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Squamous cell carcinomas (SCCs) originate in stratified epithelia, with a small subset becoming metastatic. 
Epithelial stem cells are targets for driver mutations that give rise to SCCs, but it is unknown whether they 
contribute to oncogenic multipotency and metastasis. We developed a mouse model of SCC by targeting two 
frequent genetic mutations in human SCCs, oncogene KrasG12D activation and Smad4 deletion, to mouse ker-
atin 15–expressing (K15+) stem cells. We show that transgenic mice developed multilineage tumors, including 
metastatic SCCs. Among cancer stem cell–enriched (CSC-enriched) populations, those with increased side 
population (SP) cells correlated with epithelial-mesenchymal transition (EMT) and lung metastasis. We show 
that microRNA-9 (miR-9) contributed to SP expansion and metastasis, and miR-9 inhibition reduced the num-
ber of SP cells and metastasis. Increased miR-9 was detected in metastatic human primary SCCs and SCC 
metastases, and miR-9–transduced human SCC cells exhibited increased invasion. We identified α-catenin 
as a predominant miR-9 target. Increased miR-9 in human SCC metastases correlated with α-catenin loss but 
not E-cadherin loss. Our results demonstrate that stem cells with KrasG12D activation and Smad4 depletion can 
produce tumors that are multipotent and susceptible to EMT and metastasis. Additionally, tumor initiation 
and metastatic properties of CSCs can be uncoupled, with miR-9 regulating the expansion of metastatic CSCs.

Introduction
Squamous cell carcinomas (SCCs) are derived from stratified epi-
thelia present within the skin and oral cavity. A subset of aggres-
sive SCCs become metastatic and lead to metastasis-associated 
death. The rate of metastasis in skin SCCs ranges from 0.1% to 
10% (1), with poorly differentiated tumors and those with greater 
vertical tumor thickness having an increased risk of metastasis (2). 
Genetic alterations and intrinsic tumor cell properties controlling 
SCC metastasis are largely unknown. Genetically engineered mice 
provide a powerful tool for dissecting driver mutations that con-
tribute to SCC initiation and metastasis. To date, very few genetic 
mutations causing spontaneous SCC formation and metastasis 
have been found, particularly metastasis to the lung, which is 
the leading cause of SCC-associated death (3). Mice with a Smad4 
deletion in stratified epithelia develop spontaneous SCCs in the 
skin, oral cavity, and forestomach (4–6). Among these models, oral 
SCCs metastasize to lymph nodes (4), whereas skin and forestom-
ach SCCs do not metastasize (5, 6).

Because stratified epithelia undergo constant self-renewal and 
rapid turnover, it is believed that driver mutations for SCCs must 
initially occur in resident stem cells that renew these epithelia 
throughout life. In mouse skin, the hair follicle bulge harbors 

keratin 15–positive (K15+) multipotent stem cells, which nor-
mally renew hair follicles and sebaceous glands, but can also 
transiently give rise to epidermal keratinocytes after injury  
(7, 8). The K15+ cells also reside in the deeper part of the rete in 
tongue papillae in humans and mice, which are believed to be 
in a niche similar to the hair follicle bulge (9). In humans, SCCs 
arising from hair follicles, i.e., follicular SCCs (FSCCs), account 
for 1.2% of all primary human SCCs, and stem cells within the 
bulge region of the hair follicles are suspected of being the cell 
of origin for FSCCs (10). However, it is not technically feasible 
to perform lineage-tracing experiments to prove that human 
FSCCs arise from hair follicle bulge stem cells. Lineage-tracing 
experiments have been performed in mice, and they demonstrate 
that K15+ stem cells can give rise to progeny that express keratins 
5 and 14 (K5 and K14) and other differentiation markers (11, 
12). Therefore, once genetic mutations occur in K15+ cells, they 
will be permanently altered in K15-expressing stem cells and all 
of their differentiated progeny. For instance, K15+ bulge stem 
cells can respond to chemical carcinogens and induce SCCs in 
the skin (13). In addition, activation of a KrasG12D mutant and 
deletion of p53 in K15+ cells causes the formation of SCCs (14, 
15), whereas Ptch deletion in K15+ cells results in basal cell carci-
noma (BCC) formation, a tumor type representing a hair follicle 
lineage (16). These studies suggest that normal stem cells, once 
mutated, can be converted to cancer stem cells (CSCs). However, 
since the tumors that developed in these models are lineage com-
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mitted (SCCs or BCCs in each model), it remains to be deter-
mined whether stem cells lose their capacity for multipotency 
during carcinogenesis.

In addition to converting normal stem cells to CSCs, certain 
tumor cells may acquire stem cell properties, causing them to 
behave as CSCs (17). Dedifferentiation and epithelial-mesenchy-
mal transition (EMT) play important roles in acquiring “stem-
ness” (18). Normal stem cell markers have been used to sort CSC- 
enriched populations. For example, CD34, a marker of normal epi-
thelial stem cells (19), was used to sort CD34hi tumor–initiating 
populations in DMBA/TPA-induced SCCs (20). However, these 
normal stem cell markers may not be present on CSC populations 
arising as a result of dedifferentiation and EMT. For this reason, 
the side population (SP), a functional sorting method that relies 
on the ability of stem cells to efflux Hoechst dye (21–23), has been 

used to identify CSCs independently of tissue and cell types (24). 
It is not known, however, whether CSCs behave similarly in tumor 
initiation and metastasis.

In the current study, we sought to determine: (a) whether tar-
geting Smad4 deletion alone or in combination with KrasG12D acti-
vation, two mutations commonly occurring in human SCCs (25, 
26), to K15+ stem cells will initiate multilineage tumors; and (b) 
whether CSCs contribute to SCC metastasis, and if so, what the 
associated molecular mechanism might be. We describe a novel 
mouse model for aggressive SCC lung metastasis that reveals roles 
for KrasG12D and Smad4 deletion in stem cell multipotency and 
metastasis. From this model, we identify two distinct CSC popu-
lations and show that only the SP is associated with metastasis. We 
also provide evidence that miR-9 contributes to metastatic CSC 
expansion and SCC metastasis.

Figure 1
Primary and passaged tumor types 
in K15.KrasG12D.Smad4–/– mice. (A) 
H&E staining of representative K15.
KrasG12D papilloma and K15.KrasG12D. 
Smad4–/– SCC, BSCC, and SCC 
lung metastases. Scale bar: 100 μm. 
(B) H&E staining of representative 
benign tumor types from K15.KrasG12D.
Smad4–/– mice. From left to right: dys-
plasia, sebaceous adenoma (SA), tri-
choepithelioma, and BCC. Scale bar: 
50 μm for dysplasia and 100 μm for 
the rest of the panels. (C) Examples of 
dedifferentiation in passaged tumors 
(middle panels) and metastasis (right 
panels) that developed from parental 
SCCs (left panels). Scale bar: 100 μm. 
(D) Quantification of tumor histology 
in primary (n = 40) and passaged  
(n = 23) tumors. *P < 0.001 for well-dif-
ferentiated tumors; **P = 0.004 for poor-
ly-differentiated tumors; ***P = 0.003 for 
SPCCs. (E) Percentage of tumor-bear-
ing mice with lung metastasis from 
mice (n = 18) carrying primary tumors 
and mice (n = 15) carrying passaged 
tumors. Significance was calculated 
using Fisher’s exact test; *P < 0.001.
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Results
Targeting KrasG12D and Smad4–/– to bulge stem cells causes metastatic 
SCCs with multilineage histotypes. To determine whether K15+ cells in 
human skin harbor UV signature DNA damage and thus possess 
the potential to give rise to SCCs, we stained human skin biopsies to 
detect cyclobutane pyrimidine dimers (CPDs), a UV-induced DNA 
damage marker (27), and pH2AX, a marker for DNA double-strand 
breaks (28). Two patient skin biopsies were taken 24 hours after UV 
exposure to an ultralite phototherapy chamber source (311-nm nar-
row-band UVB phototherapy lamp, 0.4 J/cm2). Cells with CPD and 
pH2AX foci were detected in the epidermis and, to a lesser extent, 
in the hair follicles including both bulge cells (confirmed by K15 
counterstaining) (Supplemental Figure 1; supplemental material 
available online with this article; doi:10.1172/JCI65856DS1) and 
CD200 staining in consecutive sections (not shown) and nonbulge 
follicle cells (Supplemental Figure 1). We also examined biopsies of 
actinic keratoses (AK), which are precursor lesions of SCCs, for the 
presence of CPD and pH2AX foci. Consistent with a previous report 
that most CPDs are repaired following acute UV-induced DNA 
damage (27), there were significantly fewer epidermal CPD-posi-
tive cells in the AK lesions than in acute UV-treated skin. However, 
scattered CPD-positive cells were identified in 3 of 7 AK samples, 
including both K15+ and K15– cells in hair follicles adjacent to 

the AKs (Supplemental Figure 1). pH2AX-positive cells were also 
detected in bulge cells in 6 of 7 AK samples, albeit to a lesser degree 
than in the interfollicular epidermis (Supplemental Figure 1).  
These data confirm that K15+ cells within the hair follicle bulge 
region are subjected to UV-induced DNA damage.

To determine the consequences of targeting mutations fre-
quently found in human SCCs to bulge stem cells, we crossbred 
K15.CrePR1 mice (29) with LSL-KrasG12D mice (12) and Smad4 
floxed mice (Smad4f/f) (5). Upon topical application of RU486 to 
the back skin of 3-week-old mice for 5 days, CrePR1 caused acti-
vation of the heterozygous KrasG12D knockin allele and homozy-
gous deletion of the Smad4 floxed alleles in K15+ cells (hereafter 
referred to as K15.KrasG12D.Smad4–/–) (Supplemental Figure 2). The 
floxed Smad4 allele and KrasG12D mutants were detected by PCR 
genotyping, as we previously described (4, 30). Similarly to pre-
vious reports (14, 31), K15.KrasG12D littermates developed benign 
papillomas without progressing to malignancy (Figure 1A). K15.
Smad4–/– littermates initially developed a hair loss phenotype with 
degenerated hair follicles and enlarged sebaceous glands, similar 
to MMTV.Smad4–/– or K5.Smad4–/– mice as previously reported 
(5, 32), but did not develop spontaneous skin tumors for up to  
1 year (data not shown), suggesting that Smad4 inactivation does 
not activate ras signaling the same way as the KrasG12D mutant. 

Figure 2
K15.KrasG12D.Smad4–/– SCCs contained 
CSC-rich populations. (A) Immuno-
fluorescence staining of K15.KrasG12D.
Smad4–/– tumors shows nests of K15+ 
cells within K14-expressing tumor cells. 
Middle panel: K15+ (green) cells are 
largely overlapping with proliferating 
PCNA+ cells (red). Bottom panel: K15+ 
(green) cells are distinct from differenti-
ated K1-expressing keratinocytes (red). 
Scale bar: 50 μm. (B) Flow cytometry 
of the Hoechst dye–effluxing SP. SP 
cells are gated as those cells that are 
negative for Hoechst dye (left panel). 
Verapamil blocks the ABC transporter, 
eradicating the SP+ cells (right panel). 
(C) The non-SP cells were further 
sorted for the CD34+/CD49f+ population 
and a population negative for CSC cells 
(non-SP/CD34–/CD49f–). (D) Grafting of 
10,000 SP+ cells formed tumors 3 weeks 
later, while 10,000 non-SP/CD34–/
CD49f– cells did not form tumors. (E) 
Grafting of 10,000 CD34+/CD49f+ cells 
also formed tumors 3 weeks later. (F) A 
tumor derived from sorted SP cells (B 
and D) gave rise to both SP+ cells and 
CD34+/CD49+ populations. (G) A tumor 
derived from sorted CD34+/CD49+ cells 
(C and E) gave rise to both SP+ cells 
and CD34+/CD49+ populations.
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This is also in sharp contrast to Smad4–/– spontaneous SCCs that 
develop around 6 to 8 months when Cre is driven by a K14, K5, or 
MMTV promoter (4–6). Since these latter promoters target Smad4 
deletion in stem cells and nonstem cells in both the hair follicle 
and interfollicular epidermis, the data suggest that tumor initia-
tion requires the deletion of Smad4 in cells that divide frequently, 
rather than in more quiescent bulge stem cells (8, 33). The K15.
KrasG12D.Smad4–/– mice, however, rapidly developed skin tumors 
beginning 1 month after induction of Cre-mediated recombina-
tion with 100% penetrance. The number of tumors developing 
on each K15.KrasG12D.Smad4–/– mouse varied widely (ranging from 
one to multiple tumors per mouse), presumably depending on 
the efficiency of Cre induction and Cre-mediated recombination. 
By 18 weeks of age, all mice were euthanized due to aggressive 
tumor growth. Histological analyses revealed that all mice devel-
oped well-to-moderately differentiated SCCs (Figure 1A), a tumor 
type representing an epidermal lineage, or basaloid SCCs (BSCCs) 
(Figure 1A), a rare aggressive skin tumor type of unknown stem 
cell origin (34). In contrast, murine skin carcinogenesis models 

in which primary tumors rarely metastasize, 28% (5 of 18) of K15.
KrasG12D.Smad4–/– tumor-bearing mice developed lung metastasis 
(Figure 1, C and E), however, only 1 of 18 mice developed lymph 
node metastasis (not shown). Metastases developed between 8 
and 18 weeks after the two mutations were induced. Lung metas-
tases were from SCCs or BSCCs, with morphologies similar to 
those of their primary tumors (Figure 1C). Interestingly, K15.
KrasG12D.Smad4–/– mice had very few benign papillomas, an epider-
mal lineage tumor type frequently found in murine skin cancer 
models. Instead, SCC precursor lesions showed squamous dys-
plasia (Figure 1B) similar to human precursor lesions for SCC (3). 
Additionally, a subset of benign or locally invasive tumors formed 
adjacent to these SCC precursor lesions, which were of hair folli-
cle (trichoepitheliomas, BCCs) or sebaceous gland origin (seba-
ceous adenomas) (Figure 1B), suggesting that cells giving rise to 
these tumors retain the ability to generate multilineage tumors. 
Smad4 loss was confirmed by comparing Smad4 levels between 
K15.KrasG12D.Smad4–/– tumors and K15.KrasG12D papillomas using 
quantitative real-time PCR (qRT-PCR) at the mRNA level and 

Figure 3
Increased SP cells, not CD34+/CD49f+ cells, in K15.KrasG12D.Smad4–/– SCCs correlate with metastasis, and SP cells in passaged K15.KrasG12D.
Smad4–/– SCCs exhibit increased expression levels of miR-9 and Abcb1a. (A) Analysis of the SP size (percentage of viable cells sorted) in meta-
static (n = 15) and nonmetastatic (n = 9) tumors. Diamonds indicate SP sizes of individual tumors and bars represent averages. *P = 0.009 com-
pared with SP sizes in nonmetastatic SCCs. (B) Analysis of the CD34+/CD49f+ population size (percentage of viable cells sorted) in metastatic 
(n = 15) and nonmetastatic (n = 9) tumors. No significant difference was seen. (C) Increased miR-9 expression correlates with an increase in SP+ 
cells in passaged tumors (assayed by qRT-PCR). Expression values are displayed as normalized miR-9 cycle threshold values raised to the –1 
power (nCt–1). Black diamonds represent miR-9 expression in individual tumor SP+ cells, and gray bars represent the average miR-9 expression 
within each group. *P = 0.002 compared with the primary SP. (D) miR-9 expression levels correlate with the SP sizes of tumors. Significance 
was determined by calculating the correlation coefficient (R2 = 0.87). (E) Increased Abcb1a expression in SP+ cells of passaged tumors (n = 8).  
*P = 0.03 compared with the primary SP. (F) IHC showing an increase in clustered MDR1+ cells in a passaged SCC compared with sporadic 
MDR1+ cells in a primary SCC. Scale bars: 50 μm (upper panels), 16 μm (lower panels).
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immuno histo chemistry (IHC) at the protein level (Supplemental 
Figure 2), indicating that K15 promoter–targeted cells and their 
progeny had lost Smad4.

K15.KrasG12D.Smad4–/– SCCs undergo dedifferentiation and EMT 
and become more metastatic after tumor passage. Next, we sought to 
determine whether CSCs residing within K15.KrasG12D.Smad4–/– 
tumors retain the ability to give rise to multilineage tumors fol-
lowing serial passage. We subcutaneously transplanted (passaged) 
primary tumors (~3 mm3/piece) into the flank skin of immune- 
compromised athymic nude mice. Among all passaged tumors 
(from passage one up to passage seven), we identified SCCs and 
BSCCs, but no BCCs or benign tumors from hair follicles and 
sebaceous glands. These data suggest that CSCs in SCCs still 
possess the ability to give rise to certain multilineage tumors, but 
cannot revert back to form benign tumors, such as trichoepithe-
liomas, sebaceous adenomas, or locally invasive tumors such as 
BCCs. Surprisingly, in contrast to a previous study reporting that 

transplanted SCCs retain a morphology similar to that of primary 
tumors (35), K15.KrasG12D.Smad4–/– passaged tumors exhibited a sig-
nificant increase in poorly differentiated SCCs and EMT-type spin-
dle cell carcinomas (SPCCs) (Figure 1, C and D) and a correspond-
ing increase in lung metastasis to 80% after the first passage (Figure 
1, C and E, P < 0.001). Immunostaining showed that K15.KrasG12D 
papillomas and most K15.KrasG12D.Smad4–/– primary SCCs retained 
E-cadherin and α-catenin, whereas K15.KrasG12D.Smad4–/– passaged 
tumors lost E-cadherin and α-catenin, but gained N-cadherin and 
vimentin (Supplemental Figure 3 and Supplemental Table 1). 
In parallel with the above studies, we transplanted primary UV- 
induced SCCs from K14.Smad4–/– mice. We found that UV-induced 
SCCs did not exhibit morphological changes similar to those in 
the transplanted K15.KrasG12D.Smad4–/– SCCs, nor did they develop 
lung metastasis (data not shown), suggesting that the increase in 
EMT and metastasis in passaged tumors is unique to tumors that 
develop from K15.KrasG12D.Smad4–/– cells.

Figure 4
miR-9 promotes invasion and metastasis in mouse and human SCC cells. (A) Increased invasion in FaDu-miR-9 cells compared with FaDu-GFP 
cells (*P = 0.005). (B) Reduced invasion in B931-Zip-9 cells compared with B931-GFP control cells (*P = 0.005). All invasion assays were performed 
in triplicate. (C) Immunofluorescence of membrane-associated E-cadherin and α-catenin in tumors derived from FaDu cells transduced with GFP 
or miR-9. K14 was used to counterstain. Scale bar: 30 μm. (D) H&E staining showing a representative metastasis derived from FaDu-GFP cells 
exhibiting clustered epithelial cell morphology, whereas a metastasis from FaDu-miR-9 cells displayed poorly differentiated and EMT morphology 
(more obvious in the magnified panels). Scale bars: 50 μm (upper panels), 8 μm (lower panels). (E) Quantification of metastases showed reduced 
numbers of metastases in B931-Zip-9 mice (n = 5) compared with B931-GFP control mice (n = 6). *P = 0.04 for both chest wall and lung metastases. 
Metastases were identified grossly and confirmed by H&E staining. (F) Examples of multiple metastases in the chest wall and lung developed from 
a B931-GFP mouse compared with a single chest wall metastasis in a B931-Zip-9 mouse. Arrowheads point to metastases in the thoracic cavity.
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K15.KrasG12D.Smad4–/– SCCs retained CSC populations, but metastasis 
is correlated with a subset of the CSC-rich population. Because KrasG12D 
and Smad4–/– were initially only targeted to K15+ stem cells, we 
assessed whether K15.KrasG12D.Smad4–/– tumors that were derived 
from these cells still retained K15 expression, which would suggest 
a direct expansion of K15+ mutant stem cells. We immunostained 
for K15, which revealed that K15+ cells were present as small pop-
ulations within K15.KrasG12D papillomas (Supplemental Figure 2D) 
and K15.KrasG12D.Smad4–/– SCCs (Figure 2A). We did not find K15+ 
cells within the differentiated keratin K1+ cells (Supplemental 
Figure 2D and Figure 2A), but most of the K15+ cells stained pos-
itive for PCNA. (Supplemental Figure 2D and Figure 2A). These 
data indicate that once Cre is activated, KrasG12D and Smad4–/– are 
permanently altered in K15+ cells, which unlike normal quiescent 
K15+ cells, become proliferative. In addition, the differentiated 
progeny of K15+ cells (K1+ cells) downregulate K15 expression.

Previous studies have shown that the ability of cultured cell lines 
to undergo EMT increased their tumor initiation properties (18) 
and that CSCs were more invasive than non-CSCs (24, 36). Since 

passaged K15.KrasG12D.Smad4–/– tumors exhibited EMT and became 
more metastatic, we wanted to determine whether the CSC popula-
tion increased during passaging and whether the ability to initiate 
tumor formation was restricted to a subset of cells or was gained 
by all tumor cells. We used FACS to sort passaged K15.KrasG12D.
Smad4–/– SCC tumor cells to identify the Hoechst dye–excluding 
SP (21–23) as well as cells expressing the cell surface markers CD34 
and CD49f, which can be detected in bulge stem cells and SCC 
CSCs (20). Leukocytes (CD45+) and endothelial (CD31+) cells were 
removed from single-cell suspensions prior to sorting for tumor 
epithelial cells. Verapamil, a drug that blocks ABC transporters, 
thereby preventing Hoechst dye efflux, was used as a control to 
confirm that the SP+ cells arose as a result of dye efflux (Figure 2B). 
SP– cells were sorted with CD34 and CD49f antibodies (Figure 2C). 
We also sorted the SP+ cells for CD34 and CD49f expression, how-
ever, no CD34+/CD49f+ cells were identified within the SP+ cells 
(Supplemental Figure 4), demonstrating that these two CSC popu-
lations are distinct. We grafted 1,000–10,000 cells from each tumor 
cell population (SP+, SP–/CD34+/CD49f+, or SP–/CD34–/CD49f–) 

Figure 5
SP expansion is caused by miR-9 overexpression and can be targeted to reduce metastasis by combined treatment with verapamil and che-
motherapy. (A) Increased SP sizes in tumors derived from B911-miR-9 cells compared with tumors derived from B911-GFP control cells (n = 3;  
*P = 0.003). (B) Decreased SP cell sizes in tumors derived from B931-Zip-9 cells compared with tumors derived from B931-GFP control cells  
(n = 4; *P = 0.007). (C–E) MDR1 IHC. (C) MDR1 staining was increased in B911-miR-9 tumors compared with B911-GFP tumors and decreased in 
B931-Zip-9 tumors compared with B931-GFP tumors. (D) Sparse MDR1 staining was found in metastases from FaDu-GFP cells, but dramatically 
increased metastases were derived from FaDu-miR-9 cells. Scale bar: 50 μm in C and D. (E) Treatment of tumor-bearing mice with a combination 
of docetaxel and verapamil significantly reduced lung metastasis from tumors generated by B931 cells compared with either vehicle control or 
docetaxel or verapamil alone. *P = 0.03 compared with control.
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together with 106 normal keratinocytes and 106 fibroblasts using a 
silicon tissue reconstitution chamber inserted underneath the skin 
of athymic mice as previously described (37). SP+ cells (Figure 2D) 
or SP–/CD34+/CD49f+ cells (Figure 2E), but not SP–/CD34–/CD49f– 
cells (Figure 2D), formed tumors 3 weeks after grafting. These data 
show that K15.KrasG12D.Smad4–/– SCCs retained at least two inde-
pendent CSC populations, even after dedifferentiation and EMT. 
Tumors that developed from each of these two populations gave 
rise to both CSC populations (Figure 2, F and G), demonstrating 
the plasticity of each of these CSC populations.

Overall, we found that less differentiated, passaged tumors had 
an increase in the percentage of SP+ cells compared with primary 
tumors; however, the percentage of CD34+/CD49+ cells was not 
increased (Supplemental Figure 4). In particular, there was a dra-
matic increase in SP size in tumors with SPCC histology compared 
with SP sizes in SCCs of lower histological grades (Supplemental 
Figure 4). These data suggest that an increase in the number of SP 
cells contributes to the dedifferentiation/EMT morphology, but 
not all cells that undergo EMT are SP cells.

To determine whether the two CSC populations have a similar 
role in tumor metastasis, we sorted SP+ and SP–/CD34+/CD49f+ 
populations in tumors arising from primary (n = 11) and passaged 
(n = 15) tumors and compared CSC population sizes in tumors with 
or without lung metastasis. We found a significant increase in the 
SP size in tumors that gave rise to metastases, regardless of tumor 
source (P = 0.009, Figure 3A). In contrast, no significant difference 
in the SP–/CD34+/CD49f+ population was observed in tumors that 
gave rise to metastatic versus nonmetastatic lesions (P = 0.74, Fig-
ure 3B). These data suggest that between the two CSC populations, 
EMT and metastasis were only associated with SP+ cells, indicating 
that tumor initiation and metastasis can be uncoupled.

miR-9 contributes to SP expansion and SCC metastasis. Our observa-
tions that SP cells, but not CD34+/CD49f+ cells, were associated 
with metastasis prompted us to search for potential molecular 
markers in the metastatic CSC pool. We used TaqMan microRNA 
arrays to screen microRNA expression in the two distinct CSC 
populations isolated from the primary and passaged tumors. 
MicroRNAs -9, -132, and -199a-3p were enriched in passaged SP 

Figure 6
miR-9 is expressed in human SCC 
metastases and correlates with 
loss of α-catenin and increased 
MDR1 protein. (A) Representa-
tive miR-9 in situ hybridization 
showing no miR-9 expression in 
nonmalignant oral mucosa and 
positive miR-9 staining (blue) in 
epithelial cells of human SCC 
metastasis. Upper panels: whole 
tissue section. Lower panels: mag-
nified sections from upper panels. 
Arrow points to an example of 
a nest of miR-9–positive cells. 
Scale bars: 50 μm. (B) Increased 
miR-9 in metastatic human pri-
mary SCCs transplanted into 
athymic nude mice (*P = 0.04). 
miR-9 expression was measured 
by qRT-PCR, and tumors were 
grouped into lymph node negative 
(n = 4) or positive (n = 8) by TNM 
staging. Diamonds represent indi-
vidual tumors and bars represent 
averages. (C) miR-9 expression 
in SCC metastases correlated 
with α-catenin loss and increased 
MDR1 staining. Each image row is 
from consecutive tissue sections. 
Top row: miR-9–negative cells 
retained membrane E-cadherin 
and α-catenin, with no MDR1 
staining. Middle row: example of 
α-catenin loss with retention of 
E-cadherin and increased MDR1 
staining in miR-9–positive cells. 
Bottom row: example of both 
α-catenin and E-cadherin loss 
and increased MDR1 staining 
in miR-9–positive cells. Scale  
bar: 50 μm.
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cells compared with SP cells in primary tumors, but not in pas-
saged CD34+/CD49f+ cells (Supplemental Figure 5). Validation 
of the above screening in additional samples identified miR-9, a 
neuronal microRNA barely detectable in normal keratinocytes 
(38), as more highly overexpressed in SP cells of passaged tumors 
compared with SP cells in primary in K15.KrasG12D.Smad4–/– tumors 
(P = 0.002, Figure 3C). Further, expression levels of miR-9 cor-
related with an increased SP size (Figure 3D). These data suggest 
that increased miR-9 contributes to both SP expansion and the 
metastatic properties of SP cells in passaged tumors.

The SP phenotype is due to the presence of ABC transporters 
on the cell surface (39). To determine which of these transporters 
are responsible for the increased SP size in passaged tumors, we 
examined the gene expression levels of three main transporters, 
Abcg2 (BCRP), Abcc1 (MRP), and Abcb1a (MDR1). Among these, 
Abcb1a was significantly increased in SP cells from passaged 
tumors compared with SP cells from primary tumors (Figure 
3E). Immunostaining identified sporadic MDR1+ cells in primary 
SCCs, which were increased in passaged SCCs (Figure 3F).

To ascertain whether miR-9 plays a causal role in K15.KrasG12D.
Smad4–/– SCC metastasis, we generated a number of cell lines from 
K15.KrasG12D.Smad4–/– tumors with varying levels of miR-9 expres-
sion (Supplemental Figure 6). We stably transfected an miR-9-1 
pre-microRNA (System Bioscience) into B911 cells, a line with 
low intrinsic miR-9 expression, to overexpress miR-9 and, con-
versely, we used an “miRZip” (System Bioscience) anti-miR (Zip-9)  
to knock down miR-9 in B931 cells, a line with higher intrinsic 
miR-9 expression. To determine whether miR-9 has effects in 
human SCCs similar to those observed in mouse SCCs, we also 
transfected lentiviral vectors encoding miR-9-1 pre-microRNA 
into FaDu and Cal27 cell lines, both of which are human head and 
neck SCC lines with a genetic loss of Smad4 (4). After confirm-
ing changes in miR-9 expression and activity in the cell lines after 
transfection (Supplemental Figure 6), we examined the lines for 

changes in cell behavior after manipulation 
of miR-9 expression. The examination of 
abnormal centrosome numbers, which serve 
as a sensitive marker for genomic instabil-
ity in SCCs (40), revealed that although 
a large percentage of cells with abnor-
mal centrosomes existed in K15.KrasG12D.
Smad4–/– primary SCCs, they were not sig-
nificantly different between SP cells and 
non-SP cells and were not altered by miR-9 
overexpression or knockdown (not shown). 
These data suggest that non-SP cells inherit 
genomic instability from SP cells and that 

miR-9 does not directly affect genomic instability. Since miR-9 
was highly expressed in aggressive tumors, we examined whether 
miR-9 affects tumor cell growth. Surprisingly, overexpression of 
miR-9 in the B911 line (B911-miR-9) slowed tumor cell growth 
in vitro compared with GFP-transduced controls (Supplemental 
Figure 7). Cell cycle analysis showed that the percentage of cells 
in the S phase was reduced by miR-9 overexpression but increased 
after knocking down miR-9 (Supplemental Figure 7), indicating 
that miR-9 inhibits cell cycle progression.

Next, we examined whether miR-9 overexpression directly pro-
motes invasion using Matrigel-coated Transwell tissue culture plate 
assays. B911-miR-9, FaDu-miR-9, and Cal27-miR-9 cells showed 
significantly increased invasion compared with GFP controls (Fig-
ure 4A and Supplemental Figure 6). Conversely, B931-Zip-9 cells 
showed a significant reduction in invasive cell numbers compared 
with B931-GFP control cells (Figure 4B). We then transplanted 
1,000–2,500 B911 or B931 cells into flank skin and 150,000 FaDu 
cells into the floor of the mouths (orthotopically) of nude mice 
and analyzed tumor morphology and metastasis. Even though 
miR-9 showed growth inhibition in vitro (Supplemental Figure 6), 
the rates of tumor formation from cells with miR-9 transfection or 
knockdown did not significantly differ from the parental cell lines 
(Supplemental Figure 7), suggesting that the microenvironment 
affects in vivo tumor growth. While both B911-GFP and B911-
miR-9 cells developed SCCs with loss of E-cadherin and increased 
N-cadherin (Supplemental Figure 8) and developed lung metastasis 
(not shown), morphological changes consistent with progression 
from poorly differentiated SCCs to SPCCs were only correlated 
with increased miR-9 expression (Supplemental Figure 8). FaDu-
GFP tumors exhibited histological features typical of moderately 
differentiated SCCs with membrane-associated E-cadherin and 
α-catenin (Figure 4C). Interestingly, FaDu-miR-9 tumors did not 
exhibit a significant loss of E-cadherin, a previously reported miR-9 
target (41); instead, they showed a loss of α-catenin and a gain of 

Table 1
Increased miR-9 in SCC metastases

Tissue source Total cases Negative staining Positive staining
Normal head and neck tissue 10 100% (10/10) 0% (0/10)
Head and neck SCC 64 79% (51/64) 21% (13/64)
SCC lymph node metastases 75 33%A,B (25/75) 67%A,B (50/75)

miR-9–positive cases are determined by in situ hybridization using an miR-9–specific probe. Fish-
er’s exact test was used to calculate P values. AP < 0.001 compared with nonmetastatic SCC in the 
same column. BP < 0.001 compared with normal tissue in the same column. Typical images are 
presented in Figure 6.

Table 2
Summary of staining patterns for α-catenin, E-cadherin, and MDR1 proteins in miR-9–negative and positive cases of SCC metastasis

miR-9 status Loss of α-catenin  Loss of E-cadherin  Loss of both α-catenin/ MDR1-positive  
(number of cases) cases/total (%) cases/total (%) E-cadherin cases/total (%) cases (%)
miR-9 negative (20) 4/20 (20%) 5/20 (25%) 2/20 (10%) 4/20 (20%)
miR-9 positive (44) 26/44 (59%)A,B 15/44 (34%) 14/44 (32%)C 32/44 (73%)D

Significance determined using Fisher’s exact test. ALoss of α-catenin in miR-9–positive versus miR-9–negative cases; P = 0.003. BLoss of α-catenin com-
pared with loss of E-cadherin in miR-9–positive tumors; P = 0.016. CLoss of both α-catenin and E-cadherin in miR-9–positive cases compared with miR-9–
negative cases; P = 0.045. DMDR1-positive cases in miR-9–positive cases versus miR-9–negative cases; P < 0.001. No significant difference in E-cadherin 
staining between miR-9–positive and miR-9–negative cases; P = 0.18.
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N-cadherin in tumor epithelial cells (Figure 4C). While both FaDu-
GFP and FaDu-miR-9 tumors had metastasized to lymph nodes  
6 weeks after transplantation, metastases from FaDu-miR-9 tumors 
were more spread out and exhibited more EMT-like morphology 
than metastases from FaDu-GFP tumors (Figure 4D). Tumors 
derived from B931-GFP cells, which express high levels of miR-9 
(Supplemental Figure 6), showed an SPCC histology (Supplemen-
tal Figure 8). Although knockdown of miR-9 in B931-Zip-9 tumors 
did not restore E-cadherin (Supplemental Figure 9), it shifted the 
tumor histology to a more epithelial morphology (Supplemental 
Figure 8). Further, B931-GFP tumors were the most aggressive 
tumors, capable of metastasizing to the lung and chest wall (Fig-
ure 4, E and F), and knockdown of miR-9 in the B931-Zip-9 tumors 
showed a significant reduction in metastasis (Figure 4, E and F).

To determine whether miR-9 overexpression contributes to SP 
expansion, we performed SP sorting on the above tumors. The SP 
size was increased by more than 10-fold in B911-miR-9 tumors com-
pared with B911-GFP tumors (Figure 5A and Supplemental Figure 
10). Conversely, SP size in B931-Zip-9 tumors showed more than 
a 10-fold reduction compared with B931-GFP tumors (Figure 5B 
and Supplemental Figure 10). Immunostaining revealed an increase 
in MDR1 protein in B911-miR-9 tumors compared with B911-
GFP tumors (Figure 5C) and a significant reduction in B931-Zip-9 
tumors compared with B931-GFP tumors (Figure 5D). MDR1-pos-
itive cells were also significantly increased in FaDu-miR-9 metastatic 
lesions compared with FaDu-GFP metastatic lesions (Figure 5D).

Previous studies have shown that SP cells in SCCs are chemore-
sistant (24). If SP cells are also linked to metastasis, reducing or 
attenuating the properties of this population may reduce metas-
tasis. It is difficult to test this scenario in human SCCs, as the 
majority of these tumors have very few SP cells and thus do not 
proceed to metastasis. Therefore, we xenografted B931 and B911 
cells and treated these tumor-bearing mice with docetaxel alone 
or in combination with verapamil to block the activity of the ABC 
transporters in SP cells. While docetaxel alone did not reduce lung 
metastases, there was a significant reduction in lung metastasis 
when mice were treated with the combination of docetaxel and 
verapamil (Figure 5E and Supplemental Figure 10).

miR-9–positive cell numbers are increased in metastatic human pri-
mary SCCs and SCC metastases. It has been reported that miR-9 is 
frequently methylated in human cancers, including SCCs, and as 
such, miR-9 has been suggested to be a tumor suppressor (42–44). 
The effect of miR-9 on the metastatic behavior of SCCs observed 
in our animal model and in the human SCC cell lines prompted 
us to examine whether miR-9 was elevated in human SCCs. We 
performed in situ hybridization to detect miR-9 in tissue arrays of 
human SCCs and SCC metastases (Biomax). In normal head and 
neck tissue, miR-9–positive cells were undetectable (Figure 6A), 
however in head and neck SCCs, 13 of 64 samples (21%; Table 1)  
contained sporadic miR-9–positive cells (not shown). This low 
incidence of miR-9–positive tumors is consistent with the recent 
finding that miR-9 is often methylated in SCCs (44). In contrast, 

Figure 7
miR-9 targets α-catenin. (A) Predicted 
duplex formation between human and 
mouse α-catenin 3ʹUTRs and miR-9. 
(B) Western blot analysis demonstrating 
decreased α-catenin in B911-miR-9 tumor 
cells compared with B911-GFP tumor cells, 
and (C) demonstrating that α-catenin was 
barely detectable in B931-GFP tumor cells 
but was increased in B931-Zip-9 tumor cells 
(full uncut gels for B and C are shown in 
the Supplemental Material). (D) Immuno-
fluorescence showing patchy loss of mem-
brane-associated α-catenin in an SCC 
derived from B911-GFP cells compared 
with complete loss in a B911-miR-9–derived 
SCC. B931-GFP tumors have complete loss 
of α-catenin. B931-Zip-9 tumors have patchy 
recovery of α-catenin but do not have fully 
restored membrane α-catenin. α-Catenin 
was retained in SCC metastases derived 
from FaDu-GFP cells but was lost in SCC 
metastases derived from FaDu-miR9 cells. 
Sections were counterstained for keratin 14 
(K14) (red), which was essentially lost in 
tumors derived from B911 or B931 cells and 
their derived cell lines. Scale bar: 25 μm.
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however, 67% (50 of 75) of SCC lymph node metastatic lesions 
contained miR-9–positive cells (Figure 6A and Table 1).

Since miR-9 expression in mouse SCCs was enriched after tumor 
passaging, we subcutaneously transplanted primary head and neck 
SCCs collected from our clinic into the flanks of athymic nude 
mice and examined miR-9 expression in the passaged tumors. 
In comparison with nonmetastatic SCCs (node negative), miR-9 
expression in SCCs with lymph node metastasis (node positive) 
showed a significant increase (P = 0.04) (Figure 6B). These data 
further suggest a prometastatic role for miR-9 in human SCCs.

Identifying miR-9 targets involved in SP expansion, EMT, and metasta-
sis in K15.KrasG12D.Smad4–/– SCCs. miR-9 has multiple known targets 
including both tumor suppressors and promoters. Among them, 
E-cadherin (41) and NFκB1 (45, 46) are generally expressed in SCCs, 
whereas two other recently identified potential miR-9 target pro-
teins, SOCS5 (47) and LIFR (48), are generally expressed at very low 
levels in SCCs. Because miR-9 is not expressed in normal mouse skin 
(38) and microRNA regulation of target genes is tissue and context 
specific, we examined miR-9 targets in K15.KrasG12D.Smad4–/– SCCs 
cells. In K15.KrasG12D.Smad4–/– SCCs that overexpress miR-9, NFκB1 
was still prominently expressed (data not shown), suggesting that 
either NFκB1 is not a predominant miR-9 target in these cells, or 

miR-9–mediated NFκB inhibition can be overridden by other mech-
anisms in K15.KrasG12D.Smad4–/– SCCs, such as the absence of Smad4 
loss–associated inflammation (4). E-cadherin, a known miR-9 tar-
get (41), was completely lost in tumors derived from B911-miR-9 
cells or B931-GFP cells (Supplemental Figure 8). Tumors derived 
from B931-Zip-9 cells, however, did not restore E-cadherin expres-
sion (Supplemental Figure 8), despite the dramatic effect of miR-9 
knockdown on metastasis (Figure 4, E and F), suggesting that miR-9 
has additional targets linked to metastasis. The loss of α-catenin 
but not E-cadherin in primary tumors derived from FaDu-miR-9 
human SCC cells (Figure 4D) prompted us to examine whether 
α-catenin, which showed an inverse correlation with miR-9 in colon 
cancer cells (49), is a predominant miR-9 target in SCCs. Using the 
same SCC metastasis tissue array used in Figure 6A, we stained 
for α-catenin and E-cadherin and examined their correlation with 
miR-9 status. Loss of E-cadherin occurred at similar rates between 
miR-9–negative and miR-9–positive cases (Figure 6C and Table 2). 
In contrast, α-catenin loss increased significantly in miR-9–positive 
cases compared with miR-9–negative cases (Figure 6C and Table 2). 
Further, immunostaining for MDR1 in the SCC arrays revealed that 
MDR1-positive cells were rarely detected in primary human SCCs 
(not shown), but were frequently detected in metastatic SCC lesions 

Figure 8
miR-9 promotes nuclear translocation of 
β-catenin that contributes to ABCB1 over-
expression. (A) Immuno fluorescence of 
β-catenin (green) showing membrane stain-
ing in a primary K15.KrasG12D.Smad4–/–  
SCC. Membrane staining was lost in the 
passaged SCC and had increased nuclear 
β-catenin. SCC derived from B911-GFP 
cells shows cytoplasmic β-catenin, which 
became predominately nuclear in a B911-
miR-9 tumor. A B931-GPF tumor shows 
cytoplasmic and sporadic nuclear β-cat-
enin, whereas a B931-Zip-9 tumor shows 
patchy restoration of membrane-associ-
ated β-catenin. Sections were counter-
stained with DAPI (blue). Scale bar: 50 μm.  
(B) qRT showing siRNA knockdown of 
β-catenin in B911-GFP and B911-miR-9 
cells. *P = 0.03 compared with scrambled 
siRNA control (n = 3). (C) Knockdown 
of β-catenin reduces ABCB1a expres-
sion. *P = 0.01 compared with B911-GFP 
transfected with scrambled siRNA (n = 3).  
#P = 0.03 compared with B911-miR-9 trans-
fected with β-catenin siRNA (n = 3).
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in sporadic patterns similar to those in miR-9. Cases with positive 
MDR1 staining correlated with miR-9–positive cases (Figure 6C and 
Table 2). To further determine whether α-catenin is a direct miR-9 
target and hence whether its loss could be contributed to increased 
MDR1, we searched the TargetScan microRNA database and found 
that α-catenin is predicted to be a direct miR-9 target (Figure 7A). 
Western analysis showed that B911-miR-9 tumor cells had a sig-
nificant reduction in α-catenin, whereas B931-Zip-9 tumor cells 
had an increase in α-catenin compared with their respective GFP 
controls (Figure 7, B and C). Consistent with this, immunostaining 
revealed α-catenin staining in the cell membrane of most cells in 
primary K15.KrasG12D.Smad4–/– SCCs, but showed a patchy loss of 
membrane-bound α-catenin in passaged tumors (Supplemental 
Figure 2). In addition, α-catenin staining was present in the cell 
membranes of ~50% of cells in tumors derived from B911-GFP 
cells, but was completely lost in tumors derived from B911-miR-9 
cells (Figure 7D). Conversely, the expression of α-catenin was barely 
detectable in B931-GFP tumors (Figure 7D). In B931-Zip-9 tumors, 
α-catenin staining was patchy in the cell membrane, but overall, 
membrane-associated α-catenin was not restored (Figure 7D). Inter-
estingly, FaDu-GFP SCC cells showed α-catenin membrane staining 
similar to that in their primary tumors, even after metastasis (Figure 
7D), but FaDu-miR-9 metastatic SCC cells completely lost α-cat-
enin staining (Figure 7D).

Reduced E-cadherin and α-catenin could explain the increased 
EMT and invasion induced by miR-9 overexpression, however, inhi-
bition of metastasis by miR-9 knockdown without full restoration 
of α-catenin and E-cadherin suggested additional players involved 
in miR-9 overexpression. Moreover, since neither E-cadherin nor 
α-catenin directly targets ABCB1 expression, the reduction in the 
SP size resulting from miR-9 knockdown cannot be explained 
by this mechanism. Because β-catenin has been shown to medi-
ate metastasis (50, 51) and target ABCB1 (52, 53), we examined 
whether reduced α-catenin/E-cadherin caused β-catenin nuclear 
translocation. Immunostaining showed β-catenin to be primar-
ily associated with the cell membrane, with only sporadic nuclear 
staining in primary K15.KrasG12D.Smad4–/– SCCs (Figure 8A), 
whereas passaged tumors showed a loss of membrane staining and 
a significant increase in nuclear β-catenin (Figure 8A). In tumors 
derived from B911-GFP cells, β-catenin was localized mainly in 
the cytoplasm (Figure 8A). In contrast, tumors derived from B911-
miR-9 cells demonstrated predominately nuclear β-catenin stain-
ing (Figure 8A). B931-GFP tumors showed both cytoplasmic and 
nuclear β-catenin staining (Figure 8A); however, nuclear β-catenin 
was rarely observed in B931-Zip-9 tumors, and more strikingly, 
patchy restoration of membrane-associated β-catenin was obvious 
(Figure 8A). To further study whether activated β-catenin contrib-
utes to increased ABCB1a expression, we knocked down β-catenin 
in B911-miR-9 cells and B911-GFP control cells (Figure 8B) and 
assayed for ABCB1a transcripts. Knocking down β-catenin signifi-
cantly attenuated miR-9–induced ABCB1a expression (Figure 8C).

Discussion
Combination of Kras activation and Smad4 deletion in multipotent stem 
cells gives rise to highly metastatic tumors. In mice, the deletion of 
Smad4 or PTEN in stratified epithelial cells resulted in the forma-
tion of multilineage tumors (SCCs, BCCs, trichoepitheliomas, and 
sebaceous adenomas) corresponding to all major skin stem cell lin-
eages (5, 32, 54). However, it was unknown whether these tumors 
arose from lineage-committed cells or multipotent stem cells. In 

our animal model, we restricted the deletion of Smad4 and the 
activation of KrasG12D to K15+ bulge stem cells using an inducible 
Cre recombinase. A previous report has shown that cells express-
ing a reporter gene activated by K15.CrePR1 only temporarily 
migrate into the interfollicular epidermis in response to wounding 
(55). In our study, the induction of K15.CrePR1 occurred over a 
short interval (5 consecutive days) when the mice were 3 weeks of 
age and were not wounded. This induction strategy ensured that 
the mutations were initially activated in bulge stem cells. Since 
the development of tumors is rapid in these mice, it is likely that 
the tumors arose directly from K15.KrasG12D.Smad4–/– cells or their 
immediate progeny harboring identical mutations. Therefore, our 
data suggest that the loss of Smad4, in combination with the acti-
vation of KrasG12D, initiates tumor formation in uncommitted mul-
tipotent stem cells or their immediate progenitor cells and that 
these initiated cells subsequently developed into all tumor lineages 
predicted to arise from bulge stem cells.

Although K15.KrasG12D.Smad4–/– mice initially developed primary 
tumors that were both benign and malignant, we only observed 
the outgrowth of more aggressive SCCs and BSCCs following 
serial passage. In addition, the transplanted tumors frequently 
exhibited EMT-mediated progression. These poorly differentiated 
SCCs, BSCCs, and SPCCs were highly metastatic. Even though we 
observed a dramatic increase in the population of CSC in meta-
static SCCs and SPCCs, the majority of passaged tumor cells were 
unable to initiate secondary tumor formation. Each of the two 
CSC populations identified in this study can give rise to the other 
population after in vivo passaging, suggesting that the two popu-
lations are not fixed cell types and that their plasticity is influenced 
by the in vivo microenvironment. These data highlight the com-
plexity and heterogeneity of CSC populations. Previous studies of 
other highly metastatic tumors such as melanomas have suggested 
that the capacity of tumor cells to initiate secondary tumor forma-
tion is increased when these assays are performed in more severely 
immune-compromised backgrounds (56). Therefore, it remains to 
be determined whether the tumor initiation capabilities of the dis-
tinct CSC-rich and non-CSC populations identified in this study 
would be different if assayed in more immune-compromised mice.

CSC properties of tumor initiation and metastasis can be uncoupled and 
are dictated by specific mutations. Although K15.KrasG12D.Smad4–/–  
mice developed aggressive tumors, targeting the deletion of 
Smad4 alone to the K15+ stem cells did not result in spontane-
ous SCC formation, as was seen in MMTV Smad4–/–, K14.Smad4–/–, 
and K5.Smad4–/– mice (4, 5, 32). One possible explanation for this 
difference is that deletion of Smad4 alone in bulge stem cells was 
insufficient to change the slow-cycling nature of these stem cells; 
thus, activation of KrasG12D was required to increase the prolif-
erative potential of bulge stem cells and allow tumor initiation. 
In contrast, the MMTV, K5, and K14 promoters also target stem 
cells in the interfollicular epidermis, which divide more frequently 
than bulge stem cells (8, 33) and may allow tumor initiation in 
Smad4–/– cells in the absence of Kras mutations. Thus, the capacity 
for tumor initiation is not always linked to metastatic potential.

It is believed that metastatic SCCs arise as the consequence of a 
classical multistep carcinogenesis process with multiple, cumula-
tive mutations (3). Our current study shows that metastasis can be 
significantly accelerated/increased when certain mutations occur 
in multipotent skin stem cells. The incidence of lung metastasis in 
K15.KrasG12D.Smad4–/– mice was 28% compared with less than 3% 
in a classical chemically induced mouse model of skin cancer (3). 
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whereas in K15.KrasG12D.Smad4–/– tumors, particularly in passaged 
tumors, high levels of miR-9 expression have already enriched 
metastatic CSCs in primary tumors, so they are capable of metas-
tasizing to the lung without increasing lymph node metastases. 
Our findings that primary human SCCs or cell lines contained 
few miR-9–positive cells may explain why human SCCs generally 
have a low metastatic rate compared with other aggressive cancers. 
However, our data demonstrating that the metastatic potential of 
human SCC cell lines was increased by overexpressing miR-9 sup-
port the role of miR-9 in metastasis.

In tumors derived from K15.KrasG12D.Smad4–/– mice, increased 
miR-9 correlated with a loss of E-cadherin and α-catenin, the two 
previously reported potential miR-9 targets associated with EMT 
and metastasis (41, 49). It was not clear, however, whether the loss 
of these adhesion molecules was the result of EMT or direct target-
ing by miR-9. Using human SCC cell–derived tumors or metastatic 
SCCs, which still partially retain adhesion molecules, we found 
that miR-9 primarily targets α-catenin, since the loss of α-catenin 
was more pronounced than the loss of E-cadherin in miR-9–trans-
duced FaDu tumors. Further, in human SCC metastases, the loss 
of both α-catenin and E-cadherin was more frequently observed 
in miR-9–positive cases than in miR-9–negative cases. E-cadherin 
loss could occur either as a direct result of miR-9 overexpression or 
as a consequence of α-catenin loss–associated tumor progression.

Our findings are consistent with reports that EMT promotes an 
increase in CSCs and metastasis in other cancer types (18, 60), and 
clinical observations that the reduced expression of α-catenin and 
E-cadherin are prognostic indicators of poor survival and meta-
static potential for SCCs (7, 26, 61, 62). However, the loss of either 
E-cadherin or α-catenin alone does not cause SCC metastasis (7, 
26, 61, 62). Thus, additional events are required for miR-9–medi-
ated metastasis, and we have provided data implicating β-catenin 
activation as that key event. The restoration of membrane-asso-
ciated β-catenin after miR-9 knockdown did not alter tumor ini-
tiation and growth, suggesting that β-catenin activation is not 
required for tumor initiation. However, the restoration of mem-
brane-associated β-catenin via miR-9 knockdown was correlated 
with reduced metastasis, and knocking down β-catenin reduced 
ABCB1a expression. Thus, increased nuclear β-catenin appears 
to contribute greatly to miR-9–mediated expansion of metastatic 
CSCs. It is likely that the loss of α-catenin and E-cadherin make it 
easier for β-catenin to translocate to the nucleus since it is no lon-
ger anchored to the membrane. However, knocking down miR-9 
prevented β-catenin nuclear translocation more efficiently than 
restoring membrane-associated α-catenin, suggesting that addi-
tional mechanisms are involved in β-catenin activation. Future 
studies are required to determine whether other miR-9 targets also 
regulate β-catenin activation.

In summary, we have developed one of the most aggressive SCC 
mouse models reported to date. We show that CSCs derived from 
K15.KrasG12D.Smad4–/– cells remain multipotent and give rise to 
SCCs that are highly metastatic to the lung. We provide evidence 
that the capacity to initiate tumors does not predict metastatic 
potential, highlighting the importance of discovering biomarkers 
for metastatic CSCs. We provide data suggesting that miR-9 is a 
potential biomarker for metastatic CSCs.

Methods
Generation of tumors from mouse models. All animal experiments were con-
ducted using protocols approved by the IACUC of the University of Colo-

Deletion of Smad4 in other cell compartments using K5, K14, or 
MMTV promoter–driven Cre recombination led to SCC forma-
tion with spontaneous Kras and Hras mutations; however, none 
of these models developed lung metastases or exhibited increased 
EMT (4, 5, 26, 32). These data suggest that the combination of 
mutations alone does not direct metastasis. Furthermore, tumors 
generated when the same K15.CrePR1 transgene was used to acti-
vate the KrasG12D mutation and delete p53 were also not reported to 
metastasize or undergo EMT (14). Therefore, it is the combination 
of Smad4 loss and Kras activation in K15+ stem cells that drives 
lung metastasis in K15.KrasG12D.Smad4–/– mice. Although the K5, 
K14, and MMTV promoters may target stem cells in the epider-
mis and hair follicles, SCCs appear to primarily develop from the 
interfollicular epidermis when the entire epithelium is targeted. In 
our current model, K15.KrasG12D.Smad4–/– tumor cells appear to be 
intrinsically susceptible to EMT and metastasis. We also observed 
an increase to 80% in the frequency of lung metastasis when K15.
KrasG12D.Smad4–/– tumors were passaged, and the increased capac-
ity of these tumors to metastasize was correlated with increased 
SP cell numbers. It is possible that the immunocompromised 
environment of the recipient mouse could have contributed to 
CSC expansion because SCCs are far more aggressive in immune- 
compromised transplant patients (57). However, significant 
increases in EMT and metastasis were seen after the first passage 
of K15.KrasG12D.Smad4–/– tumors, which was not observed in pas-
saged UV-induced SCCs. Therefore, inherent properties of K15.
KrasG12D.Smad4–/– tumors contribute to EMT and metastasis. While 
UV-induced skin cancers frequently harbor ras mutations (58) and 
Smad4 loss (26), these mutations occur sporadically throughout 
the skin, mostly in K15-negative interfollicular keratinocytes in 
closer proximity to UVB irradiation. Therefore, the combination 
of discrete genetic mutations, the appropriate stem cell targets, 
and changes in the microenvironment may all contribute to the 
incidence and rate of metastasis observed in this study.

miR-9 overexpression contributes to the expansion of metastatic CSCs 
and SCC metastasis. The finding that miR-9 was overexpressed in 
metastatic K15.KrasG12D.Smad4–/– SCCs was initially a surprise to 
us, since miR-9 is often methylated in human tumors, including 
SCCs (44, 59). However, miR-9 has been shown to be overexpressed 
in certain metastatic cancer types (41, 49). The observation that 
miR-9 mediates the inhibition of cell cycle progression (ref. 60 and 
this study) suggests that miR-9 may help stem cells maintain quies-
cence. Although the mouse miR-9 sequence is identical to human 
miR-9, the mouse miR-9 promoter does not have CpG islands 
found in the human miR-9 promoter. Therefore, the lack of miR-9 
expression in mouse skin and K15.Kras.Smad4–/– primary tumors 
is not due to methylation status, but may be due to the lack of 
activation mechanisms for miR-9 expression, as seen in neuronal 
tissue (38). Since miR-9 overexpression was mainly observed in 
passaged tumors, these results suggest that Kras activation and 
Smad4 deletion are not sufficient to induce miR-9 overexpression 
and that additional oncogenic events are required for miR-9 over-
expression in passaged tumors. However, the increase in the pro-
liferative potential driven by Kras activation and Smad4 loss could 
allow CSCs to overcome miR-9–induced growth inhibition. Under 
these conditions, miR-9 overexpression facilitates the expansion of 
the metastatic CSC-rich pool, and the size of this pool could deter-
mine the rate and route of metastasis. For instance, in human SCC 
cells, miR-9 enriches the metastatic CSC-rich pool and promotes 
lung metastasis after forming lymph node metastases (Figure 4E), 
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ously described (21, 22). Control cells were stained in the presence of 100 μM 
verapamil to inhibit Hoechst dye efflux. The cells were washed in PBS with 
3% FBS, stained with FITC-CD31, FITC-CD45, Biotin-CD34 (eBioscience), 
and PE-Cy5 CD49f (BD Bioscience), followed by secondary antibody staining 
with streptavidin-PE (BD Biosciences). When sorting tumor cells containing 
GFP-positive cells, APC-CD31 and APC-CD45 (eBioscience) were substituted 
for the FITC-conjugated antibodies. The cells were washed, filtered (40-μm 
filter), and propidium iodide (Sigma-Aldrich) was added to select for live cells; 
cells were sorted using a MoFlow XDP flow cytometer (Beckman Coulter).

Cell culture and stable miR-9 transduction and miR-9 knockdown. Tumor cell 
lines were generated as we previously described (64). Briefly, tumor pieces 
were digested in collagenase (Worthington) for 45 minutes at 37°C and 
in 0.25% trypsin for 15 minutes at 37°C. The cells were filtered through 
a 40-μm filter and washed in a culture medium of DMEM with 10% FBS. 
Cells were plated in 10-cm culture dishes and cultured at 5% CO2. Prior to 
subculturing, cells were treated with TrypLE (Gibco) for 2 minutes, and 
floating cells were discarded to select for epithelial cells. This selection 
was repeated prior to three to five subsequent subcultures or as needed 
to remove fibroblast contamination. Lentiviral vectors containing either a 
GFP-labeled precursor miR-9-1, an antisense miR-9 knockdown construct 
(Zip-9) that produces shRNA, in a short, single-stranded anti-microRNA 
for miR-9, or a GFP control construct alone (System Biosciences), were 
transfected into 293T cells along with a lentiviral packaging mix (System 
Biosciences) using Lipofectamine 2000 (Invitrogen). The virus-containing 
media were harvested at 24, 32, and 48 hours and were overlaid on recip-
ient cell lines. Recipient cell lines were expanded and flow sorted for GFP 
positivity to select for transduced cells.

Gene and microRNA expression analysis. Total RNA from cultured mouse or 
human cells, sorted mouse tumor cells, or human SCC tumors was isolated 
using a QIAGEN miRNeasy kit. One-step qRT-PCR for gene expression 
was performed with 100 ng of RNA per reaction using the One-Step Bril-
liant II qRT-PCR system (Stratagene). Expression of mRNA was measured 
using TaqMan assays-on-demand probes (Applied Biosystems). All gene 
measurements were normalized to a GAPDH RNA probe. Each sample was 
run in triplicate, and data were analyzed using a standard relative quanti-
fication (ΔΔCt) method.

miR-9 expression analysis by qRT-PCR was conducted using a two-step 
method. First, microRNA-specific cDNA was prepared using 10–300 ng of 
starting RNA and microRNA-specific RT primers (Applied Biosystems). 
The RT reaction was carried out using the High Capacity RT Kit from 
Applied Biosystems according to the manufacturer’s instructions. Once 
microRNA-specific cDNA was prepared, the qRT-PCR reaction was run 
using TaqMan miR-9 probes and a TaqMan Universal Master Mix (Applied 
Biosystems). miR-9 expression was normalized to a mammalian U6 small 
RNA probe (Applied Biosystems).

Immunostaining. IHC staining was performed as previously described 
(30) using an MDR1 antibody (1:400; Abcam) and counterstained with 
hematoxylin. Immunofluorescence staining was performed as previously 
described (30). Primary antibodies included α-catenin (1:200; Abcam), 
keratin 14 (1:200; Fitzgerald), keratin 15 (1:2,000; Covance), E-cadherin 
(1:200; eBioScience), PCNA (sc-7907; 1:200, Santa Cruz Biotechnology 
Inc.), keratin 1 (1:800; Roop lab), β-catenin (ab16051, 1:200; Abcam). Alexa 
Fluor 488–conjugated (green) or Alexa Fluor 594–conjugated (red) second-
ary antibodies (Invitrogen) were used for visualization.

Western blotting. Western blotting was performed as previously described 
(65) using primary antibodies against α-catenin (1:1,500; Abcam) and 
GAPDH (1:1,000; Cell Signaling Technology). Alexa Fluor 700 and Alexa 
Fluor 800 secondary antibodies (Molecular Probes) were used to detect 
α-catenin and GAPDH, respectively. Western blots were scanned with the 
Odyssey Infrared Imaging System (LI-COR Biosciences).

rado Denver Anschutz Medical Campus. Studies involved in human head 
and neck cancer tumor collection and xenografting were approved by the 
IRB of the University of Colorado Denver Anschutz Medical Campus.

Mice were bred to contain the following transgenes: a keratin 15 pro-
moter–driven Cre recombinase (K15.CrePR1 on a C57BL/6 background) 
(29), Smad4 with exon 8 flanked by Lox P sites (Smad4f/f on a C57BL/6 
background) (5), and a constitutively active KrasG12D mutation (LSL-KrasG12D 
on a C57BL/6J background) (12). Activation of these mutant alleles was 
achieved by application of RU486 (100 μl of 0.2 μg/μl in 70% ethanol) to 
the shaved dorsal skin of 3-week-old transgenic mice for 5 consecutive 
days. The presence of transgenes was confirmed, and verification of trans-
gene activation was performed as previously described (4).

The mice were examined at least once a week for tumor development, and 
once tumors became visible, the mice were monitored daily. Tumor-bear-
ing mice were euthanized when tumors reached 2 cm in diameter or if the 
mice were moribund. Necropsy was performed on each euthanized mouse 
to identify primary tumors and metastasis. Tumor tissue was collected for 
histology, sorting, and passaging into athymic nude mice.

Tumor histology. Human and mouse skins and tumors were fixed in 10% 
neutral-buffered formalin for 24 hours, embedded in paraffin, sectioned to 
6-μm thickness, and stained with H&E. Tumors were diagnosed and scored 
according to histology by a pathologist and three independent investigators.

Tumor passaging. Human SCCs were collected as discarded tissues and 
transplanted into nude mice under IRB approval of the University of Col-
orado Denver Anschutz Medical Campus. Mouse or human tumors were 
transplanted and maintained in nude mice as described previously (35). 
Briefly, a recipient athymic nude mouse was anesthetized and the back skin 
sterilized. Small incisions were made in the skin and the tumor piece (~3 mm)  
was inserted into the incision.

Tumor cell grafting. Tumor cell skin grafts were performed as described (37). 
Briefly, athymic nude mice were anesthetized, and their back skin was disin-
fected with betadine and 70% ethanol. Scissors were used to cut small holes 
in the dermis and epidermis, and underlying connective tissue was dissected 
away from the skin. Silicone chambers (Renner GmbH) were placed such 
that the flanges of the chamber lay between the skin and the connective 
tissue, and the chamber extruded from the open hole. A mixture of 1 × 106  
fibroblasts and 1 × 106 keratinocytes isolated from wild-type neonatal 
mouse back skin along with the sorted tumor cells were injected into the 
2-mm hole in the top of the grafting chamber. The chamber was removed 
after 1 week, and the mouse was observed for tumor formation. For ortho-
topic grafting, 150,000 human head and neck SCC cells (FaDu) were mixed 
with Matrigel and injected into the floor of the mouth as described (63). For 
mouse chemotherapy, 5,000 tumor cells were subcutaneously injected into 
the flanks of 8-week-old female athymic nude mice. Once tumors had an 
average diameter of 5 to 10 mm, the mice were divided into treatment groups 
with similar average tumor sizes. For verapamil and docetaxel combination 
therapy, the mice were given i.p. injections of verapamil (25 mg/kg in normal 
saline) or vehicle daily with a schedule of 5 days on and 2 days off. Docetaxel 
(20 mg/kg dissolved in 10% Tween 80 and 5% ethanol in PBS) or vehicle 
was given by i.p. injection on days 3 and 10. Tumors were measured weekly 
with digital calipers. Verapamil (6.25 mg/ml) and docetaxel (2.5 mg/ml)  
were prepared immediately before use.

Flow cytometry. A tumor cell suspension was prepared as described (64). 
Briefly, tumors were harvested from mice, chopped into small pieces, and 
digested in a collagenase solution at 37°C for 30 minutes. After this time, 
the cells were manually dissociated by pipetting up and down approximately 
10 times with a 10-ml serological pipette. Cells were incubated at 37°C for 
an additional 15 minutes and filtered (70-μm filter). Cells were stained 
with 25 ng/ml Hoechst 33342 dye (Sigma-Aldrich) at a concentration of  
1 × 106 cells per 1 ml in PBS with 3% FBS for 90 minutes at 37°C as previ-



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 10   October 2013 4403

and E, and Tables 1 and 2) was analyzed using Fisher’s exact test. Sig-
nificance for correlation (Figure 3B) was determined by calculating the 
correlation coefficient (R2).
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Invasion assays. Transwell Matrigel invasion chambers (BD Biosciences) 
were prepared according to the manufacturer’s instructions. Tumor 
cells were plated at a density of 1 × 103 to 5 × 103 tumor cells per Trans-
well in serum-free medium. DMEM containing 10% FBS was used as a 
chemoattractant in the bottom well. The cells were incubated at 37°C in a 
standard tissue culture incubator for 24 to 48 hours. Nonmigratory cells 
were removed from the inside of the well, and migratory cells were fixed in 
Diff-Quick fixing medium and stained with 0.05% crystal violet. Air-dried 
membranes were fixed to slides using Fluormount G. The number of cells 
migrated per microscopic field (×10) was counted and averaged over nine 
fields from three experimental replicates.

miR-9 in situ hybridization. HNSCC tissue array (HN802) and human SCC 
lymph node metastasis tissue array (LY802) slides were purchased from 
US Biomax Inc. Dig-labeling miRCURY LAN microRNA probe for human 
miR-9 was purchased from Exiqon (hsa-miR-9: /5DigN/TCATACAGCTA-
GATAACCAAAGA/3Dig_N/). Hybridization and detection were performed 
following the manufacturer’s instructions with modification based on our 
previous publication (66). Briefly, slides were deparaffinized and treated 
with proteinase K for 5 minutes and with 4% paraformaldehyde for 10 min-
utes. The sections were hybridized with 40 nM miR-9 probe overnight at 
50°C. After 50% formamide/2 × SSC buffer wash at 50°C, the slides were 
equilibrated with maleic acid buffer containing 0.1% Tween 20. Immuno-
logical detection of the hybridized probes was performed with an anti-Dig 
antibody conjugated with alkaline phosphatase and developed with nitro-
blue tetrazolium chloride (NBT)/5-bromo-4-chloro-3-indolyl-phosphate 
(BCIP) color substrates (Roche Diagnostics). Finally, the slides were stained 
with fast red and covered with poly-mount xylene (Sigma-Aldrich).

Statistics. For all qRT-PCR data, error bars are represented as the SD 
between samples. In most cases, significance was assessed using a stan-
dard two-tailed Student’s t test. Significance for incidences (Figure 1, D 
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