved back 

skin 30 times to remove the epidermal stratum corneum. Area with lesion was measured for 

7day period.
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LRC Analysis:

BrdU (50 µg/g body weight) was injected to 10 day-old pups and treated as described(Rho, 

Kiguchi, 2013). Dorsal skins were collected 48h after the last treatment, processed and 

stained for BrdU.

Statistical Analysis.

For comparisons of epidermal thickness, LI, tumor multiplicity, tumor size, wound-healing 

assay, and LRCs, the one-tailed Mann-Whitney U-test was used. For qRT-PCR and the levels 

of cell cycle proteins, significance of changes was determined by a two-tailed Student’s t 
test. To compare tumor incidence, the χ2 test was used. For tumor latency comparison, the 

one-tailed log-rank (Mantel-Cox) test was used. GraphPad Prism was used for all statistical 

tests, and significance was set at p≤0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation and characterization of BK5.PRAS40T246A transgenic mouse lines.
(a), Schematic of the construct used to generate the PRAS40 mutant (PRAS40T246A) 

transgenic mice using the BK5 promoter. (b), Western analysis of PRAS40 protein levels in 

epidermis of WT and homozygous (Homo) and hemizygous (Hemi) BK5.PRAS40T246A 

mice. (c), Effect of PRAS40T246A on association with raptor. Epidermal protein lysates were 

prepared from WT and BK5.PRAS40T246A mice (n=5/group) after multiple (4X) treatments 

with TPA (6.8 nmol). Mice were sacrificed 6 h after the final treatment of either TPA or Ace. 

PRAS40 proteins were immunoprecipitated and probed with raptor or PRAS40 antibody. 

Initial experiments using an IgG control did not reveal any specific bands in the regions 

where raptor or PRAS40 migrated in the gels. (d), Quantitative analysis of the effect of 

overexpression of PRAS40T246A on the interactions of PRAS40 with raptor in the mTORC1 

complex with and without TPA treatment.
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Figure 2. Impact of PRAS40T246A overexpression in keratinocytes on mTORC1 signaling and 
cell cycle proteins following treatment with TPA.
(a), Western blot analysis of epidermal mTORC1 signaling in BK5.PRAS40T246A mice 

following multiple (4X) treatments with TPA or acetone (Ace). Epidermal protein lysates 

were prepared from mice sacrificed 6 h after the final treatment. (b), Representative Western 

analysis of cell cycle regulatory proteins in epidermis of BK5.PRAS40T246A and WT mice 

at the indicated time point following multiple treatments. (c), Quantitative analysis of the 

levels of cell cycle regulatory proteins in BK5.PRAS40T246A mice compared to WT mice 6 

h after TPA treatment. Values in the graph are expressed as mean ± SEM. n.s., not 

significant; *p=0.0011, Cdk6; **p=0.0009, Cdk2; ***p=0.033, Cyclin D3; ****p=0.031, p-

Rb (Student’s t test).
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Figure 3. Suppressed epidermal hyperproliferation and dermal infiltration of inflammatory cells 
by TPA in BK5.PRAS40T246A mice.
Mice were treated twice-weekly for 2 weeks with Ace or TPA (6.8 nmol). Skins injected 

with BrdU were collected 48h after the last treatment for analysis of BrdU incorporation and 

inflammatory cells. Values in the graphs are expressed as mean ± SEM (n≥3/group). (a), 

Quantitation of epidermal labeling index (LI). *p<0.0001 (b), Quantitation of epidermal 

thickness. *p<0.0001 (c), Mast cell staining with Toluidine Blue O. *p=0.0011, **p=0.0025 

(d), Total leukocyte staining with CD45 antibody. *p=0.05 (e), qRT-PCR analysis of IL-1α 
and TNFα in epidermis of WT and BK5.PRAS40T246A. RNA was normalized to 18s 

ribosomal RNA. Relative expression (TPA/Ace) values from 4 mice per group are shown. 

*p=0.016 and **p=0.007
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Figure 4. Effect of PRAS40T246A overexpression in basal keratinocytes on skin tumor 
promotion.
Mice 10–12 weeks of age were initiated with 50 nmol of DMBA. Two weeks after initiation, 

mice were treated topically twice weekly with 6.8 nmol TPA or Ace for 22 weeks. (a), 

Tumor multiplicity. DMBA/Acetone (☐) and DMBA/TPA (■) of WT mice; DMBA/Acetone 

(▲) and DMBA/TPA (O) of BK5.PRAS40T246A mice. *p=0.0151 (b), Tumor incidence. 

**p<0.0001 (c), Evaluation of tumor size for both WT (DMBA/TPA, ■) and 

BK5.PRAS40T246A (DMBA/TPA, O) mice. The size of each skin tumor (mm2) was 

measured with an electronic caliper at 22 weeks. Graphs represent the average surface area ± 

SEM. *p=0.0041 (d), Measurement of tumor weight (mg) for WT (DMBA/TPA, ■) and 

BK5.PRAS40T246A (DMBA/TPA, O) mice. *p=0.0041
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Figure 5. Effect of PRAS40T246A in TPA-induced proliferation/migration of LRCs.
Values in the graph are expressed as mean ± SEM (n≥3/group). n.s.;not significant (a), 

Quantitation of LRCs per hair follicle. Skin sections stained with BrdU in the hair follicles 

(Figure S6). The BrdU positive cells per hair follicle were counted in at least 3 skin sections 

per mouse. *p=0.0143 (b), In vitro wound-healing assay. Scale bar, 20 µm. (c), Quantitation 

of the percentage of gap closure for in vitro wound-healing. *p=0.0004; **p=0.0002 (d), 

Quantitation of wound-healing response after tape-stripping measured by percentage of the 

area with lesion. *p=0.0318 (e, f). Western blot analysis of EMT proteins (e) and nodal 

signaling (f) in epidermis. (g) qRT-PCR of Nodal mRNA expression from 3 mice. 

*p=0.0084; **p=0.0083.
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