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TGF-β signaling can promote tumor formation and development or suppress it, depending on the cellular con-
text and tumor stage. A potential target of this dual effect of TGF-β is HGF, as TGF-β can inhibit or promote 
its expression, although the mechanisms underlying this are largely unknown. In the present study, we found 
that mice with keratinocyte-specific deletion of the TGF-β signaling mediator Smad2 (referred to herein as 	
K5.Smad2–/– mice), which have increased susceptibility to squamous cell carcinomas (SCCs), exhibited angio-
genesis associated with epithelial overexpression of HGF and endothelial activation of the HGF receptor 	
c-Met. Application of a c-Met inhibitor abrogated angiogenesis, suggesting that HGF overexpression plays 
a major role in angiogenesis associated with epithelial Smad2 loss. On the Hgf promoter, Smad2 was mainly 
associated with transcriptional corepressors, whereas Smad4 was mainly associated with the transcriptional 
coactivator CREB-binding protein (CBP/p300). Smad2 loss caused increased binding of Smad4 and CBP/p300 
to the Hgf promoter. Consistent with this, knocking down Smad2 in human keratinocytes caused increased 
levels of HGF, which were abrogated by concomitant knockdown of Smad3 and Smad4. Importantly, the inci-
dence of HGF-positive human SCC was high in cases with Smad2 loss and lower when Smad4 was also lost. 
We therefore conclude that Smad2 loss causes HGF upregulation via loss of Smad2-mediated transcriptional 
repression and enhanced Smad3/4-mediated transactivation. Since Smad2 is often downregulated in human 
SCCs, our data suggest a therapeutic strategy of blocking HGF/c-Met activation for Smad2-deficient SCCs.

Introduction
TGF-β signaling can be tumor promoting or tumor suppressing 
depending on the cellular context and tumor stage (1), and its sig-
naling mediators, Smads, are involved in these dual effects. TGF-β 
ligand binds to heteromers of TGF-β type I and type II receptors 
(TGF-βRI and TGF-βRII) to induce TGF-βRI–mediated phosphor-
ylation of Smad2 and Smad3. Phosphorylated Smad2 (p-Smad2) 
and p-Smad3 bind the common Smad, Smad4, and the heteromeric  
complexes translocate into the nucleus to regulate transcription 
of TGF-β target genes (2). Smad3 binds to the Smad-binding ele-
ment (SBE) of a target gene, resulting in binding of Smad2 and/or 
Smad4 to the same SBE to transactivate or repress target genes (3). 
Smads can recruit transcriptional activators, such as CBP/p300, to 
induce gene expression (2). Smad2 can recruit transcriptional core-
pressors such as TGF-β–induced factor homeobox protein (TGIF), 
which has been shown to bind histone deacetylases (HDACs) lead-
ing to gene silencing (4). TGIF binds to Smad2 and Smad3 in com-
petition with CBP/p300, so the ratio of CBP/p300 to TGIF in the 
promoter of a target gene depends on the relative levels of these 2 
proteins in each cell type (4), and the same may be true for other 
transcriptional coregulators. Increasing numbers of studies now 
show competition between Smad2 and Smad3 or Smad4 for tran-
scriptional regulation (5–7).

In human squamous cell carcinomas (SCCs), Smad2 and Smad4 
are frequently downregulated through loss of 1 genetic allele or at 
the mRNA level (7, 8), whereas Smad3 is retained (7). Consistently, 
loss of even 1 allele of Smad2 in mice is sufficient to increase suscep-
tibility to skin carcinogenesis (7, 9) due, in part, to increased Snail-
mediated epithelial-to-mesenchymal transition (EMT) (7). Μice 
lacking epithelial Smad4 develop spontaneous SCCs in the skin 
and oral cavity (8, 10, 11), indicative of a dominant tumor suppres-
sor function for Smad4. Although Smad3-null keratinocytes trans-
duced with a v-ras oncogene exhibited increased malignancy when 
grafted to immunocompromised mouse skin (12), Smad3-knock-
out mice are resistant to skin chemical carcinogenesis (9, 13) due 
to abrogation of TGF-β1–mediated inflammation and gene expres-
sion critical for tumor promotion (13). Therefore, Smad3 appears to 
mediate both tumor suppression and promotion effects of TGF-β.

One of the potential TGF-β target genes involved in dual effects 
of TGF-β on cancer is HGF. HGF acts as a ligand for the receptor 
tyrosine kinase, c-Met. HGF and its receptor are often overexpressed 
in cancer (14). Activation of the c-Met receptor can lead to prolifera-
tion, antiapoptotic survival, invasion, migration in tumor epithe-
lia, and angiogenesis in tumor stroma (14). In the latter case, HGF 
has been shown to be an independent, potent angiogenic factor 
through stimulation of endothelial cell growth, migration, scat-
ter, and elongation (14, 15). Previous studies have shown TGF-β 
can promote angiogenesis and tumor invasion via stimulation of 
HGF expression (16, 17). Conversely, TGF-β has also been shown 
to inhibit HGF transcription, potentially through binding a TGF-β 
inhibitory element located approximately 400 bp upstream of the 
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HGF transcription start site (18, 19), and abrogation of this effect 
leads to cancer development (20). The molecular mechanisms and 
microenvironments controlling the positive or negative effects of 
TGF-β signaling on HGF expression are largely unknown.

In the current study, we found that epithelial Smad2 loss caused 
increased angiogenesis associated with HGF overexpression and 
endothelial c-Met activation. Further analysis revealed a repressive 
role for Smad2 but an activating role for Smad4 in HGF transcrip-
tion. Our findings provide important biomarkers for targeted 
therapy for cancer with Smad2 loss.

Results
Epithelial Smad2 loss caused increased angiogenesis. Mice with epi-
dermal-specific Smad2 deletion induced at 6 weeks of age were 
exposed to a 2-stage chemical carcinogenesis protocol as we previ-
ously reported (7). We have previously found that keratinocyte-
specific deletion of Smad2 leads to increased susceptibility to skin 
carcinogenesis (7). We analyzed angiogenesis in SCCs from the 
above experiments from 19 mice with keratinocyte-specific dele-
tion of the TGF-β signaling mediator Smad2 (referred to herein as 
K5.Smad2–/– mice) and 24 WT mice. CD31 staining revealed that 
K5.Smad2–/– mice demonstrated 3 times the vessel area of control 
mice (25.9% ± 4.4% vs. 7.7% ± 2.9%) (Figure 1, A and B).

To assess whether increased angiogenesis in K5.Smad2–/– SCCs 
was due to epithelial Smad2 loss or due to the secondary effects 
of carcinogenesis, we examined angiogenesis in the skin and oral 
cavity of K5.Smad2–/– and WT mice. Smad2 was deleted in the epi-
dermis at birth or in oral epithelia of 5-week-old mice by RU486 
application topically or in oral cavity of K5.CrePR1/Smad2f/f 
bigenic mice as we previously described (7, 8). On days 3–5, K5.
Smad2–/– skin and WT skin treated with RU486 were excised for 
CD31 staining. K5.Smad2–/– neonatal skin contained approxi-
mately 4 times the stromal area covered in vessels compared with 
WT neonates (8.4% ± 2.1% vs. 2.7% ± 0.7%) (Figure 1, A and C). 
Similar results were also seen in oral tissues (not shown). These 
results indicate Smad2 loss in keratinocytes was sufficient to 
increase angiogenesis in the underlying stroma.

Activated HGF signaling contributed to angiogenesis associated with 
epithelial Smad2 loss. Since TGF-β is a known positive mediator 
of angiogenesis via endothelial TGF-βR Alk1–mediated Smad1/
Smad5 activation (21), we assessed whether K5.Smad2–/– SCCs had 
increased endothelial TGF-β signaling. As previously reported, 
K5.Smad2–/– SCCs do not have increased TGF-β1 ligand when 
compared with WT SCCs (7). Consistently, K5.Smad2–/– SCCs and 
skin did not show increased staining of endothelial pSmad1/5/8 
compared with WT (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI43304DS1). 
These data suggest that angiogenesis in K5.Smad2–/– SCCs is not a 
direct effect of TGF-β signaling in tumor stroma.

Since K5.Smad2–/– SCCs had increased angiogenesis indepen-
dent of TGF-β–mediated angiogenesis, we screened potential 
angiogenesis regulators associated with epithelial Smad2 loss, 
using an angiogenesis microarray from Superarray (OMM-033). 
Among the angiogenesis factors included in the array (e.g., VEGF, 
Flt, sFLT, MMPs, MAPKs, FGFs, IL-8, PDGFs, and TNF-α), only 
HGF showed a significant increase in K5.Smad2–/– SCCs com-
pared with WT SCCs (Supplemental Figure 2). Increased HGF 
was primarily located in tumor epithelial cells as visualized by 
immunohistochemistry (IHC) staining (Supplemental Figure 3). 
To determine whether increased HGF ligand in K5.Smad2–/– tumors 
activated its signaling, we examined phosphorylation (activation) 
status of the HGF receptor, c-Met (p–c-Met). Immunofluorescence 
staining showed that K5.Smad2–/– tumors had increased p–c-Met 
in both tumor epithelia and endothelia compared with stage-
matched WT tumors (Supplemental Figure 3). Accordingly, down-
stream mediators of p–c-Met, e.g., p-Akt and eNOS, were activated 
in both tumor epithelia and endothelia (Supplemental Figure 3). 
As seen in tumor samples, K5.Smad2–/– neonatal skin had mark-
edly increased HGF compared with WT skin (Figure 2, A and B). 
IHC showed that HGF staining was strongest in the epidermis, 
followed by the superficial dermis in K5.Smad2–/– skin (Figure 2A). 

Figure 1
Increased angiogenesis in K5.Smad2–/– SCCs and neonatal skin. (A) 
Immunofluorescence of K5.Smad2–/– SCCs and skin for CD31 (green) 
showed increased vessel area compared with SCCs derived from 
WT mice. Keratin 14 (K14, red) was used as a counterstain. Scale 
bar: 100 μm. (B) Quantification of percentage of vessel-covered 
stromal area in K5.Smad2–/– SCCs as determined by quantitation of 
immunofluorescence images. (C) Quantification of percentage of ves-
sel-covered stromal area in K5.Smad2–/– neonatal skin as determined 
by quantitation of immunofluorescence images. *P < 0.05. Data are 
expressed as mean ± SEM.
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This staining pattern suggests keratinocyte-produced HGF acts 
in a paracrine nature. However, increased p–c-Met and its down-
stream targets p-AKT and eNOS were primarily seen in endothelial 
cells (Figure 2A), presumably due to a much higher level of c-Met 
in normal endothelial cells than keratinocytes. These results sug-
gest that HGF upregulation in epithelial cells and its paracrine 
effect on c-Met activation in endothelial cells is an early effect of 
epithelial Smad2 loss, whereas activation of c-Met in epithelial 
cells is secondary to carcinogenesis, presumably due to increased  
c-Met levels in tumor epithelia compared with normal keratino-
cytes. We therefore focused on analyzing the direct effect of epi-
thelial Smad2 loss on HGF-induced angiogenesis.

To determine whether HGF upregulation plays a major role in 
angiogenesis associated with epithelial Smad2 loss, we treated 
Smad2-deficient skin or oral cavity with the c-Met inhibitor 
PHA665752 (Tocris). Adult K5.CrePR1/Smad2f/f mice together 
with WT littermates were treated with RU486 topically in the skin 
or oral cavity for 5 days to induce Smad2 deletion (Smad2–/–) in 
the epidermis or oral mucosa. Since adult mouse skin has a low 
level of angiogenesis, we topically treated mice with tetradecanol-
phorbol-13-acetate (TPA), which induces acute inflammation and 
angiogenesis. Subsequently, PHA665752 was topically applied to 
the TPA-treated mouse skin daily for 3 days. WT skin treated with 
the c-Met inhibitor did not exhibit a significant reduction in vessel 
density compared with untreated WT skin, indicating that endog-
enous HGF/c-Met signaling does not significantly contribute to 
TPA-induced angiogenesis (Figure 3A). However, the vessel density 

in Smad2–/– skin treated with the c-Met inhibitor was reduced to a 
level comparable to WT controls (Figure 3A). To determine whether 
c-Met inhibition also attenuates naturally occurring angiogenesis 
in tissues with epithelial Smad2 loss, we applied the c-Met inhibitor 
orally (dissolved in sesame oil) for 3 days. Examination of angio-
genesis in oral tissue revealed similar effects of c-Met inhibition on 
epithelial Smad2 loss–associated angiogenesis in oral tissue (Fig-
ure 3B and Figure 4). Immunofluorescence staining shows that the  
c-Met inhibitor did not alter the number of p-Smad2–positive cells 
in the skin (not shown) or oral mucosa (Figure 4), but significantly 
reduced p–c-Met–positive cells in vessels of K5.Smad2–/– stroma 
(Figure 4). These results suggest that HGF-mediated c-Met activa-
tion in endothelial cells is a major factor contributing to angiogen-
esis associated with epithelial Smad2 loss.

Smad2-mediated transcriptional repression of HGF in keratinocytes. 
We have previously shown that Smad2 and Smad4 are frequently 
downregulated while Smad3 is largely retained in human SCCs (7). 
To determine whether Smad4 loss has an effect similar to Smad2 
loss on HGF overexpression, we examined HGF levels in the skin 
with keratinocyte-specific deletion of Smad4 (7, 8). No difference 
in levels of HGF mRNA (Supplemental Figure 4) and protein (not 
shown) were found in K5.Smad4–/– skin, suggesting that Smad4 
has little effect on HGF regulation in normal keratinocytes.

Previous reports have shown that HGF is either positively or 
negatively regulated TGF-β (16, 18–20). To determine whether 
Smad2 loss–associated HGF overexpression is linked to Smad-
dependent TGF-β1 effects on HGF regulation, we examined HGF 

Figure 2
Increased HGF with activation of its down-
stream mediators in endothelial cells in K5.
Smad2–/– skin. (A) IHC shows increased 
HGF staining in K5.Smad2–/– epidermis 
and dermis compared with WT skin (first 
row). Immunofluorescence (IF) shows 
K5.Smad2–/– skin had increased acti-
vated endothelial HGF receptor, p–c-Met 
(green, second row, CD31 counterstain in 
red), compared with WT skin. HGF signal-
ing pathway activation demonstrated by 
increased endothelial p-AKT (green, third 
row, CD31 counterstain in red) and IHC 
for eNOS (fourth row) in K5.Smad2–/– skin. 
Arrows indicate endothelial eNOS. Scale 
bar: 100 μm. (B) qRT-PCR demonstrating 
an increased HGF mRNA expression level 
in K5.Smad2–/– skin compared with WT 
skin (fold). HGF level in WT skin was arbi-
trarily assigned as 1. 5 skin samples from 
each group were used. *P < 0.05. Data are 
expressed as mean ± SEM.
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levels after knocking down Smad2, Smad3, or Smad4 in human 
HaCaT keratinocytes using individual siRNAs specific for Smad2, 
-3, or -4 validated in our previous study, which knocked down each 
Smad without affecting other Smads (7). We verified knockdown 
efficiencies at the mRNA and protein levels (Supplemental Fig-
ure 5). Similar to previous reports that TGF-β1 suppresses HGF 
expression in normal cells (18–20), 2 ng/ml TGF-β1 treatment of 
mock-transfected HaCaT keratinocytes for 2 hours caused a sig-
nificant reduction in HGF expression (Supplemental Figure 6). 
Similar to the finding in K5.Smad2–/– skin, knocking down Smad2 
resulted in an approximately 4- to 5-fold increase in HGF expres-
sion with or without TGF-β1 treatment in comparison with cor-
responding controls (i.e., TGF-β1–untreated and –treated HaCaT 
cells, respectively) (Supplemental Figure 6). In contrast, knocking 
down Smad3 or Smad4 had no significant effect on HGF levels 
with or without TGF-β1 treatment (Supplemental Figure 6). These 
data suggest that Smad2 loss attenuated endogenous or exoge-
nous TGF-β1–mediated HGF inhibition.

The specific link between Smad2 loss and HGF overexpression 
found in our study prompted us to evaluate whether Smad2 directly  
inhibits HGF transcription. From the TRANSFAC database, we 
identified a SBE –466 bp upstream of the mouse HGF transcrip-
tional start site (TSS), a region previously shown to be repressed 
by TGF-β (18–19). We performed in vivo ChIP assays in neona-
tal mouse skin using validated Smad antibodies as we previously 
described (7) and confirmed that Smad2, -3, and -4 all bound to 
this site (Figure 5A). To evaluate whether this SBE site is critical for 
Smad regulation of the HGF promoter activity, we created lucifer-
ase reporter constructs with –500 bp HGF promoter sequence with 
and without an SBE mutation. HaCaT human keratinocytes were 
transfected with the HGF luciferase constructs, control renilla 
construct, and individual siRNAs for Smad2, -3, or -4. Consistent 
with the above data, knockdown of Smad2 resulted in a 5-fold 

increase in luciferase activity, which was abrogated by mutation of 
the SBE (Figure 5B). In contrast, knocking down Smad3 or Smad4 
did not affect luciferase activity with either WT SBE or mutant 
SBE (Figure 5B). These results suggest that Smad2 binding to this 
SBE is critical for its repressive effect on HGF transcription; hence, 
Smad2 loss caused HGF overexpression.

We then performed ChIP assays to identify potential corepres-
sors recruited by Smad2 at the –466 bp SBE site. As expected, in 
K5.Smad2–/– skin, Smad2 binding was lost (Figure 6A). Conversely, 
in K5.Smad4–/– skin, Smad2 binding was increased by 8-fold at the 
SBE compared with WT skin (Figure 6A). We then performed ChIP 
assays for corepressors TGIF, CtBP1, and HDACs-1, -2, and -3,  
which have been shown to be recruited by Smad2 to other tran-
scriptional targets (2–3). In K5.Smad2–/– skin, TGIF binding to 
the HGF promoter was significantly reduced whereas CtBP1 and 
HDAC3 binding was not significantly reduced in comparison with 
WT skin (Figure 6B), suggesting that TGIF binding to the HGF 
promoter is primarily recruited by Smad2, whereas CtBP1 and 
HDAC3 may also be recruited by the remaining Smad4. However, 
along with increased Smad2 binding in K5.Smad4–/– skin, TGIF 
and CtBP1 exhibited modest increases in binding to the SBE of the 
HGF promoter, whereas HDAC3 binding to this site increased by 
45-fold compared with WT skin (Figure 6B). These data indicate 
Smad2 has a stronger activity than Smad4 to recruit the transcrip-
tional corepressors, particularly HDAC3 to the SBE of the HGF 
promoter. To confirm that Smad2 directly bound in a complex 
with HDAC3 on the HGF promoter, we performed a dual-IP ChIP 
using WT neonatal mouse skin. We immunoprecipitated chroma-
tin using an antibody specific to either Smad2 or Smad4, followed 
by precipitation of chromatin-Smad complexes using an antibody 
specific to HDAC3. HDAC3 bound to Smad2 10-fold more than 
to Smad4 (Figure 6C).

Increased Smad4-mediated transactivation of HGF contributed greatly 
to HGF overexpression in Smad2–/– keratinocytes. We have previously 
shown that Smad2 loss in keratinocytes causes increased Smad4 
binding and transactivation of the Snail promoter without changes  
to the level of Smad3 or Smad4 protein expression (7). To assess 
whether a similar mechanism also contributes to increased HGF 
overexpression in Smad2-deficient cells, i.e., a compensatory acti-
vation of Smad4-mediated HGF transcription, we knocked down 
Smad2, -3, or -4 individually or in combination in human HaCaT 
keratinocytes and assayed for expression levels of endogenous 
HGF. Similar to the HGF promoter reporter assay (Figure 5B), 
siRNA knockdown of Smad2 leads to increased HGF mRNA lev-
els, whereas knocking down either Smad3 or Smad4 alone did not 
significantly affect HGF expression levels (Figure 7A). However, 
knockdown of Smad3 and Smad4 together resulted in reduced 
HGF expression compared with control (Figure 7A). In addi-
tion, concomitant knockdown of Smad3 or Smad4 with Smad2 
abrogated Smad2 loss–associated HGF overexpression (Figure 
7A). These results suggest that endogenous Smad3 and Smad4 

Figure 3
Abrogation of angiogenesis by c-Met inhibition in K5.Smad2–/– skin or 
oral cavity. (A) Quantitation of angiogenesis demonstrates abrogation 
of angiogenesis by a c-Met inhibitor PHA665752 in TPA-treated K5.
Smad2–/– skin. (B) Quantitation of angiogenesis demonstrates abroga-
tion of angiogenesis by a c-Met inhibitor PHA665752 in K5.Smad2–/– 
tongue mucosa. **P < 0.001. Data are expressed as mean ± SEM.
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together activate normal HGF expression, which could contribute 
to HGF overexpression in Smad2-depleted cells.

We then determined whether Smad3 and Smad4 binding to the 
HGF promoter was increased in K5.Smad2–/– skin. ChIP assays 
showed that Smad3 binding was modestly increased (~3.5-fold) 
and Smad4 binding was dramatically increased (~48 fold) to the 
SBE of the HGF promoter in K5.Smad2–/– skin (Figure 7B). Since we 
have shown that Smad2 loss does not cause compensatory Smad4 
overexpression (7), increased Smad4 binding to the HGF promoter 
in Smad2-deficient cells could be target specific instead of global 
Smad4 activation. To further evaluate whether increased Smad4 
binding in K5.Smad2–/– cells changed the recruitment of transcrip-
tional coactivators on the SBE site of the HGF promoter, we per-
formed ChIP assays for CBP/p300, a previously known coactivator 
of Smad4 (2–3) and RNA polymerase II (RNA Pol II). Consistent 

with increased Smad4 binding in K5.Smad2–/– skin, CBP/p300 
showed increased binding to the SBE of the HGF promoter over 
200-fold compared with WT skin (Figure 7D). Additionally, RNA 
Pol II binding to the SBE of the HGF promoter was increased by 
2.5-fold in K5.Smad2–/– skin (Figure 7D). In contrast, in K5.Smad4–/–  
skin that has increased Smad2 binding (Figure 6A), CBP/p300 
binding was only increased 10-fold, whereas RNA Pol II binding 
was actually reduced by 75% compared with WT skin (Figure 7D), 
which is consistent with increased binding of Smad2 and corepres-
sors in the HGF promoter (Figure 6). Further, we compared recruit-
ment of CBP/p300 by Smad2 and Smad4 to the HGF promoter, 
using a dual-IP ChIP assay in WT mouse skin with an antibody 
specific for Smad2 or Smad4, followed by immunoprecipitation 
of Smad/DNA complexes with the CBP/p300 antibody. We found 
75-fold more CBP/p300 bound to Smad4 than to Smad2 on the 
HGF promoter (Figure 7E). Taken together, these data show that 
Smad4 primarily recruits a transcriptional coactivator to the HGF 
promoter and transactivates HGF; hence, a significant increase in 
Smad4/CBP binding to the HGF promoter in Smad2-deficient 
cells contributes greatly to HGF overexpression.

High incidence of HGF overexpression in human SCCs with Smad2 
loss. HGF is normally expressed in mesenchymal cells but is often 
overexpressed in epithelial tissues of developing cancers (22). To 
determine whether the mechanisms of Smad2 loss–associated HGF 
overexpression found in our analyses contribute to HGF overex-
pression in human SCCs, we performed IHC staining of HGF on 
human SCC tissue arrays containing 74 skin SCCs and 113 head 
and neck SCCs (HNSCCs) (Biomax). Similar to our previous reports 
(7, 8), approximately 60%–70% of SCCs lost either or both Smad2 
and Smad4 (not shown). HGF was not detectable in normal tissues 
(Figure 8), but was detected in 60% (45/75) of skin SCCs and in 45% 
(38/84) of HNSCCs. Consistent with our findings in animal mod-
els and in in vitro analyses, among skin SCCs that lacked Smad2 
protein but retained Smad3/Smad4 protein, HGF was detectable in 
most of the SCCs (Table 1 and Figure 8). HGF-positive cases were 
reduced in Smad2-negative cases when they also lost Smad4 protein 
(Figure 8) and were further reduced in SCCs when Smad3 was also 
lost (Table 1). These data further support that Smad2 loss together 
with Smad3/Smad4-mediated transactivation contributed to HGF 
overexpression in at least some human SCC cases. HGF overexpres-
sion in cases of all 3 Smads positive or all 3 Smads negative for 
Smad2, Smad3, and Smad4 could represent Smad-independent 
mechanisms of HGF regulation. For instance, hypoxia-induced fac-
tors and increased MMP activity, which are commonly associated 
with cancer, largely contribute to HGF induction (22).

Figure 4
c-Met inhibition abrogates angiogenesis associated with epithelial 
Smad2 loss. (A) IF staining of CD31 (green) shows increased angio-
genesis in K5.Smad2–/– tongue mucosa, which was abrogated by a 
c-Met inhibitor PHA66572. K14 (red) was used for counterstain. (B) 
IF staining shows that PHA66572 did not affect Smad2 activation, as 
evidenced by staining of p-Smad2 (green). Note that p-Smad2 was 
specifically ablated in tongue epithelial cells but not in K5.Smad2–/–  
stroma. K14 (red) was used for counterstain. (C) Double IF staining 
of p–c-Met (green) and CD31 (red) shows that the vessels in K5.
Smad2–/– tongue had increased p–c-Met staining (yellow or orange), 
which was abrogated by PHA66572 treatment. Bright green staining 
surrounding the vessels represents autofluorescence of the muscles 
in the tongue. Scale bar: 100 μm.



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 120      Number 10      October 2010	 3611

Discussion
HGF overexpression plays a critical role in angiogenesis associated with 
epithelial Smad2 loss. We have previously shown that Smad2 loss 
in keratinocytes caused an early onset EMT, which contributes to 
increased susceptibility to skin cancer formation and malignant 
progression (7). In the current study, we observed increased angio-
genesis in K5.Smad2–/– tissues and tumors. Since Smad2 was only 
deleted in keratinocytes, increased angiogenesis in the stroma 
suggests that angiogenic regulators secreted from keratinocytes 
were altered by Smad2 deletion. As loss of a TGF-β signaling com-
ponent in keratinocytes often causes compensatory TGF-β1 over-

expression (8, 23), we determined whether increased angiogenesis 
in K5.Smad2–/– tissues was due to increased TGF-β1 that could 
directly induce angiogenesis (21) or due to increased VEGF, which 
can be activated by Smad3 and is seen after Smad4 is knocked out 
in keratinocytes (24) or in breast cancer cells after knocking down 
Smad2 (25). However, we observed neither increased TGF-β1 nor 
increased VEGF production in nonneoplastic K5.Smad2–/– tissues 
or SCCs compared with WT samples, possibly due to a lack of fur-
ther enhancement of Smad3 activation seen in Smad4–/– keratino-
cytes (8), which directly transactivates VEGF (26, 27). These results 
highlight the context-specific nature of Smad transcriptional regu-
lation. Using an unbiased screening, we identified that Smad2 loss 
induces overexpression of HGF. In nonneoplastic K5.Smad2–/– tis-
sues, we did not observe consequent activation of HGF receptor 
c-Met in epithelial cells, presumably due to a low level of c-Met 
in normal epithelial cells. However, at this stage, overexpressed 
HGF is sufficient to activate c-Met in endothelial cells. Further, 
treating K5.Smad2–/– mice with a c-Met inhibitor completely abro-
gated increased angiogenesis to a baseline level seen in normal tis-
sues, suggesting that HGF overexpression is a major contributor 
to angiogenesis associated with epithelial Smad2 loss. This find-
ing has an important implication for a therapeutic strategy tar-
geting SCCs. We have shown that loss of 1 Smad2 allele, which 

Figure 5
Smad2 binding to the SBE of the HGF promoter is critical for transcrip-
tional regulation of HGF. (A) ChIP assay showing Smad2, Smad3, and 
Smad4 all bound to the SBE located 466 bp upstream of the transcrip-
tion start site of the HGF promoter. IgG (rabbit) was used as a nega-
tive control. (B) siRNA knockdown of Smad2 leads to 5-fold increase 
in HGF promoter activity, which is abrogated by mutation of the SBE. 
Knockdown of Smad3 and Smad4 do not increase HGF promoter 
activity. **P < 0.001. Data are expressed as mean ± SEM.

Figure 6
Smad2-mediated repression of HGF 
transcription. (A) HGF promoter occu-
pancy by Smad2 in WT skin, K5.
Smad2–/– skin, and K5.Smad4–/– skin. 
Smad2–/– skin has reduced Smad2 bind-
ing with remainder attributable to non-
epithelial tissues. Smad4–/– skin showed 
an 8-fold increase in Smad2 binding. (B) 
Transcriptional repressors TGIF, CtBP1, 
and HDAC3 bound to the HGF promoter 
with greater affinity in K5.Smad4–/– and 
reduced affinity in K5.Smad2–/– skin 
compared with WT skin by comparative 
ChIP. (C) Dual-IP ChIP was performed 
by first immunoprecipitating Smad2 and 
Smad4 on the HGF promoter in WT 
skin, then performing a second IP to 
HDAC3. *P < 0.05; **P < 0.01. Data are 
expressed as mean ± SEM.
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contributes to at least a 50% reduction of Smad2 protein, occurs 
in approximately 40% of human SCCs and that overall Smad2 
protein loss occurs in approximately 70% of human SCCs (7). 
Our current study suggests that Smad2 loss is an important fac-
tor contributing to HGF overexpression in human SCCs. Since 
Smad2 is haploid insufficient, i.e., 50% of Smad2 loss is sufficient 
to increase skin cancer susceptibility (7), it would be difficult to 
restore genetically lost Smad2 to a normal level when treating SCC 
patients. Therefore, if we can block Smad2 loss–mediated angio-
genesis using a c-Met inhibitor, Smad2 loss–associated malignant 
progression may be attenuated or delayed. As seen in our current 
study, since HGF is barely detectable in normal tissue, the c-Met 
inhibitor did not significantly affect normal angiogenesis, which 
could be beneficial as a targeted therapy. Nevertheless, since can-
cer-associated angiogenesis involves multiple pathways and often 
harbors oncogene addiction (28), it remains to be determined 
whether blocking HGF-mediated angiogenesis can significantly 
slow down or starve tumor cells in Smad2-deficient SCCs.

HGF transcription is negatively regulated by Smad2 but positively regu-
lated by Smad4. TGF-β can stimulate HGF production (16, 17, 29) 
but can also represses HGF (30, 31). As summarized in Figure 9, 
our current study revealed an important mechanism underlying 

this context-specific effect of TGF-β signaling on HGF transcrip-
tional regulation, which largely depends on the ratio of Smad2 
and Smad4 in cells. In normal keratinocytes, Smad2, -3, and -4 all 
bind to the –466 bp SBE of the HGF promoter (Figure 5). In this 
complex, Smad2 primarily recruits transcriptional corepressors 
(e.g., TGIF, CtBP1, and HDAC3; Figure 6), whereas Smad4 primar-
ily recruits transcriptional coactivator CBP/p300 (Figure 7). Since 
normal keratinocytes produce very low levels of TGF-β, the recruit-
ment of either corepressors or coactivators are expected to be at 
low levels. Together with the balance between the recruitment of 
corepressors and coactivators, virtually no HGF can be detected in 
normal keratinocytes. Because Smad3 has the strongest DNA bind-
ing, loss of Smad2 only modestly increased Smad3 binding, where-
as loss of Smad4 did not significantly affect Smad3 binding to the 
HGF promoter. Smad4 loss in normal keratinocytes had no signif-
icant effect on baseline HGF expression, despite increased binding 
of Smad2 and corepressors, i.e., TGIF, CtBP1, and HDAC3. Two 
possibilities could contribute to this result. First, consistent with 
a previous report that Smad2 can recruit both corepressors and 
coactivator CBP/p300 (4), increased CBP/p300 binding to the HGF 
promoter was also seen in K5.Smad4–/– skin, which was presum-
ably a result of increased Smad2 binding. Second, the remaining  

Figure 7
Smad4-mediated transactivation of HGF transcription. (A) Knockdown of Smad2 dramatically upregulates HGF expression, which is abrogated 
by concomitant knockdown of either Smad3 or Smad4. Knockdown of Smad3 and Smad4 leads to reduced HGF expression compared with 
mock treatment. *P < 0.05 compared with mock treatment. ‡P < 0.05 compared with Smad2 siRNA. (B) HGF promoter occupancy by Smad3 and 
Smad4 in WT skin, K5.Smad2–/– skin, and K5.Smad4–/– skin. As expected, Smad4 binding is reduced in Smad4–/– skin. Smad2–/– skin showed an 
increase in Smad3 and Smad4 binding. *P < 0.05 compared with WT skin. (C) Transcriptional activators CBP/p300 and RNA Pol II bound with 
greater affinity in K5.Smad2–/– skin, correlating with Smad2 loss–associated HGF upregulation. CBP/p300 binding was modestly increased in 
Smad4–/– skin, which showed an increase in Smad2 binding. RNA Pol II was reduced in Smad4–/– skin. *P < 0.05; **P < 0.01 compared with WT 
skin. (D) Dual-IP ChIP was performed by immunoprecipitating Smad2 and Smad4 on the HGF promoter in WT skin, then performing a second 
IP to CBP/p300. Transcriptional activator CBP/p300 bound to Smad4 with 75-fold greater affinity than to Smad2. *P < 0.05. Data are expressed 
as mean ± SEM.
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Smad3 could still transactivate HGF, as knocking down both 
Smad3 and Smad4 exhibited reduced baseline HGF levels. There-
fore, the balance between Smad2/Smad3-mediated transactivation 
and an increase in Smad2-mediated repression kept HGF levels 
largely unaffected in Smad4–/– keratinocytes. In contrast to Smad4 
loss, Smad2 loss had a dramatic effect on HGF levels. Smad2 loss 
caused a dramatic increase in Smad4 binding to the HGF promoter.  
The shift from Smad2 binding to Smad4 binding also caused a sig-
nificant increase in the recruitment of transcriptional coactivator 
CBP/p300. Therefore, the significant increase in CBP/p300 bind-
ing apparently dominates transactivation of HGF. Supporting this 
notion, ablating Smad2 in keratinocytes resulted in an increased 
HGF expression, which was abrogated when Smad4 was also ablated.  
The correlation between HGF expression and Smad2-negative/
Smad4-positive status in human SCCs is also consistent with our 
molecular analysis and our findings from K5.Smad2–/– and K5.
Smad4–/– mouse models. In addition to the direct transcriptional 
regulation of HGF by Smad2 and Smad4, it has been shown that 
mesenchymal cells have HGF-dependent angiogenesis (30–34). 
Since Smad2–/– keratinocytes undergo EMT (7), this may also 
allow a mesenchymal transcriptional environment that pro-
motes HGF transcription.

In summary, we report that Smad2 normally represses HGF 
expression, and its loss caused HGF overexpression associated  
with loss of this repression and, perhaps even more, with 
increased Smad4 transactivation of HGF. Increased HGF con-
tributes greatly to Smad2 loss–associated angiogenesis, which 
can be abrogated by inhibition of c-Met. Our study indicates 
that although Smad4 is a potent tumor suppressor, Smad2 
loss–associated increase in Smad4 binding to the HGF promoter  
beyond a physiological level facilitates angiogenesis, which 
could contribute to tumor promotion. Our study necessitates 
future analysis of whether HGF-mediated angiogenesis con-

tributes to tumor formation and malignant progression in tissues 
with epithelial Smad2 loss and therefore can be pharmacologically 
targeted for SCC treatment.

Methods
All studies were reviewed and approved by IACUC and IRB at Oregon 
Health and Science University and by IACUC and IRB at University of 
Colorado Denver.

Generation of inducible and keratinocyte-specific Smad2- and Smad4-knockout 
mice. Inducible K5.Smad2–/– and K5.Smad4–/– mice were generated as we 
previously reported (7, 8). Cre-mediated Smad2 or Smad4 deletion in kera-
tinocytes was achieved with topical application of RU486 (20 μg in 100 μl 
ethanol in the skin or 40 μg in 50 μl in sesame oil in oral mucosa) once a 
day for 3–5 days at time points specified in the Results section. Smad2 or 
Smad4 gene deletion was detected by PCR on DNA extracted from RU486-
treated skin, using deletion-specific primers (35, 36).

RNA extraction and quantitative RT-PCR. Total RNA was isolated from 
mouse skin and tumors using RNAzol B (Tel-Test), as previously described 
(37), and further purified using a QIAGEN RNeasy Mini Kit (QIAGEN). 

Table 1
HGF-positive cases correlated with Smad2-negative/Smad4-positive 
status

Smad status	 HGF-positive cases/	 HGF-positive cases/ 
	 total skin SCC cases	 total HNSCC cases
Smad2–Smad4+Smad3+	 8/8 (100%)	 11/13 (85%)
Smad2–Smad4–Smad3+	 27/48 (56%)B	 17/39(44%)B

Smad2+Smad4–Smad3+	 2/3 (67%)	 6/20 (35%)B

Smad2–Smad3–Smad4–	 0/1 (0%)	 2/9 (22%)B

Smad2+Smad3+Smad4+	 8/15 (56%)A	 2/3 (66%)

AP = 0.05; BP = 0.01 compared with Smad2–Smad4+Smad3+.

Figure 8
HGF expression correlates with Smad2 
loss but Smad4 retention in human SCCs. 
IHC staining showing that normal oral 
mucosa is HGF negative but positive for 
both Smad2 and Smad4. In SCCs from 
head and neck (here) or skin (not shown), 
epithelial HGF staining correlated with the 
Smad2-negative, Smad4-positive staining 
pattern. In SCC without strong staining of 
both Smad2 and Smad4, HGF staining in 
epithelia was weak. Scale bar: 100 μm.
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Quantitative RT-PCR (qRT-PCR) was performed as we have previously 
described (38). HGF levels were determined using Power SYBR Green 
Master Mix (Applied Biosystems) and custom primers (for mouse: 1F-
GAACTGCAAGCATGATGTGG, 1R-GATGCTGGAAATAGGGCAGAA; 
for human: 1F- AAAGGACTTCCATTCACTTGC, 1R-CGCTCTCCCT-
TACTCAAGCTA). A GAPDH RNA probe was used as an internal control. 
Three to 9 samples from each genotype of mice were used for qRT-PCR. 
In analyzing the relative expression levels of individual genes, the average 
expression level from WT samples (unless otherwise specified) of each par-
ticular gene being analyzed was set as “1” arbitrary unit.

Tissue histology and IHC. Dissected mouse tissue and tumor samples were 
fixed in 10% neutral-buffered formalin at 4°C overnight, embedded in 
paraffin, and sectioned to 6-μm thickness. Human tissue arrays of skin 
SCCs and head and neck SCCs (without personal information) were pur-
chased from Biomax. IHC was performed on paraffin sections of mouse 
and human SCC samples, as we have previously described (39), using pri-
mary antibodies against HGF (1:10; R&D Systems), p–c-Met (1:50; Cell Sig-
naling), p-Smad2 (1:100; Cell Signaling), Smad2 (1:100; Zymed), Smad4 
(1:100; Upstate), and eNOS (1:50; Abcam). Sections were counterstained 
with hematoxylin. A double-blind evaluation for IHC was performed by  
2 investigators using methods we have previously described (39).

Double-stain immunofluorescence. Each section was incubated overnight 
at 4°C with a primary antibody together with either a guinea pig antise-
rum against mouse K14 (1:400; Fitzgerald), which highlights the epithelial 
compartment of the skin or oral mucosa (37), or CD31 (1:200; BD Biosci-
ences) which highlights endothelium. The primary antibodies included  
p-Smad1/5/8 (1:50; Cell Signaling), p-Smad2 (1:100, Cell Signaling),  
p-AKT (1:100; Cell Signaling), and p–c-Met (1:50; Cell Signaling). Frozen 
sections were fixed for 2 minutes in methanol. An Alexa Fluor 488–conjugat-
ed (green) secondary antibody against the species of the primary antibody 
(1:400; Molecular Probes) and Alexa Fluor 594–conjugated (red) anti-guinea  

pig secondary antibody (1:400; Molecular Probes) for K14 counterstain 
or Alexa Fluor 594–conjugated (red) anti-rat secondary antibody (1:400; 
Molecular Probes) for CD31 was used to visualize the staining. Sections 
were visualized under a Nikon Eclipse E600W fluorescence microscope. 
Images were acquired using MetaMorph (Universal Imaging Corp.) and 
processed using Adobe Photoshop 6.0. Quantitation of angiogenesis was 
done using ImageJ software (NIH) and expressed as percentage of stroma 
occupied by vessels ± SEM.

c-Met inhibitor treatment. Adult K5.CrePR1/Smad2f/f mice together with 
their WT littermates were topically treated with RU486 for 5 days to induce 
Smad2 deletion (Smad2–/–) in the skin. These mice were then topically treated  
with 5 μg of tetradecanol-phorbol-13-acetate (TPA), which induces acute 
inflammation and angiogenesis in the skin. Subsequently, a c-Met inhibitor, 
PHA665752 (Tocris, dissolved in DMSO and then diluted in 100% ethanol), 
was topically applied to the skin of the above mice, 16.5 μg /mouse, daily for 
3 days, beginning on the same day of TPA application. In a separate experi-
ment, Smad2 was deleted by oral RU486 treatment for 5 days, followed by 
a c-Met inhibitor PHA665752 (dissolved in sesame oil) daily for 3 days to 
assess its effect on naturally occurring angiogenesis in oral mucosa.

Quantitative chromatin immunoprecipitation. At least 4 mouse backskins 
from each group of WT, K5.Smad2–/–, and K5.Smad4–/– mice were homog-
enized on ice in 5 ml of 1% formalin and incubated at room temperature 
for 30 minutes after adding an additional 5 ml of 1% formalin to each 
tube. Each sample was then diluted in 1 ml of 10× Glycine Stop Solution 
(Active Motif), incubated at room temperature for 5 minutes, and then 
centrifuged at 250 g for 10 minutes at 4°C. The resulting pellet was used 
for ChIP Enzymatic Digestion following the manufacturer’s protocol 
(Active Motif). Antibodies, 3 μg each, to Smad2 (Zymed), Smad3 (Upstate), 
Smad4 (Upstate), RNA Pol II (Upstate), CBP/p300 (Upstate), TGIF (Santa 
Cruz Biotechnology Inc.), CtBP1 (Upstate), and HDAC3 (Abcam) were 
used to immunoprecipitate the sheared chromatin complexes. Rabbit IgG 

Figure 9
Schematic of Smad transcriptional regu-
lation of HGF. WT skin has Smad2, -3, 
and -4 bound to the HGF promoter 466 
bp upstream of the TSS, with the various 
Smads having recruited transcriptional acti-
vators (CBP/p300) and repressors (TGIF, 
CtBP1, and HDAC3). When Smad4 is lost, 
increased Smad2 is bound, recruiting tran-
scriptional repressors and preventing HGF 
expression. In contrast, when Smad2 is 
lost, increased Smad3 and Smad4 bind to 
the HGF promoter, recruiting transcriptional 
activators and promoting HGF expression.



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 120      Number 10      October 2010	 3615

(3 μg; Santa Cruz Biotechnology Inc.) or mouse IgG (3 μg; Upstate) was 
employed as a negative control for antibody specificity. DNA obtained 
from eluted beads was used for quantitative PCR using Power SYBR Green 
Master Mix (Applied Biosystems). Primers encompassing the SBE sites of 
the HGF promoter (FP, AGTCCAACGGGTCTCAAGTG; RP, CCAAAC-
CACTGCAAAAGGAT) were used for PCR. Positive binding was defined 
as antibody binding greater than 10-fold of the IgG-negative control. PCR 
encompassing the coding region was used as a negative control for specific-
ity of SBE binding. ΔCt values were obtained by normalizing IP Ct values 
to input values for each group. ΔΔCt values were obtained by comparing 
the ΔCt values of K5.Smad2–/– and K5.Smad4–/– skin to WT skin. Values are 
expressed as fold change based on ΔΔCt values.

Dual-IP ChIP. At least 4 mouse backskins from WT mice were homog-
enized on ice in 5 ml of 1% formalin in 10 mM dimethyl adipimidate 2HCl. 
After homogenizing, another 5 ml of cross-linking solution was added and 
samples were incubated at 37°C for 10 minutes and then at room tempera-
ture for 20 minutes. Each sample was then diluted in 1 ml of 10× Glycine 
Stop Solution (Active Motif), incubated at room temperature for 5 minutes, 
and then centrifuged at 250 g for 10 minutes at 4°C. The resulting pellet 
was used for ChIP Enzymatic Digestion following the manufacturer’s pro-
tocol (Active Motif). Antibodies, 3 μg each, to Smad2 (Zymed) and Smad4 
(Upstate) were used for the initial immunoprecipitation of the sheared 
chromatin complexes overnight at 4°C. Rabbit IgG (3 μg, Santa Cruz Bio-
technology Inc.) was used as a negative control for antibody specificity. 
Complexes were eluted from Protein G Beads using 50 μl of the provided 
elution buffer (Active Motif). Antibodies, 3 μg each, to CBP/p300 (Upstate) 
and HDAC3 (Abcam) were used for the second immunoprecipitation, 
performed overnight at 4°C. Rabbit IgG (3 μg, Santa Cruz Biotechnol-
ogy Inc.) was used as a negative control for antibody specificity. Elution 
and cross-link reversal was performed as per manufacturer’s instructions 
(Active Motif). DNA obtained from eluted beads was used for quantitative 
PCR using Power SYBR Green Master Mix (Applied Biosystems). Prim-
ers encompassing the SBE sites of the HGF promoter (above) were used 
for PCR. Positive binding was defined as antibody binding greater than  
10-fold of the IgG-negative control. ΔCt values were obtained by normaliz-
ing IP Ct values to values for chromatin having been immunoprecipitated 
only once for Smad2 or Smad4 respectively. ΔΔCt values were obtained 
by comparing the ΔCt values of Smad4-initial-IP to the Smad2-initial-IP, 
i.e., Smad4(1st IP)-HDAC3(2nd IP) versus Smad2(1st IP)-HDAC3(2nd IP). 
Values are expressed as fold change based on ΔΔCt values.

HaCaT keratinocyte culture and siRNA knockdown. HaCaT keratinocytes 
were cultured in high-glucose DMEM with 10% FBS and penn-strep 
antibiotics. Twenty-four hours prior to siRNA transfection, cells were 
switched to low-glucose DMEM with 0.2% FBS and penn-strep antibi-
otics. Cells were transfected with siRNAs for human Smad2, Smad3, or 
Smad4: Smad2: UUCUCAAGCUCAUCUAACCGUCCUG, Invitrogen (7), 
or GGAGUGCGCUUAUACUACAtt, Applied Biosystems (Supplemental 
Figure 5); Smad3: CCUGCUGGAUUGAGCUACACCUGAA, Invitrogen (7), 
or GUCUACCAGUUGACCCGAAtt, Applied Biosystems (Supplemental 
Figure 5); Smad4: GGUGAUGUUUGGGUCAGGUGCCUUA, Invitrogen 
(7), GGACAUUCAAUUCAAACCAtt, Applied Biosystems (Supplemental 

Figure 5). XtremeGene siRNA Transfection Reagent (Roche) was used in 
6-well plates at a final concentration of 50 pmol siRNA/μl in Opti-MEM 
media (Gibco; Invitrogen). Four hours after transfection, media was 
switched to high-glucose DMEM. Cells were harvested at 72 hours after 
siRNA transfection for RNA extraction using QIAshredder and RNeasy 
kits (QIAGEN). For HaCaT cells treated with TGF-β1, a final concentra-
tion of 2 ng/ml TGF-β1 was added to culture medium the last 2 hours 
prior to harvesting the cells.

Luciferase constructs. Normal C57BL/6 mouse genomic DNA was used to 
amplify the HGF promoter region using the following set of primers using 
the Easy-A cloning kit (Promega): FP, CTCCCTCCCTGAAGACTGTG; RP, 
CTCAGCCCAATCGCTAAGTC. The gel-extracted promoter was ligated to 
the pGEM T-Easy vector (Promega) as per the manufacturer’s instructions. 
The vector was sequence verified. Using XhoI- and HindIII-labeled forward 
and reverse primers from above, we amplified the promoter. Using XhoI 
and HindIII (New England Biosystems) restriction enzymes, we cut the pro-
moter fragment and cloned it into pGL4.26 Luciferase Vector (Promega). 
A Stratagene QuikChange Kit was used to mutate the SBE from CTGT to 
TTGA as we previously described (24).

HGF-pGL4.26, pGL4.74 (Promega), and siRNAs were transfected into 
50% confluent HaCaT cells in a 24-well plate using XtremeGene siRNA 
Transfection Reagent (Roche). Cells were harvested for luciferase using 
the Dual Luciferase Assay reagents (Promega) as per the manufacturer’s 
instructions. Luciferase reporter assays were done using the 96-well plate 
GloMax dual-injector luminometer (Promega).

Protein extraction and ELISA. Protein extraction was performed by homog-
enizing tissue in Complete Lysis Buffer M (Roche). Total protein was deter-
mined using detergent-compatible Bradford Assay reagents (Bio-Rad). 
Quantikine ELISA kit for VEGF (R&D Systems) was used to determine the 
concentration of VEGF, as per the manufacturer’s instructions.

Statistics. Significant differences between the values obtained in each 
assay on samples from various genotypes were determined using Student’s 
t test and expressed as mean ± SEM, with the exception of evaluation of 
human SCCs, where a 2-tailed Fisher’s exact test was used. P values consid-
ered significant (P < 0.05) are denoted in each figure or table.
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