miR-125b can enhance skin tumor
initiation and promote malignant
progression by repressing ditterentiation
and prolonging cell survival
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Previously, we identified miR-125b as a key regulator of the undifferentiated state of hair follicle stem cells. Here,
we show that in both mice and humans, miR-125b is abundantly expressed, particularly at early stages of
malignant progression to squamous cell carcinoma (SCC), the second most prevalent cancer worldwide. Moreover,
when elevated in normal murine epidermis, miR-125b promotes tumor initiation and contributes to malignant
progression. We further show that miR-125b can confer “oncomiR addiction” in early stage malignant progenitors
by delaying their differentiation and favoring an SCC cancer stem cell (CSC)-like transcriptional program. To
understand how, we systematically identified and validated miR125b targets that are specifically associated with
tumors that are dependent on miR-125b. Through molecular and genetic analysis of these targets, we uncovered
new insights underlying miR-125b’s oncogenic function. Specifically, we show that, on the one hand, mir-125b
directly represses stress-responsive MAP kinase genes and associated signaling. On the other hand, it indirectly
prolongs activated (phosphorylated) EGFR signaling by repressing Vps4b (vacuolar protein-sorting 4 homolog B),
encoding a protein implicated in negatively regulating the endosomal sorting complexes that are necessary for the
recycling of active EGFR. Together, these findings illuminate miR-125b as an important microRNA regulator that
is shared between normal skin progenitors and their early malignant counterparts.
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MicroRNAs (miRNAs or miRs) are a class of small
regulatory RNAs that can have a major impact on the
biology of both normal tissues and their associated can-
cers. In the mammalian genome, three distinct miRNAs—
miR-99a/100, let-7a/c, and miR-125b—form an adjacently
positioned and cotranscribed polycistronic miRNA cluster
(Emmrich et al. 2014) whose alterations are frequently
found in cancers (Calin et al. 2004). While let-7 family
miRs are well-established suppressors (Johnson et al. 2005;
Mayr et al. 2007), the roles of other individual members of
this miR cluster in cancer are less clear.

In hematopoiesis, miR-125b has been reported as an
oncogene (Bousquet et al. 2008, 2010; Klusmann et al.
2010; Enomoto et al. 2011; Chaudhuri et al. 2012; Guo
et al. 2012). However, evidence has favored the view that
it acts as a tumor suppressor for cutaneous and head/neck
squamous cell carcinoma (skin SCC and HNSCC) (Henson
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et al. 2009; Xu et al. 2012; Nakanishi et al. 2014). Indeed,
overall levels of miR-125b are reduced in many solid
tumors, including not only skin SCCs and their closely
related HNSCCs but also gliomas, melanomas, osteosar-
comas, and endometrial tumors as well as cancers of the
bladder, breast cancer, and ovarian epithelium. Moreover,
miR-125b overexpression in a number of cancer cell lines
derived from such tumors has been found to suppress their
proliferation, migration, invasion, and colony formation in
vitro (for review, see Sun et al. 2013; Banzhaf-Strathmann
and Edbauer 2014).

Although these data provide a compelling case for a
tumor-suppressive function, several reasons suggest that
they may not be unequivocal. First, due to the tightly
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linked and polycistronically transcribed nature of the
miR-99a/100-Iet-7a/c-miR-125b cluster, it is very diffi-
cult to separate the effects of these distinct miRNAs
based on correlation analysis of either genomic alteration
or expression change. Second, tumor-initiating, so-called
cancer stem cells (CSCs) often represent only a small
fraction of a solid tumor, and this could obscure the
significance of measuring total miR levels within a het-
erogeneous tumor. Third, relationships between the ex-
pression and function of miRs are dependent on not only
miR abundance but also the level of its target transcripts
and the relative competition among these targets (Sumazin
et al. 2011; Tay et al. 2011).Therefore, direct comparison
of miR expression changes across markedly different
cellular contexts (e.g., tumor vs. normal cells) may not
accurately reflect corresponding changes in miR activity.
Finally, whether tumorigenic or normal, stem cells are
highly dependent on their specific niche environment,
which may not be accurately recapitulated in vitro.

These issues highlight the importance of functionally
testing the roles of miR-125b in solid tumors in vivo. In
this regard, several xenotransplantation experiments with
miR-125b-overexpressing cell lines have been conducted,
showing accelerated growth of xenotransplanted prostate,
glioma, and breast tumor lines (Shi et al. 2011; Tang et al.
2012; Jin et al. 2013). Although the underlying mechanisms
were not explored in detail in those studies, the results
from those studies constitute the slim current evidence
that miR-125b may function as an oncogene in these solid
tumors.

Previously, we characterized miR-125b as a highly
enriched miRNA in hair follicle (HF) stem cells (HFSCs)
relative to their committed, proliferative, and short-lived
progenies (Zhang et al. 2011). Moreover, when high miR-
125b expression was transgenically sustained in HFSCs,
their early progeny in the outer root sheath (ORS) retained
features of stemness at the expense of committed, differ-
entiating progenies, thereby suggesting a role for miR-125b
in normal skin stem cell maintenance (Zhang et al. 2011).

The importance of miR-125b in governing normal skin
stem cells led us to wonder what its potential role might be
in malignant transformation to SCCs, which are common
skin cancers that originate from either HFSCs or basal
epidermal progenitors and can metastasize and become
life-threatening. Once formed, the growth of SCC is fueled
by CSCs (Malanchi et al. 2008; Lapouge et al. 2011; White
et al. 2011; Driessens et al. 2012) that share several key
features of stemness: They can self-renew long-term and
differentiate into lineage-restricted progenies of their tissue—
in this case, the SCC. At the transcriptional level, how-
ever, SCC-CSCs differ dramatically from normal skin stem
cells, with >700 mRNAs changed by two times or more in
CSCs relative to stem cells of either the epidermis or HF
(Schober and Fuchs 2011; Lapouge et al. 2012).

In the present study, we used an in vivo genetic model to
investigate the role of miR-125b in the initiation, pro-
gression, and maintenance of SCC in the native context of
skin and in mice replete with their normal immune
arsenal. We discovered that sustained miR-125b over-
expression in this system promotes spontaneous tumor
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formation and also sensitizes skin to chemically induced
carcinogenesis. Moreover, we found that at high levels,
miR-125b can confer “oncomiR addiction” by repressing
differentiation, a feature reminiscent of its role in normal
stem cells and which can lead to a hyperproliferative
state. Finally, by systematically analyzing the progressive
changes in the gene expression profile that associate with
miR-125b oncomiR addiction and then carrying out func-
tional studies, we uncovered a number of novel miR-125b
target genes involved in growth factor and MAP kinase
(MAPK] signaling pathways that are integral to its onco-
genic function.

Results

miR-125b is an abundantly expressed miRNA in early
stage tumorigenesis in skin

To investigate miR-125b expression during the initiation
and early progression of epithelial skin tumors, we con-
ducted miRNA in situ hybridizations on normal adult
mouse skin and on tumors induced by DMBA/TPA. In this
carcinogenesis protocol, initial oncogenic mutations are
introduced by a one-time topical application of mutagen
DMBA. Benign papillomas then appear following multiple
applications of the mitogen TPA. With additional TPA
treatments, these tumors can progress to their more
malignant SCC counterparts (Abel et al. 2009). Intrigu-
ingly, even though benign papillomas and their malignant
SCC counterparts can derive from both epidermal stem
cells and HFSCs (Malanchi et al. 2008; Lapouge et al.
2011; White et al. 2011; Driessens et al. 2012), miR-125b
levels in SCC-CSCs were significantly higher than in
basal epidermal cells but quite similar to HFSC levels
(Fig. 1A). Moreover, miR-125b was not restricted to the
tumor-stroma interface where CSCs reside but rather
throughout the epithelial tumor tissue (Supplemental
Fig. S1A).

Quantitative PCR (qQPCR) analysis of normal skin stem
cells and SCC-CSCs purified by fluorescence-activated
cell sorting (FACS) (Schober and Fuchs 2011; Lapouge
et al. 2012) revealed that miR-125b levels in SCC-CSCs
were intermediate between epidermal basal progenitors
and HFSCs isolated from the bulge niche (Fig. 1B; Schober
and Fuchs 2011). However, miR-125b levels were very
low in SCC-CSCs derived from repetitive DMBA treat-
ment of mice whose skin was conditionally targeted for
Tgfbr2, indicating variability at the malignant state.

Parallel to the above findings in mice, miR-125b expres-
sion in normal human skin was enriched in the bulge
region of HFs compared with the epidermis. Additionally,
elevated miR-125b levels were found in lesional skin from
actinic keratosis, which is preneoplastic growths that can
progress to SCC (Supplemental Fig. S1B; Cockerell 2000).
Finally, in comparison with 13 different control sections of
normal human epidermis, 93 SCCs displayed consider-
able variation in in situ hybridization patterns of miR-
125b (Fig. 1C,D). Early stage (grade 1) SCCs frequently
displayed abundant and widespread miR-125b signals
that sometimes were higher than normal epidermis
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Figure 1. miR-125b is an abundantly expressed miRNA in the early stages of skin tumorigenesis. (A) In situ hybridizations of wild-
type (WT) mouse skins whose HFs are in resting phase (telogen) and tumor tissues from DMBA/TPA-induced papillomas and SCCs.
Bars, 100 wm. Yellow brackets indicate the bulge region, which harbors HFSCs. (B) qPCR analysis of miR-125b levels in SCC-CSCs and
normal adult skin stem cells. (Bulge) Bulge HFSCs; (Epi) epidermal basal progenitors. CSCs (631 were from DMBA-induced skin
SCCs of wild-type mice (well differentiated) or mice conditionally ablated for TGFB receptor II (poorly differentiated). (C,D) In situ
hybridizations were performed on a tissue array of human epidermis and different grade SCCs. Representative examples are in C. Bars,
100 wm. (D) Summary of miR-125b expression levels. The vertical axis indicates the percentage of tumors analyzed (n = number) that
exhibited no, weak, modest, or strong expression. (*) P < 0.05, x* test.

(Fig. 1C). In advanced (grade 3) SCCs, however, miR-125b
signals were generally down-regulated.

Together, these findings highlighted parallels between
mice and humans with regards to miR-125b expression in
both normal and tumorigenic skin. However, assessing the
significance of these tumor progression-related changes in
miR-125b expression necessitated functional studies in
which miR-125b expression could be regulated indepen-
dently of its tightly linked and polycistronically transcribed
miRNA gene neighbors, which include the tumor suppres-
sor Iet-7 (Supplemental Fig. S1C; Emmrich et al. 2014).

miR-125b prolongs anchorage-independent survival
of keratinocytes

miR-125b has been reported to repress in vitro prolifera-
tion and colony formation in a wide variety of both
normal and tumor human cell lines, including those
derived from human SCCs (Xu et al. 2012; Sun et al.
2013). We also observed that miR-125b overexpression
reduces proliferation and colony formation of mouse
keratinocytes (MKs) in vitro (Supplemental Fig. S2A;
Zhang et al. 2011). In vivo, however, miR-125b over-
expression led to the expansion of progenitor cells in both
HFs and the epidermis (Zhang et al. 2011). Moreover and
in contrast to normal epidermis, where proliferating pro-
genitors are restricted to the single inner layer of integrin-
rich basal cells, proliferating cells extended into suprabasal
layers analogous to that seen in premalignant and malignant
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skin tumors (Fig. 2A). The system that we used for these
studies was our previously established K14-rtTA, TRE-miR-
125b double-transgenic (DTG) mouse, which allowed
us to systemically deliver doxycycline (Dox) to induce
miR-125b overexpression in skin epithelium (Zhang
et al. 2011).

In vitro, the ability to survive and proliferate in
suspension cultures can be likened to the absence of
attachment to an underlying substratum in vivo and is
a feature that commonly distinguishes malignantly trans-
formed epithelial cells from their normal counterparts
(Liotta and Kohn 2004). Interestingly, when placed in
suspension, both normal MKs and bulge stem cells
quickly lost viability (anoikis) under conditions where
SCC-CSCs continued to proliferate (Supplemental Fig.
S2B). The presence of suprabasal proliferation in DTG
skin led us to wonder whether overexpressing miR-125b
might also promote anchorage independence in MKs.
Consistent with this hypothesis, in suspension culture,
Dox-induced miR-125b overexpression prolonged sur-
vival under conditions where DTG MKs lost viability
(Fig. 2B). These miR-125b-mediated effects appeared to be
conserved in human keratinocytes, as judged by miR-
125b overexpression in HaCAT, an immortalized but
otherwise normal human keratinocyte cell line (Fig.
2C). These findings were particularly intriguing given
that miR-125b overexpression in both MKs and human
keratinocytes delayed growth in attached culture condi-
tions (Supplemental Fig. S2C,D).
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Figure 2. miR-125b promotes anchorage-independent survival. (A) Immunofluorescence of frozen skin sections from adult female
mice. (Top row) Section at postnatal day 35 of wild-type (WT) and 3-wk Dox-induced DTG mice. (Bottom row) DMBA/TPA-induced
wild-type mice displaying papilloma and SCC. The white line marks the skin surface. Bars, 20 pm. (B,C) Cell proliferation/survival
assays (MTT kit, Cell Biolabs, Inc.) of DTG MKs and HaCAT cells in suspension culture (n = 8 independent wells each). (*) P < 0.05;
(**) P < 0.01, unpaired two-tailed t-test. (D,E) The percentage of apoptotic/anoikis cells (AnnexinV [+] and dead cell stain [—]) and
S-phase cells (EAU™ after 1 h of labeling prior to harvesting) following 12 h in suspension culture of Dox-induced (Dox) or uninduced
(No) DTG MKs (D) or HaCAT-overexpressing miR-125b or scrambled control (E) (n = 3 independent wells). (F,G) Two-color quantitative
immunoblot of DTG MK cells in attached culture and after 12 h in suspension culture. (aTub) aTubulin loading control; (—) uninduced;
(+) Dox-induced. Proteins of interest (green channel) signals were normalized to corresponding o Tubulin signals and compared with the
average of uninduced DTG MKs in attached culture. Each lane is an independent well.

Using Annexin V staining to gauge apoptosis/anoikis and
5-ethynyl-2’-deoxyuridine (EdU) incorporation as a gauge for
actively cycling cells, we found that in both MKs and human
keratinocytes, miR-125b overexpression improved both an-
chorage-independent survival and proliferation (Fig. 2D,E).
Similar effects of miR-125b overexpression were also ob-
served for suspension, but not attached, cultures of human
SCC cell lines from skin (A431) and the head and neck
(SCC-15 and Fadu) (Supplemental Fig. S2E,F). These results
were noteworthy in light of a recent report that miR-125b
protects mesenchymal stem cells from anoikis (Yu et al.
2012), suggesting that the role of miR-125b in anchorage-
independent survival may extend to multiple cell types.

Probing the mechanism, we found that similar to wild-
type keratinocytes (i.e., uninduced DTG MK), Dox-induced
miR-125b-overexpressing MKs still lost activated integrin
signaling and hence activated (phosphorylated) focal adhe-
sion kinase (FAK) when placed in suspension but showed

no change in attached cultures. Activated (phosphorylated)
AKT levels also appeared to be refractory to miR-125b levels
(Fig. 2F). In contrast, activation of ERK1/2 and P38 both
showed sensitivity to miR-125b levels in suspension,
with ERK1/2 showing more activity and P38 showing
less activity than their wild-type counterparts (Fig. 2G).
Moreover, while a miR-125b-induced increase in ERK1/2
was also seen in attached cultures, the miR-125b-based
reduction in P38 was not. Together, these findings expose
an intriguing entanglement between miR-125b and both
growth factor-regulated and stress-regulated MAPK sig-
naling pathways (see further analysis below).

miR-125b acts as an oncomiR when overexpressed

in skin

The similarities in expression and in vitro behaviors of
miR-125b that we uncovered suggested that miR-125b’s
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functions in keratinocytes may be conserved between
mice and humans. To explore miR-125b’s function in skin
tumorigenesis, our DTG mouse model served as an ideal
system, since it allowed us to regulate miR-125b levels
independently of polycistronic transcripts from the en-
dogenous miR-99a/100-let-7a/c-miR-125b cluster. Inter-
estingly, DTG mice derived from three independently
generated TRE-miR-125b transgenic lines consistently
developed spontaneous skin tumors after sustained Dox
induction (Fig. 3A; Supplemental Fig. S3A). Spontaneous
tumor formation was highly penetrant, and, by 5 mo, >90%
of miR-125b-overexpressing mice examined had developed
at least one tumor (all 13 on-Dox DTG mice used to collect
the data in Fig. 3A developed skin tumors before death in
the experiment’s time frame). In contrast, Dox-treated
wild-type littermates and uninduced DTG mice remained
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tumor-free during this time (Fig. 3A). These tumors per-
sisted in the presence of Dox but regressed quickly upon
Dox withdrawal, indicating their dependence on miR-125b
(Supplemental Fig. S3B).

We also tested the sensitivity of DTG mice to DMBA/
TPA chemical carcinogenesis. To minimize secondary
effects that might arise from miR-125b-induced skin
hyperplasia and loss of differentiation, we administered
Dox simultaneously with the DMBA mutagen. Strik-
ingly, both the speed and frequency of tumorigenesis
were greatly enhanced in DTG mice relative to single-
transgenic controls or uninduced DTG controls (Fig. 3B;
Supplemental Fig. S3C). Interestingly, TPA alone, but not
DMBA alone, induced papilloma formation on DTG skin,
although at a much lower frequency than DMBA/TPA
treatment (Supplemental Fig. S3D).

As time progressed, miR-125b overexpression resulted
in DMBA/TPA-induced tumors that displayed irregular
borders and regions of discontinuity in the basement
membrane, which are early hallmarks of malignant pro-
gression (Fig. 3C). In contrast, K14-rtTA control mice
treated in parallel generated only benign papillomas during
the time span of the regimen. Together, these results
suggested that miR-125b overexpression alone functions
as a weak tumor initiator that can be further enhanced
by additional mutations caused by DMBA.

Malignant progression to SCC normally requires more
than at least 5 mo of DMBA/TPA (Hennings et al. 1983), but
Dox treatment of DTG mice had to be discontinued after 3
mo due to rapid tumor progression. To test for the presence
of SCC-initiating cells within tumors, we therefore turned

Figure 3. miR-125b overexpression is oncogenic in skin. (A)
Spontaneous tumor formation observed in skins from miR-
125b-overexpressing DTG transgenic mice (F9 line) but not
control (wild-type [WT]) FVB female mice (five different litters).
Accompanying Kaplan-Meier curves show tumor-free survival
rates. Mice were Dox-induced (or not) and tracked since 3 wk of
age. (B) Experimental approach for DMBA/TPA-induced carci-
nogenesis and representative DTG mouse and control litter-
mates after 13 wk of DMBA/TPA treatment. All mice were on
Dox for the duration of the experiment. The accompanying
graph plots the average tumor number per mouse at the times
indicated. All mice were FVB background age-matched females
(n = 3 for each curve; error bars represent standard error). (C)
Immunofluorescence of sections of 13-wk tumors induced with
(DTG) or without (K14-rtTA) miR-125b overexpression. Arrows
denote sites of disrupted basement membranes at the tumor—
stroma interface, a hallmark of SCC. Similar features were
observed on more than five independent tumors. (D, Ieft)
Tumors formed from a6™p1™ DTG cells serially transplanted
five times into mice fed on Dox food. Tumors from 1 x 10*
engrafted cells per site were allowed to grow for 1 mo. Similar
results were independently reproduced more than three times.
(Middle) Histology of a representative engrafted DTG tumor.
Arrows indicate invasive tumor mass within the dermis. Similar
malignancies were observed with six independently engrafted
tumors. (Right) Immunofluorescence of a section from a repre-
sentative engrafted DTG tumor. Similar features were observed
on three independently engrafted tumors. Bars: left panel, 1 cm;
other panels, 100 pm.



to FACS to purify and characterize their integrin a6™g1H
epithelial cells. Similar to a6™B1M stem cells from normal
HFs and SCCs (Blanpain et al. 2004; Schober and Fuchs
2011}, these a6™B1™ tumor cells readily formed large
colonies or holoclones (>20 cells per colony) in attached
cultures (without Dox) in vitro (Supplemental Fig. S3E).

Moreover and consistent with previously established
features of SCC-CSCs (Schober and Fuchs 2011}, a6g 1t
DTG tumor cells initiated secondary tumor growth with
higher efficiency than a6"°B1' counterparts when in-
tradermally transplanted directly (without culture) into
the backskins of immunocompromised (Nude) mice
(Supplemental Fig. S3F). Additionally, when a6™ip1th
cells were FACs-purified directly from these secondary
tumors and serially transplanted, they continued to
initiate tumors, which were judged by histopathological
analysis to be invasive SCCs (Fig. 3D). Persistent miR-125b
overexpression in these serially transplanted tumor cells
was confirmed by gPCR (Supplemental Fig. S3G), providing
compelling evidence that miR-125b-overexpressing tumors
contained serially transplantable tumor-initiating CSCs (re-
ferred to here as DTG-CSCs). Finally, consistent with our
prior finding that miR-125b overexpression stimulates seba-
ceous gland growth (Zhang et al. 2011), Oil-Red-O-positive
sebocytes were found in tumors from Dox-induced DTG
skin whether spontaneous, DMBA/TPA-stimulated, or se-
rially transplanted (Supplemental Fig. S3H).

DMBA/TPA-induced SCC tumors that arise in DTG
mice are addicted to miR-125b

Some oncogenes function in not only initial development
of a specific tumor but also maintaining its malignant
state, known as oncogene addiction (Weinstein 2002). To
determine whether miR-125b has this capacity, FACS-
purified DTG-CSCs were transduced with a lentivirus
expressing fluorescent histone H2BGFP and then directly
engrafted into Dox-fed Nude mice to induce miR-125b-
mediated tumor growth. When tumors appeared, half of
the mice were switched to regular food (off-Dox). While
on-Dox tumors kept growing, off-Dox tumors regressed
rapidly (Fig. 4A; Supplemental Fig. S4A).

Immunolabeling of epithelia with keratin (K14) and
nuclei (DAPI) revealed signs of tumor shrinkage within
4 d off-Dox; by 7 d, cyst-like structures were seen (Fig. 4B,
top panels). Correspondingly, the mitotic marker (phospho-
histone H3) waned, while the epidermal differentiation
marker (K10) rose (Fig. 4B). The rapid decline in tumor
proliferation after Dox withdrawal was confirmed by EdU
labeling and FACS analysis (Fig. 4C). Apoptotic markers,
such as activated caspase3 and TUNEL (to measure DNA
fragmentation), displayed no discernable increase at 4 d
off-Dox and only a slight increase at 7 d. In contrast, the
percentage of differentiated tumor cells («6°¥B1°Y) in
the FACS populations rapidly increased (Supplemental
Fig. $4B,C).

To characterize the gene expression changes underlying
these phenomena, we FACS-purified GFP+a6™ 8 11 tumor-
initiating cells at ¢ = 0, 4, and 7 d off-Dox. qPCR of their
RNAs confirmed the gradual decline of miR-125b in
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regressing DTG tumors (Supplemental Fig. S4D). Illumina
sequencing on these RNAs showed that progressive tran-
scriptional changes accompanied miR-125b withdrawal
(Fig. 4D). During tumor regression, mRNAs encoding pro-
liferation-related proteins (Ki67 and Cyclin D1) and SCC-
enriched keratins (K18 and K6) were down-regulated, while
those encoding epidermal differentiation markers (K1,
K10, and Loricrin) were up-regulated. These changes
were consistent with the end of proliferation and rise
of differentiation observed when miR-125b was restored
to its endogenous levels within these tumor masses.

miR-125b maintains the molecular identity
of miR-125b-addicted SCC-CSCs

Unsupervised hierarchical analysis showed that initial
(off-Dox 0 d) DTG-CSCs were transcriptionally similar to
previously characterized profiles of SCC-CSCs (Schober
and Fuchs 2011). Strikingly, as time progressed, this
profile shifted to one that more closely resembled that
of normal skin stem cells (Fig. 4E). To further quantify
this shift, we first calculated the miR-125b correlation
score (CS) for each protein-coding gene in the miR-125b-
addicted tumor regression process: An mRNA whose
expression is concomitantly decreased during temporal
miR-125b reduction will have a positive CS value, while
one whose expression is increased will have a negative
CS value. Based on these values, we conducted a gene
set enrichment analysis (GSEA) (Mootha et al. 2003;
Subramanian et al. 2005) on previously identified SCC-
CSC signature genes that were two times or more similar
to each other than to stem cells of either epidermis or HFs
(Schober and Fuchs 2011).

Consistent with our observation in Figure 4E, the SCC-
CSC up-regulated signature genes were significantly
enriched for genes whose expression positively correlated
with miR-125b level during DTG tumor regression. On
the other hand, the SCC-CSC down-regulated signature
genes were significantly enriched for genes whose expres-
sion negatively correlated with the miR-125b level dur-
ing DTG tumor regression (Fig. 4F). In addition, a strong
negative correlation with miR-125b during tumor re-
gression was found for genes that were previously
identified to be down-regulated upon miR-125b over-
expression in normal HFSCs (Fig. 4G; Zhang et al. 2011).
These data suggest that a significant proportion of putative
miR-125b target genes is shared between normal skin and
tumor stem cells.

To test the general importance of miR-125b for tumor
stem cell activity, we attempted to knock down this
miRNA in CSCs from SCCs in which miR-125b expres-
sion was controlled by its natural locus. We first con-
structed a miRNA “sponge inhibitor” for miR-125b in
which multimerized miR-125b-binding sites were intro-
duced into the 3’ untranslated region (UTR) of a GFP
reporter (Ebert et al. 2007). After validating its function-
ality in cultured MKs, we then lentivirally transduced the
GFP-miR-125b sponge and GFP-control into CSC line
63A, derived from SCCs that were generated by DMBA
carcinogenesis applied to a wild-type (mostly C57Bl6)
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Figure 4. miR-125b confers oncomiR addiction and maintains the molecular identity of DTG-CSCs. (A) Nude mice were engrafted with 1 X
10* miR-125b-overexpressing DTG-CSC cells per site and maintained on Dox until tumors grew to ~1 cm. Half the mice were then taken off
Dox. Shown are representative mice from each cohort that were imaged at the times indicated. The graph shows quantification of tumor
volume (percentage relative to t = 0) over time (n = 4 each). Error bars indicate standard error. (**) P < 0.01 based on unpaired two-tailed ¢-test.
(B) Immunofluorescence of sections of regressing GFP+DTG tumors after Dox withdrawal (Off-Dox). Similar results were reproduced on three
independently engrafted tumors each. Bars, 100 wm. (*) Cell-less cysts; (white line) tumor-stroma interface. (C) FACS analysis of live epithelial
tumor cells from an off-Dox GFP+DTG tumor after 4 h of in vivo EdU labeling. (D) Unsupervised hierarchical clustering (heat map) of the gene
expression profile of GFP+a6™MB1"M cells (DTG-CSCs) from regressing GFP+DTG tumors. (Red) Up-regulation; (green) down-regulation. (E)
Unsupervised hierarchical clustering (heat map) of the above regressing DTG-CSC transcriptional profile data sets with previously
characterized transcriptional profile data sets of SCC-CSCs and normal skin stem cells (Schober and Fuchs 2011). (Bulge) Bulge HFSCs;
(Epi) epidermal basal progenitors; (wild-type [WT] and knockout [KO]) SCC-CSCs (CD34*a6™81M) of DMBA-induced SCCs from wild-type
skin or K14-Cre X TGEB receptor II conditional knockout (cKO) skin. To rule out platform bias, gene expression data were log-transformed,
row-centered, row-normalized within each data set using Gene Cluster 3.0 software before combining the two data sets for clustering. (F)
Gene set enrichment analysis (GSEA) of the previously identified SCC-CSC up-regulated (left panels) or down-regulated (right panels)
signature genes (two times or more vs. normal HFSCs) compared with the above regressing DTG-CSC gene expression data sets. Comparisons
are against all of the expressed genes ranked by their miR-125b correlation score (CS) (see the text). (Horizontal axis) CS; (vertical axis) GSEA
enrichment score; (NES) normalized enrichment score; (FDR) false discovery rate-adjusted P-value of enrichment. (**) FDR < 0.01. (G) GSEA
analysis of mRNAs down-regulated in normal HFSCs after miR-125b overexpression (Zhang et al. 2011) compared with the above regressing
DTG-CSC mRNA data set. All features are the same as above. (H, left) Tumor-forming efficiency of serially diluted SCC-63A cells after in
vitro modification by miR-125b knockdown (KD) (miR-125b sponge + miR-125b antagomir) or control knockdown (control sponge + control
antagomir). (Right) Growth curve of engrafted miR-125b knockdown or control knockdown SCC-63A tumors. n = 2 mice with four tumors
each. (I, left) Tumors generated from A431 cells after in vitro modification by miR-125b knockdown (miR-125b antagomir) or control
knockdown (control antagomir). (Right) Growth curve of engrafted miR-125b knockdown or control knockdown A431 tumors. n = 2 mice
with four tumors each. (**) P < 0.01, repeated-measure ANOVA test (GraphPad Prism). Error bars indicate standard error (same for H).



mouse (Schober and Fuchs 2011). To achieve optimal
miR-125b knockdown, sponge-transduced cells were fur-
ther transfected with miR-125b (or scramble) antagomirs.
GFP cells were then FACS-purified and tested by gPCR
to confirm miR-125b knockdown (Supplemental Fig.
S4E-G). Relative to controls, miR-125b knockdown did
not affect their in vitro proliferation and/or viability;
however when miR-125b knockdown CSCs were injected
into Nude mice, tumor initiation efficiency and growth
rates were markedly diminished (Fig. 4H; Supplemental
Fig. S4H,I). Similar effects were seen with A431 cells,
where miR-125b is expressed but at much lower levels
than normal human skin (Supplemental Fig. S4],K; Xu
et al. 2012; Sun et al. 2013). Treatment of miR-125b
antagomir significantly reduced their tumor growth rate
upon their xenotransplantation into Nude mice (Fig. 41).

miR-125b is a positive regulator of EGFR pathway
activity

We next focused on putative targets of miR-125b that
might contribute to its effects on skin tumorigenesis.
One candidate was the tumor suppressor gene Trp53,
which is a direct miR-125b target in some cells (Le et al.
2009). However, in our regressing skin tumors, both
Trp53 and its target genes (Beronja et al. 2010) were
down-regulated, not up-regulated, as miR-125b levels
diminished (Supplemental Fig. S5A). Vdr was more prom-
ising in that this miR-125b target had been implicated in
normal HFSCs (Zhang et al. 2011). In regressing DTG
tumors, both Vdr and predicted VDR target genes rose
in expression as miR-125b levels waned (Supplemental
Fig. S5B). However, when we administered Vdr ligand
EB1089 (Palmer et al. 2008) under conditions known to
partially suppress the effects of miR-125b overexpres-
sion in normal HFSCs (Zhang et al. 2011), we did not
detect antagonistic effects in DTG-CSCs (Supplemental
Fig. $5C).

We next turned to the EGFR-Ras pathway featured
prominently in skin tumorigenesis. Although DMBA
treatment often results in HRas1 mutations (Quintanilla
et al. 1986), this is not always the case, particularly when
there are other oncogenic mutations (Mao et al. 2004).
Sequence analysis of the DTG-CSC line used to screen
our miR-125b targets did not reveal mutations in the
commonly hit HRasl codon 61 or elsewhere in the
HRas1 coding sequence (Supplemental Fig. S5D; data
not shown).

We then applied the GSEA algorithm to analyze the
correlation between miR-125b and EGFR-Ras-responsive
genes during DTG tumor regression. A strong positive
correlation was detected between miR-125b and (1) genes
up-regulated upon EGF treatment of MCF-7 mammary
carcinoma cells (MSigDB and M2634) (Creighton et al.
2006), (2) the 300 most significantly up-regulated genes in
oncogenic KRAS immortalized human lung epithelial
cells (AALE; MSigDB and M2882) (Barbie et al. 2009),
and (3) genes whose promoters/enhancers harbor pre-
dicted binding motifs for ELK1 (MSigDB and M17817),
a transcription factor downstream from EGFR-Ras

miR-125b in skin tumorigenesis

signaling (Fig. 5A). In vitro, miR-125b overexpression in
DTG MKs enhanced activation (phosphorylation) of
ERK2, a downstream effector of EGFR-Ras signaling,
while miR-125b knockdown in SCC-63A cells reduced
ERK?2 phosphorylation (Fig. 5B).

The lack of suitable antibodies for mouse phospho-
EGFR led us to human HaCAT cells, where ERK2 was
similarly hyperactivated upon miR-125b overexpression
(Fig. 5C, left panel). miR-125b overexpression analogously
elevated EGFR phosphorylation both in regular cultures
(Fig. 5C, right panel) and upon EGF ligand stimulation of
serum-starved cultures (Supplemental Fig. S5E). Finally,
although ERK phosphorylation was suppressed by miR-
125b in Fadu cells (Nakanishi et al. 2014), EGFR phos-
phorylation was enhanced (Supplemental Fig. S5F).

Even though downstream effectors varied with cell
type and environmental conditions, EGFR signaling pos-
itively correlated with miR-125b. Thus, we treated Nude
mice bearing engrafted miR-125b-addicted DTG skin
tumors with erlotinib, a small molecule inhibitor of
EGFR activity (Raymond et al. 2000). Consistent with
this link, erlotinib reduced the mitotic index, induced
differentiation marker K10, and reduced overall tumor
growth rate, partially mimicking the effects of miR-125b
withdrawal in vivo (Fig. 5D,E).

miR-125b modulates EGFR activity by targeting Vpsdb
(vacuolar protein-sorting 4 homolog B)

miRNAs typically repress the levels and translation of
their direct target mRNAs. Consistently, transcripts har-
boring a predicted seed sequence for miR-125b (but not
another miRNA, Let-7) displayed a strong negative corre-
lation with miR-125b in our DTG tumor regression data
set (Supplemental Fig. S5G). Positing that miR-125b may
target a negative regulator of EGFR, we surmised that
potential candidates should meet the following criteria: (1)
Their expression should negatively correlate with miR-
125b during DTG tumor regression upon Dox withdrawal
(CS < —1.3; i.e., negative correlation P < 0.05), and (2) their
3’ UTRs should harbor conserved miR-125b-binding sites
as predicted by TargetScan (Friedman et al. 2009).

One-hundred-sixty-five such putative miR-125b tar-
gets were identified (Supplemental Table S1). Particularly
intriguing was Vps4b, encoding vacuolar protein-sorting
4 homolog B. Although VPS4B’s function in SCCs is un-
explored, in cultured breast cancer cells, it promotes
endocytic degradation of phosphorylated EGFR and in-
hibits anchorage-independent growth (Lin et al. 2012).
Consistently, VPS4B knockdown in cultured human SCC
cells caused significant up-regulation of EGFR phosphor-
ylation. Moreover, up-regulation of both Vps4b mRNA
and protein occurred concomitantly with miR-125b
down-regulation during DTG tumor regression (Supple-
mental Table S1; Supplemental Fig. S5H,I). miR-125b
overexpression also modestly affected VPS4B protein
levels in both MKs and human keratinocytes and multi-
ple human SCC lines (Fig. 6A; Supplemental Fig. S5]).

A conserved putative miR-125b-binding site exists in
the 3’ UTR of Vps4b mRNA (Supplemental Fig. S5K). To
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Figure 5. miR-125b promotes EGFR pathway activity. (A)
GSEA of previously identified EGFR pathway-responsive
gene sets (from MSigDB; see the text for details) compared
with the gene expression data of regression DTG-CSCs de-
scribed above. All features are the same as Figure 4F. (B,C)
Two-color quantitative immunoblot analysis (each lane rep-
resents an independent well). (B, top) Cultured DTG MK cells
+Dox induction; (bottom) SCC-63A cells harboring
miR-125b knockdown (KD) (miR-125b sponge + miR-125b
antagomir) or control knockdown (control sponge + scrambled
antagomir). (C) HaCAT cells overexpressing miR-125b or
scrambled control. Protein of interest levels (green) are
quantified relative to «-tubulin loading controls (red) and
compared with the average of the left three columns of each
figure. P-values based on two-tailed t-test. (D) Immunofluo-
rescence of sections from engrafted H2BGFP-labeled DTG
tumors after 3 d or erlotinib or solvent control treatment.
The right panel shows quantification of the percentage of
phospho-histone H3* (PH*) mitotic cells and K10* differentiating
cells among all GFP* tumor cells. n = 3 independent tumors. (**)
P < 0.01 by two-tailed t-test. Error bars indicate standard error.
(E, left panel) Growth curve of GFP+DTG tumors treated daily
with erlotinib or solvent control. (Right panel) FACS analysis
of these tumors at day 9 after 4 h of EdU labeling. n = 4
independent tumors.
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test its functionality, we constructed a reporter by linking
luciferase cDNA to the full-length mouse Vps4b 3’ UTR.
Reporter expression was significantly repressed by miR-
125b in cultured wild-type MKs, and this was abolished
when the site was mutated (Fig. 6B).

Analysis of The Cancer Genome Atlas (TCGA) data-
base of human HNSCCs suggested a significant (P < 0.02)
reduction in VPS4B mRNA levels in HNSCC cells that
harbor increased miR-125b gene copy numbers (Fig. 6C).
Additionally, >50% of HNSCCs showed a loss of at least
one VPS4B allele, a phenomenon not observed for closely
related VPS4A or VDR (Fig. 6D). VPS4B homozygous
deletions also correlated with poor survival rate (Fig. 6E),
and reduced VPS4B mRNA levels correlated with ele-
vated EGFR phosphorylation (Fig. 6F). Collectively, these
data are consistent with the notion that miR-125b targets
VPS4B, which has tumor suppressor activity in HNSCCs.

To determine whether Vps4b down-regulation might be
partially responsible for the positive effects of miR-125b on
ERK activity in DTG MKs, we transduced them with
a Dox-inducible expression cassette of Vps4b cDNA that
lacks its miR-125b-regulated 3’ UTR. The resulting DTG/
TRE-Vps4b MKs allowed us to simultaneously overexpress
VPS4B protein and miR-125b upon Dox induction. As
predicted, VPS4B overexpression counteracted the elevated
ERK phosphorylation caused by miR-125b overexpression;
it also suppressed the effects of miR-125b in permitting
anchorage-independent protection against anoikis (Fig. 6G-1).

miR-125b-overexpressing DTG-CSCs could not be cul-
tured in vitro (data not shown). Therefore, to assess the
role of Vps4b in miR-125b-addicted tumor growth in
vivo, we cloned the TRE-Vps4b cassette into a lentiviral
vector constitutively expressing H2BRFP and infected
a suspension of 10® FACS-isolated GFP* DTG-CSCs with
either TRE-Vps4b or empty vector control virus. One
hour later, cells were washed and intradermally engrafted
into Nude mice fed on Dox food to initiate DTG tumor
growth. As an infection rate control, 10° uninduced DTG
MKs were similarly infected and then plated in vitro.
Subsequent FACS analysis revealed that DTG-CSCs
transduced with the TRE-Vps4b, but not vector control,
were specifically depleted in the tumor, while in unin-
duced MK cultures, both Vps4b and control were compa-
rably represented (Fig. 6]; Supplemental Fig. S6A,B). These
data suggest that overexpression of VPS4B can suppress
growth of miR-125b-addicted DTG-CSCs in vivo.

miR-125b regulates stress-responsive MAPK pathway
via multiple target genes

The function of a miRNA is often carried out by simul-
taneously fine-tuning multiple targets involved in a bi-
ological pathway. Using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) (Dennis
et al. 2003), we found that the MAPK signaling pathway
was the only significantly enriched biological pathway
among our 165 putative miR-125b targets in DTG-CSCs
(Supplemental Fig. S6C). Closer inspection of putative
miR-125b targets in this category revealed transcripts
encoding stress-responsive MAPKs (Sugden and Clerk
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Figure 6. Vps4b is a direct miR-125b target in mice and humans. (A) Two-color quantitative immunoblot analysis (each lane is an
independent well) of off-Dox regressing DTG-CSCs (top panel), cultured DTG MK cells +24 h of Dox induction (middle panel), and
HaCAT cells overexpressing miR-125b or scrambled control (bottom panel). All features are as described in Figure 5, B and C. (B) Dual-
luciferase reporter assay for a full-length mouse Vps4b 3’ UTR and its miR-125b target site mutated version (Mut). Reporters were
cotransfected into cultured wild-type (WT) MKs harboring Dox-inducible versions of either scrambled++ (control) or miR-125b++ (miR-
125b). n = 4 independent wells. (**) P < 0.01; (ns) not significant, two-tailed t-test. (C) The level of VPS4B mRNA (Z-score) in samples of
HNSCCs (TCGA)| carrying an increased total miR-125b-1" miR-125b-2 gene copy number (miR-125b") or others. (Red lines) Mean value
and standard error; (dot) individual HNSCC case. P-value is based on two-tail t-test. (D) The percentage of HNSCCs (TCGA) bearing
copy number changes in the indicated genes. (HomDel) Homozygous deletion; (HetLoss) heterozygous loss; (Gain) less than twofold
copy number increase; (Amp) twofold or more copy number increase. (E) Patient survival curves of TCGA HNSCCs harboring VPS4B
homozygous deletion (red) versus other cases (blue). Data were analyzed by the cBioPortal tool. P-value is based on two-tailed log rank
test. (F) Levels of EGFR(Y1173) phosphorylation (TCGA RPPA score) in TCGA HNSCC samples (blue dots) with down-regulated VPS4B
mRNA (Z-score < —2) compared with other cases. Data were analyzed by the cBioPortal tool. P-value is based on two-tail t-test. (G)
Two-color quantitative immunoblot analysis of DTG MKs after 12 h of suspension and with indicated modifications. (Tre-Vps4b)
PLKO-Tre2-Vps4b c¢cDNA lentivirus-infected; (Tre vector) pLKO-Tre2 lentivirus-infected. (H,I) The percentage of apoptotic cells
(AnnexinV [+] and dead cell stain [—]) and EdU* cells (1 h after EJU labeling) in suspended DTG MKs with the indicated modifications.
n = 3 independent wells. (*) P < 0.05; (**) P < 0.01, two-tailed t-test. (]) Illustration and quantification for the effect of Vps4b
overexpression on in vivo tumor growth of GFP+DTG-CSCs. MK cultures were FACS-analyzed 48 h post-infection (n = 3 independent
wells). DTG tumors were FACS-analyzed once the tumor reached ~1 cm diameter (n = 3 independent tumors). (**) P < 0.01, two-tailed
t-test.
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1998), including Mapki4 (P38«a), Map2k7 (MKK?7),
Map3k1 (MEKK1), and Map3k11 (MLK3) (Fig. 7A.
These MAPK mRNAs were significantly up-regulated
concomitant with miR-125b down-regulation in DTG-
regressing tumors (Supplemental Table S1). Moreover,

immunoblot analyses showed that DTG tumor regres-
sion was accompanied by potent phosphorylation (acti-
vation) of P38, SAPK/JNK, and JUN (Fig. 7B). Analysis of
the TCGA revealed that an increased miR-125b copy
number in HNSCC patients was significantly associated
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Figure 7. miR-125b regulates MAPK signaling pathways via multiple direct targets. (A) A simplified view of putative miR-125b targets
(red) in MAPK signaling pathways. (B) Two-color quantitative immunoblot analysis of lysates from Nude skin-engrafted DTG tumors
during off-Dox regression. Proteins of interest levels (green) were quantified relative to «-Tubulin loading control (red) and compared
with the value of Nude skin. (C) Levels of JNK1 (PT183) and MEK1 (PS217) phosphorylation (TCGA RPPA score) in HNSCC samples of
patients with an increased miR-125b-1 + miR-125b-2 gene copy number (miR-125b") versus others. P-value is based on unpaired two-
tailed t-test. (D,E) Dual-luciferase reporter assay to test miR-125b’s regulation on stress-responsive MAPKs. Four putative direct
targets—MKkKk7, Mekk1, MIk3, and p38a—were tested in wild-type (WT) MKs +miR-125b overexpression. (D) Wild-type 3’ UTRs. (E) 3’
UTRs with miR-125b target site mutated (Mut). The vertical axis indicates relative luciferase activity. (Scrambled++) Scrambled
control; (miR-125b++) miR-125b overexpression. n = 4 independent wells. (*) P < 0.05; (**) P < 0.01; (ns) not significant, two-tail ¢-test.
(F) Two-color quantitative immunoblot analysis (each lane represents an independent well) of cultured DTG MK cells 24 h after Dox
induction. Proteins of interest levels (green) were quantified relative to a-Tubulin loading control (red) and compared with the average
value of the first three left columns of each figure. P-value is based on two-tailed t-test. (G) MTT cell proliferation/survival assay of
DTG MKs with the indicated modifications after 0 or 48 h in suspension. Vps4b and control shRNAs were introduced by lentiviral
infection and puromycin selection. n = 8 independent wells. (*) P < 0.05; (**) P < 0.01; (ns) not significant, two-tailed t-test. (H) FACS
analysis of DTG tumors after 4 h of EAU labeling. (On-Dox) DTG tumor on continuous Dox induction; (Off-Dox 4 d + DMSO or
SB203580) mice with DTG tumors that developed while on Dox were taken off Dox for 4 d and received daily injections of 10 ug per
gram of body weight of SB203580 or DMSO solvent during these 4 d.
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with a reduction in the activity of stress-responsive
MAPK and JNKI but a modest increase in the activity
of MEK1 downstream from EGFR-Ras signaling (Fig. 7C).
In this regard, it was notable that Jnk1-null mice exhibit
increased susceptibility to DMBA/TPA-induced skin tu-
mor formation (She et al. 2002), similar to the effects of
miR-125b overexpression.

TargetScan predicted conserved miR-125b-binding
sites in the 3’ UTR of all four stress-responsive MAPKs
mentioned above (Supplemental Fig. S6D). To test their
efficacy, we cloned the ~500-nucleotide (nt) 3" UTR
regions encompassing each site into a dual-luciferase
reporter system and then assayed their activities in
cultured MKs. As expected for bona fide miR targets, all
four reporters showed reduced activities upon miR-125b
elevation. The effects were abolished when the seed
regions of predicted miR-125b-binding sites were mu-
tated (Fig. 7D,E). At the protein level, miR-125b over-
expression significantly reduced both P38 and MEKK1 in
MK culture (Fig. 7F). Moreover, in normal cultured (DTG)
MKs, P38/JNK inhibitor SB203580 and Vps4b knock-
down each improved survival in suspension culture, and
their combined effect was comparable with Dox-induced
miR-125b overexpression (Fig. 7G; Supplemental Fig.
SG6E,F). In vivo, SB203580 also partially suppressed the
negative effects of miR-125b withdrawal on DTG tumor
proliferation (Fig. 7H).

Together, these data point to the view that miR-125b’s
effects on malignant transformation are mediated through
a multiplicity of targets, including both Vps4b and stress
response Mapks. This is reminiscent of findings in
Drosophila melanogaster, where dominant-negative mu-
tants of Vpsdb (dVps4) and Jnk (Bsk) together but not
individually led to neoplastic growth in imaginal disc
epithelia (Rodahl et al. 2009).

Discussion

Our data provide compelling evidence that miR-125b can
enhance initiation and malignant progression of skin
tumors formed spontaneously or by DMBA/TPA. More-
over, tumor-initiating cells derived from miR-125b-over-
expressing tumors are addicted to this miRNA. These in
vivo functional data unmask the oncogenic potential of
elevated miR-125b and, to our knowledge, provide the first
example of oncomiR addiction for an epithelial tumor.
miR-125b overexpression also resulted in suprabasal
proliferation and delayed differentiation in epidermis and
increased survival in suspension cultures. From these
results, it is tantalizing to speculate that miR-125b may
be involved in developing anchorage independency dur-
ing malignant progression. Consistent with this hypoth-
esis, miR-125b levels are substantial at early but not late
stages of mouse and human tumorigenesis. However,
even for those human SCC cell lines that display down-
regulated miR-125b, overexpression of this miR im-
proved their anchorage independency, while further
knockdown of endogenous miR-125b repressed tumor
growth in xenotransplantations. These results underscore
the benefits of even low levels of miR-125b in SCC cells.

miR-125b in skin tumorigenesis

That said, deletions of the miR-125b locus can occur in
advanced human SCCs. Whether miR-125b's loss is
compensated by the simultaneous deletion and/or re-
pression of tightly linked Iet-7 tumor suppressors remains
to be determined.

How, then, does miR-125b exert its influence on tumor
promotion? Our data suggest a complexity that cannot be
simply packaged in a linear pathway. First, by suppressing
epidermal differentiation and promoting proliferation,
miR-125b overexpression is likely to precipitate a tu-
mor-prone environment by perturbing the skin barrier.
This could provoke a proinflammatory response, which
would further fuel hyperproliferation. That said, miR-
125b’s effects on expression profiles of DTG-CSCs were
profound. Thus, in our miR-125b addiction model, the
progression from a normal skin stem cell transcriptional
profile to an SCC-CSC-like one appeared to be at least
partially reversible. Withdrawal of Dox in our miR-
125b-addicted CSCs shifted their transcriptional profile
toward one more similar to that of normal skin stem
cells. This provides an interesting example in which
a single miRNA can markedly impact the molecular
identity of SCC-CSCs.

Finally, the myriad of miR-125b’s potential direct targets
in both skin stem cells and DTG-CSCs was also profound.
Our studies here exposed miR-125b as a potential regulator
of EGFR and MAPK signaling, which are key pathways in
epithelial cancers. On the one hand, miR-125b indirectly
boosted EGFR-Ras—-MEK-ERK activities, which in part
appeared to be by targeting the mRNA encoding VPS4B,
which may interfere with recycling internalized active
EGFR back to the epithelial cell’s surface, as previously
suggested (Lin et al. 2012). Although VPS4B is a generally
important endocytosis protein whose function could go
well beyond EGFR regulation, its effects on EGFR could
account for many of miR-125b’s effects observed here.

On the other hand, miR-125b directly targeted and
dampened genes involved in stress-responsive MAPK
cascades. In contrast to the EGFR pathway, the roles of
stress-responsive MAPK pathways in cancer are compli-
cated and can be either oncogenic or tumor-suppressive
depending on cellular context (Wagner and Nebreda
2009). miR-125b’s ability to directly target these Mapk
mRNAs could contribute to the complex and often
paradoxical roles of miR-125b in different types/stages
of cancer.

In closing, it merits emphasizing that the effects of
a miRNA often reflect cumulative effects of simulta-
neously targeting many protein-coding transcripts. Hence,
it is likely that other miR-125b targets beyond Vps4b and
Mapks will contribute to the oncogenic effects that we
described here. In this regard, it is interesting that in
hematopoietic stem cells (HSCs), miR-125b was recently
found to regulate multiple target genes involved in TGF-$
signaling (Emmrich et al. 2014).TGF-B signaling also
functions in skin tumorigenesis, and Smad4, one of the
miR-125b targets in HSCs, was also among our miR-125b
targets (Supplemental Table S1, sheet 1). Another pre-
viously reported miR-125b target is TACSTD2, which
functions in MAPK signaling (Nakanishi et al. 2014). Even
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though TACSTD2 lacks a TargetScan-predicted miR-125b-
binding site on its 3’ UTR, it negatively correlated with
miR-125b in our DTG tumor regression data set (Supple-
mental Table S1, sheet 2). Another important factor in skin
tumorigenesis is inflammation, and, in lymphomas, miR-
125b has a positive effect on the NF-kB pathway (Kim et al.
2012). We also detected significant enrichment of the NF-
kB pathway as well as proinflammatory cytokines such as
CCL2, CCL20, and CCL7 in our cohort of transcripts that
positively correlated with miR-125b in our DTG tumor
regression data set (Supplemental Table S1, sheet 3; data
not shown). Overall, our data reconcile well with previous
knowledge of miR-125b targets and provide novel insights
into the wide spectrum of biological functions regulated by
miR-125b. In providing the first transcriptome analysis of
miR-125b-mediated oncomiR addiction in vivo, our study
also unveils a rich list of putative miR-125b targets with
potential relevance to epithelial oncogenesis.

Materials and methods

Animal care and use

All animal experiments were performed in the Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC)-
accredited Animal Resource Center at The Rockefeller University.
Experiments were in accordance with National Institutes of
Health guidelines for animal care and use and were approved and
overseen by The Rockefeller University’s Laboratory Animal
Resource Center and animal care committee.

Tumor induction, tumor cell manipulation,
and transplantations

DMBA/TPA tumor induction in age-matched female mice was
according to standard protocols (Filler et al. 2007). For tumor cell
transplantation experiments, cells were FACS-isolated, mixed
with Matrigel (BD Biosciences), and then injected intradermally
into Nude mice as described (Schober and Fuchs 2011). Serial
intradermal transplantations were conducted with 1 X 10* freshly
FACS-purified a6"g1" DTG tumor cells per site. For H2BGFP
marking of DTG tumor-initiating cells, the PLKO-PGK-H2B-GFP
vector (Beronja et al. 2010) without U6 promoter was packaged
into lentivirus and used to infect ~1 X 10° freshly isolated a6™p 1™
DTG tumor cells. One hour after infection, cells were washed and
engrafted directly onto backskins of Nude mice by intradermal
transplantation. GFP+a6MB1M cells were FACS-isolated from
resulting tumors and then serially transplanted as above.

Vitamin D ligand EB1089 administration was conducted as
described (Zhang et al. 2011). Erlotinib (Santa Cruz Biotechnol-
ogy) was resuspended in 0.5% (w/v) methylcellulose in water and
administered daily by intraperitoneal (i.p.) injection of 50 ug per
gram of body weight. An equal volume of solvent was injected as
a negative control. SB203580 (Cell Signaling) was dissolved in
DMSO and used at 10 M in vitro or i.p. injected into mice at 10
wg per gram of body weight daily. FACS isolation of SCC-CSCs
and normal skin stem cells was conducted as described (Schober
and Fuchs 2011).

Pathology and human tissues

Mouse tumors were analyzed by the Pathology Core Facility of
the Memorial Sloan Kettering Cancer Center. Human skin
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cancer tissue arrays (SK801b, BC21014, and SK961) were pur-
chased from Biomax.

Isolation of mRNAs from tumor-initiating cells of regressing
miR-125b-addicted tumors

For RNA sequencing (RNA-seq) analysis of the miR-125b-
addicted tumor regression process, H2BGFP-labeled DTG tumor
cells were engrafted intradermally into Nude mice (1 X 10%*cells
per site). Tumors were allowed to grow to ~1 cm diameter on
Dox. Mice were then taken off Dox by transferring them to
regular food (Zhang et al. 2011) for the times noted in the text.
For GFP+a6™B1M FACS isolations of tumor cells, two or three
independent replicates were collected for each time point. Total
RNAs from cells were extracted using the miRNeasy minikit
(Qiagen). Expression of miR-125b in each sample was quantified
by qPCR using TagMan microRNA assays (Applied Biosystems).

Data deposit

The complete RNA-seq data were submitted to the NCBI Gene
Expression Omnibus repository under accession number GSE54704.
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