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MicroRNA 21 (miR-21) is overexpressed in virtually all types of
carcinomas and various types of hematological malignancies. To
determine whether miR-21 promotes tumor development in vivo,
we knocked out the miR-21 allele in mice. In response to the 7,12-
dimethylbenz[a]lanthracene (DMBA)/12-O-tetradecanoylphorbol-
13-acetate mouse skin carcinogenesis protocol, miR-21-null mice
showed a significant reduction in papilloma formation compared
with wild-type mice. We revealed that cellular apoptosis was ele-
vated and cell proliferation was decreased in mice deficient of miR-
21 compared to wild-type animals. In addition, we found that a
large number of validated or predicted miR-21 target genes were
up-regulated in miR-21-null keratinocytes, which are precursor cells
to skin papillomas. Specifically, up-regulation of Spry1, Pten, and
Pdcd4 when miR-21 was ablated coincided with reduced phosphor-
ylation of ERK, AKT, and JNK, three major downstream effectors of
Ras activation that plays a predominant role in DMBA-initiated skin
carcinogenesis. These results provide in vivo evidence that miR-21
exerts its oncogenic function through negatively regulating its
target genes.

microRNA | chemical-induced carcinogenesis | Ras effector pathways

'he multistage murine skin carcinogenesis model has been a

paradigm for studying epithelial tumors for over 60 years.
In this model, mice are first treated with a single dose of a
genotoxic carcinogen (initiator, such as 7,12-dimethylbenz[a]an-
thracene [DMBA]), followed by multiple applications of a
nongenotoxic tumor promoter, usually a phorbol ester such as
12-O-tetradecanoylphorbol-13-acetate (TPA). This gradually
results in the generation of benign squamous papillomas that
develop progressively into dysplastic foci and finally become in-
vasive squamous carcinomas. Both the carcinogen and the pro-
moter are required for completion of the carcinogenic process
in this model. This chemical-induced skin carcinogenesis recapi-
tulates many aspects of the development of human carcinoma,
particularly squamous cell carcinoma. Numerous protein-coding
genes (1) play critical roles in this process, yet the role of non-
coding RNAs has been overlooked.

MicroRNAs (miRNAs) are short 20-25 nucleotide RNA mo-
lecules that negatively regulate gene expression by targeting the
3’ UTRs of mRNAs. Over 1,000 human miRNAs (2-4) have been
identified. Computational methods have indicated that up to
92% of human genes may be regulated by miRNAs (5). Experi-
mentally, however, the physiological function of only a small
number of these miRNAs has been revealed. The pathological
involvement of miRNAs in skin carcinogenesis has yet to be
explored. MicroRNA 21 (miR-21) is overexpressed in carcinomas
of lung, prostate, breast, pancreas, colon, head and neck, sto-
mach, esophagus, liver, etc., compared to normal adjacent tissues,
and it is arguably the only miRNA that is up-regulated in all types
of carcinomas (6, 7). In addition, it is also up-regulated in blood
cancers such as leukemia (8), lymphoma (9), and multiple mye-
loma (10), supporting miR-21 as a ubiquitous oncogene.
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Using in vitro assays, the oncogenic properties of miR-21 have
been extensively studied with molecular and cellular assays in
various cell lines (11-15). Recently, two reports from the labora-
tories of Slack (16) and Olson (17) revealed that overexpression
of miR-21 leads to a pre-B malignant lymphoid-like phenotype
(16) and enhances Kras-mediated lung tumorigenesis (17),
whereas genetic deletion of miR-21 partially protects against
tumorigenesis (17). However, in the miR-21 knockout model, it
was found that deletion of the miR-21 locus has little impact on
the expression of miR-21 target genes in lung (17) or in heart
(18); i.e., few miR-21 targets are up-regulated in miR-2]-null
mice. In addition, reduced cellular apoptosis is observed in both
miR-21 transgenic models (16, 17), yet deletion of miR-21 does
not cause significant change in cellular apoptosis in lung tissues
and tumors (17). The authors speculate that compensation by
other biological inputs to normalize target regulation in the ab-
sence of miR-21, rather than increased levels of miR-21 targets,
results in suppressed lung tumor development in mice without
miR-21 (17).

In this study, we report that miR-21 deficiency leads to
up-regulation of its target genes in epidermal keratinocytes and
reduces tumorigenesis in a murine skin carcinogenesis model.
Data generated from this work allow us to reconcile target
efficacy with the phenotype, i.e., reduced tumorigenesis of miR-
2]-null mice, providing added evidence to support that miR-21
is an oncogene that suppresses the expression of its target genes
to exert its oncogenic function.

Results

Gene Targeting of miR-21 in Mice. The mouse miR-21 allele is
located in the 3'UTR of a protein-coding gene TMEM49
(Fig. 14). To delete the miR-21 allele in mouse ES cells, we gen-
erated a vector that deletes the precursor to miR-21 by replacing
it with a neomycin (NEO)-resistance expression cassette (Fig. 1B).
Correctly targeted ES colonies were selected by the presence of
NEO, the shortened long arm, and the deletion-specific PCR pro-
ducts (Fig. 1 C-E, SI Text, and Table S1). One ES clone was used
to successfully generate germ line transmission by blastocyst
injection. Mice heterozygous or homozygous for the miR-21
deletion allele (Fig. 1F) were fertile and appeared phenotypically
normal, similar to a previous report (17). Also we found the
expression of TMEM49 is unaffected by miR-21 loss and the in-
serted NEO cassette as we did not observe any significant differ-
ence in the levels of TMEM49 in tissues from skin, heart, lung,
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miR-21 is located in the 3’UTR region of the TMEM49
transcript. (B) The construct for miR-21 gene targeting.
The neomycin gene (NEO) replaced the miR-21 gene in
the TMEMA49 ~ MIRN21 transcriptional unit. (C) Strat-
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and pancreas. There were no significant differences in major
organs between the wild-type and miR-2I-null mice of up to
one and half years old.

miR-21 Deficiency Reduces Chemical-Induced Skin Carcinogenesis. We
subjected 18 miR-21-null mice along with 23 of their wild-type
littermates to a murine skin carcinogenesis (DMBA/TPA) proto-
col with an initial one dose of DMBA and multiple doses of TPA
twice weekly afterward. TPA painting was stopped at the end of
the 29th week when there was no increase of papillomas in both
groups of mice for two weeks. Overall, there were fewer papillo-
mas in miR-21-null mice compared to their wild-type littermates
(Fig. 2 A and C). Additionally, the percentage of mice with pa-
pillomas in miR-21-null mice was also significantly less than the
control during the treatment; 100% tumor penetration was
reached at week 17 for wild-type mice, yet there was still one
miR-21-null animal tumor-free at the end of the regimen
(Fig. 2B). These results suggest that miR-21 ablation negatively
impacts chemical-induced epidermal carcinogenesis.

Reduced Cell Proliferation and Elevated Cellular Apoptosis in Kerati-
nocytes and in the Epidermis of miR-21-Null Mice. We first analyzed
the naive dorsal skin of wild-type and miR-21-null mice. They
exhibited normal overall epidermal morphology and thickness.
Sebaceous glands and hair follicles also appeared to be normal
(Fig. 34). When treated with three doses of TPA (without
DMBA), which is known to induce a robust proliferative response
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egy for confirmation of five miR-21-null positives from
« loxP more than 400 ES colonies. (D) Southern blotting to
confirm the long homology arm (LA, 5.4 kb) with a
LA probe as in C. (E) PCR to confirm the short homology
arm (SA, 2.0 kb) with A2 and F3 primers (shown in C). M
(Top to Bottom): 3.0 and 2.0 kb. (F) Duplex PCR with P1,
P2, P3 (shown in B) to confirm the miR-21-null mice. M
((Top to Bottom)): 500, 400, 300, and 200 bp. The foun-
der heterozygous mice are from ES colony #374.
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leading to substantial epidermal hyperplasia, both wild-type and
miR-21-null skin developed comparable epidermal thickening
(Fig. 3B), suggesting miR-21 is not required for TPA-induced
epidermal hyperplasia. When skin sections were staining for
Ki-67, a cellular marker for proliferation, there was a small yet
statistically significant reduction (approximately 8%) of Ki-67-
positive cells in the epidermis of miR-21-null mice compared to
the control (Fig. 3C), supporting a role of miR-21 in cell prolif-
eration.

We next examined cellular apoptosis using the TdT-mediated
dUTP nick end (TUNEL) assay. We found there are more
apoptotic cells in miR-21-null epidermis with or without TPA
treatment (Fig. 3 D and E). In addition, miR-21 loss had also in-
creased the amount of apoptotic cells in the papillomas, suggest-
ing that apoptosis contributes to the reduced tumorigenesis in
miR-21-null mice (Fig. 3F). To validate the role of miR-21 in
apoptosis, we isolated epidermal keratinocytes from skin tissues
of newborn mice. miR-2]-null keratinocytes displayed more
apoptosis than their wild-type counterparts (Fig. 4 4 and C).
When induced by doxorubicin, more apoptosis was observed in
cells without miR-21 (Fig. 4 B and C). Next, we transfected
wild-type keratinocytes with inhibitors to miR-21 (anti-miR-21)
and miR-2]-null cells with precursors to miR-21 (pre-miR-21)
and analyzed cellular apoptosis using FACS. We found that
the apoptosis rate of wild-type cells was increased when miR-
21 was inhibited, whereas reintroduction of miR-21 into miR-
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O miR-217- (n=18)
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Fig. 2. Fewer papillomas developed in miR-21-null
mice upon the DMBA/TPA regimen. (A) Papilloma
multiplicity of miR-27-null and wild-type mice.
P = 0.004 with Mann-Whitney U test. (B) Papilloma
incidence, i.e., the percentage of mice with at least
one papilloma. P =0.008 with Fisher's exact test.
(C) A representative photo of papilloma formation
in wild-type and miR-21-null mice. Arrows point to
one papilloma in each animal.
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2]-null cells reduced cellular apoptosis (Fig. 4D). These results
support that miR-21 is antiapoptotic both in vivo and in vitro.

Increased Expression of miR-21 Target Genes in miR-21-Null Keratino-
cytes. As miRNAs generally exert their function through suppres-
sion of target genes, we profiled global expression of mRNAs in
keratinocytes isolated from wild-type and miR-21-null mice. We
grouped genes that are differentially expressed in wild-type and
miR-21-null keratinocytes and drew a Whisker-box plot to visua-
lize the percentile values of all genes expressed in keratinocytes
versus those targeted by miR-21 as predicted by TargetScan
(http://targetscan.org). Overall there were 153 putative or vali-
dated miR-21 targets that were detectable in either sample. These
target genes as a group were highly expressed in miR-21-null
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Fig. 3. Comparison of skin epidermis of wild-type
and miR-21-null mice. Magnification, 20x. (A) H&E
staining of naive skin. E, epidermis; D, dermis; HF, hair
follicle; SB, sebaceous gland. (B) Hematoxylin and eo-
sin (H&E) staining of skin treated with three doses of
TPA. Thickness of the epidermis (Epi) is indicated.
(C) Ki-67 staining of naive skin. (Insets) Area of higher
magnification (40x). Bar graph below shows the
percentage of cells that are Ki-67 positive in wild-type
and miR-21-null epidermis. Values represent the
means + SD of three separate experiments. *P < 0.05.
(D-F) TUNEL analysis. White curves indicate the edges
of the epidermis. Green fluorescence indicates apop-
tosis-positive cells in naive skin (D), skin treated with
three doses of TPA (E), and papillomas (F).
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keratinocytes compared to all genes (Fig. 54, P = 4.76E-05).
To validate this finding, we used Tagman® quantitative real-time
PCR (gPCR) to analyze a total of 55 selected genes, including
putative miR-21 targets that are differentially expressed in
wild-type or miR-21-null keratinocytes as determined by expres-
sion profiling and some validated miR-21 targets such as Pdcd4
that were not detected by microarray. Beyond CclI and Spryl, all
qPCR reagents were able to amplify quality products from
cDNAs of two groups of keratinocytes. We found that there
was approximately 65% (36 out of 55) concordance between mi-
croarray data and the qPCR data. Among them, 30 validated or
predicted miR-21 targets are up-regulated in miR-2]-null cells
compared to the control as determined by both microarray
and qPCR (Fig. 5B and Table S2). To further corroborate that

miR-217/

Fig. 4. Apoptosis analyses of isolated keratinocytes.
(A and B) TUNEL analysis in wild-type and miR-21-null
cells (A) and in cells treated with doxorubicin (B).
(C) Bar graph shows the percentage of cells that are
apoptosis-positive in wild-type and miR-21-null kera-
tinocytes using TUNEL. (D) FACS analyses of wild-type
cells transfected with anti-miR-21 and miR-21-null
cells with pre-miR-21. Anti-Contl, Anti-miR™ miRNA
Inhibitors—Negative Control No. 1; Pre-Contl, Pre-
miR™ miRNA Precursor Molecules—Negative Control
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(down-regulated) when miR-21 Was relntroduce.d (Flg. 5C). Th,IS Fig. 6. miR-21 target gene expression and Ras effector pathways in kerati-

result suggests that up-regulation of most miR-21 targets in nocytes and in MEFs. (A) The expression of miR-21 targets (Pdcd4, Pten, Spry1,

miR-21-null cells is directly due to the loss of miR-21. and Spry2) and the phosphorylation of ERK, AKT, and JNK in keratinocytes.
(B) Similar to A but in MEFs. (C) A proposed model showing that miR-21 sup-

Elevated Expression of miR-21 Target Genes and Inhibition of Ras  presses multiple targets that are inhibitory to Ras signaling.

Effector Pathways in miR-21-Null Cells. The development of papil-

lomas induced by DMBA-TPA is dependent on mutant activation .

of H-Ras, which further activates the phosphorylation of ERK, UP-Tegulated and Ras effector pathways are inhibited by loss

AKT, and JNK. It is reported that the Raf kinase is inhibited Of. miR-21, we 1sol_ated mouse embryonic fibroblasts (MEFS) from

by both Spryl and Spry2 (19). Pten converts PIP3 into PIP2 to wild-type and miR-21-null embryos. Western blotting analyses

S S A firmed that the expression of Spryl, Pten, and Pdcd4 was
inhibit the PI3K-Akt cascade (20). Pdcd4 inhibits JNK activation con - ; L AK
by down-regulating MAP4K1, an upstream kinase of JNK (21). up-regulated and the phosphorylation of ERK, T, and JNK

Thus, we hypothesize that up-regulation of these miR-21 target was reduced in MEFs (Fig. 6B). Collectively, these data provide
. a strong link between elevated expression of miR-21 to attenuate

genes, namely Spryl (22), Spry2 (23), Pten (24, 25), and Pdcd4, in Ras signaling and reduced skin tumorigenesis

keratinocytes contributed to reduced tumorigenesis in miR-21- )

null mice subjected to multiple-stage skin carcinogenesis. We first  piscussion

examined the expression of these miR-21 targets using Western Tt is well established that Ras activation is the initiating event of

blotting analyses and found the protein levels of Spryl, Pten, and  multistage murine skin carcinogenesis as over 90% of DMBA/

Pdcd4 were increased in miR-21-null keratinocytes, whereas that ~ TPA-induced papillomas harbor A182 — T mutation in the

of Spry2 remained unchanged (Fig. 64, Left). We next deter-  H-RAS gene (26). There are three Ras effectors that play major

mined the phosphorylation status of these three kinases in ker-  roles in cell transformation: Raf, PI3K, and Ral-GEFs. Ras acti-

atinocytes and found that all of them were phosphorylated at  vates Raf and subsequently the ERK MAPKSs through MEK. The

a lower level in miR-21-null cells compared to the control second effector of Ras is phosphoinositide 3-kinase (PI3K),

(Fig. 64, Right). To further validate that miR-21 targets are  which catalyzes the conversion of PIP2 to PIP3. PIP3 recruits
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Fig. 5. Expression of miR-21 targets in wild-type and miR-21-null keratinocytes. (A) The expression levels of miR-21 targets in wild-type and miR-21-null cells as
determined by the microarray assay. A Whisker-box plot is presented with 5th, 95th percentile values as well as minimum, maximum, median, and 25th and
75th percentiles. The average values of all genes is 0.071, compared to 0.35 for miR-21 targets (P = 4.8E-05). RQ, Relative quantity of mRNA levels (Y axis) is
reflected by the log, value of signal intensity (109, (SDmjr-21-null-SDwild type)- (B) The expression of miR-21 targets as determined by the qPCR assay compared to
that by the microarray assay. (C) The expression of miR-21 targets in miR-21-null cells transfected with pre-miR-21. For B and C, RQ of mRNA levels (Y axis) is
reflected by the log, value of signal intensity (Iog; (SDmjg-21-nuli-SDwild type) NOrmalized to that of Gapdh. Gene name in capital denotes that there is concordance
between microarray and qPCR. “*" prefix, genes are down-regulated in miR-21-null cells when introduced with pre-miR-21. “&" postfix, UTR was confirmed to
be down-regulated in a reporter assay; “#", UTR down-regulated by no qPCR data; “?” UTR not down-regulated; “!”, UTR down-regulated but expression
repression by miR-21 not supported by microarray or qPCR.
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Akt and PDKI1 to the plasma membrane where Akt is activated.
A family of GDP-GTP exchange factors (GEFs) for the Ral small
GTPases (RalGDS, for instance) represents the third family of
Ras effectors (27). RalGDS mediates tumor cell survival through
the activation of the JNK pathway (28). All three effectors are key
components in Ras-dependent DMBA/TPA-induced murine car-
cinogenesis (28-30). In this study, we found that respective ERK,
AKT, and JNK inhibitors such as Spryl, Pten, and Pdcd4 are
up-regulated in miR-21-null keratinocytes. As these genes are
known to be repressed by miR-21, these results provide direct evi-
dence that miR-21 target genes are elevated to attenuate three
major Ras effector pathways to inhibit tumorigenesis in miR-
21-null animals (Fig. 6C). We are cognizant that other miR-21
targets may participate in pathways mediated by three major
Ras effectors or a handful of other distinct Ras effectors such
as Tiam1, Rassf1, and PLCe (27) and that Ras effector pathways
are nonlinear cascades with extensive feedback inhibition and
interconnections. These data nonetheless demonstrate the criti-
cal role of miR-21 in Ras signaling.

Beyond these three miR-21 target genes, we also found that a
large number of other miR-21 putative and validated targets are
up-regulated upon loss of the miR-21 allele. This is in line with a
report on miR-223 (31), but in contrast with results from lung and
heart tissues of miR-21-null mice in another study (17). Two find-
ings are noteworthy in our analyses of miR-21 target expression.
First, up-regulation of miR-21 target genes in miR-21-null cells is
moderate, in accord with previous reports (31, 32). Second, we
found a 65% concordance between microarray data and the
qPCR data on miR-21 target expression. We believe that this
is largely due to the nature of moderate differential expression
in our data. When we use a cutoff of 50% differential expression,
there is a better concordance between microarray and qPCR
(10 out of 11 miR-21 targets). This suggests that additional ex-
perimental validation is needed before a conclusive declaration
that these genes are miR-21 targets. We have tested the specificity
of the 3'UTR from 27 of these putative or experimentally vali-
dated miR-21 targets and found that a reporter with the vast ma-
jority (23 out of 27) of the respective 3'UTRs is down-regulated
>20% when miR-21 is overexpressed (Fig. S1). This result indi-
cates that most of the target genes we identified in this study are
likely bona fide miR-21 targets. It is intriguing that Spry2 is up-
regulated in miR-21-null lung tissues (17), but not in miR-21-null
keratinocytes and MEFs. On the other hand, Spryl and Pdcd4 are
up-regulated in miR-21-null keratinocytes and MEFs, but not in
lung and heart tissues (17, 18). It implies that tissue and/or cell-
type specificity play a role in miR-21 targeting efficacy. It is also
possible that the difference in target efficacy is due to the use of
isolated cells in our study rather than whole tissue lysates that
are employed in the lung tumor study (17). We note that Pdcd4
is less significantly down-regulated in miR-21-null samples when
whole skin lysate is used for Western blotting analyses compared
to lysate from torn epidermis (mainly keratinocytes) (Fig. S2).

Finally, we summarize and compare two transgenic and two
knockout models for miR-21 (Table 1). The major difference
of two transgenic models is that miR-21 overexpression driven
by the Nestin promoter but not that by the CAG promoter leads
to pre-B cell malignancies. This could be due to the gene dosage
(>10-fold vs. 4- to 6-fold miR-21 overexpression). There are three
disparities between the miR-21 knockout model with Kras activa-
tion from Olson and colleagues (the Olson model) (17) and the
present study with skin carcinogenesis. First, in the Olson model,
deletion of the miR-21 locus has little impact on the expression of
miR-21 target genes in the lung; in our model, we found
statistically significant yet moderate up-regulation of scores of
miR-21 targets. Second, in the Olson model, miR-21 loss does
not cause significant change in cellular apoptosis and prolifera-
tion in lung tissues and tumors; in our model, increased apoptosis
was observed in miR-21-null cells and skin tissues, along with

10148 | www.pnas.org/cgi/doi/10.1073/pnas.1103735108

Table 1. Comparison of four genetic models for miR-21

Changes in

Genetic
background*

miR-21

Reference

miR-21 Targets

Tumor driver gene cell biology

Phenotype

Promoter

Technology

genetics

16

ND*

miR-21 overexpression increased cell proliferation;

pre-B lymphoma

unknown

nestin promoter

tet-off-mediated

Transgenic

decreased apoptosis

(>10-fold)

(active in multiple

conditional

organs of adult animals)
cytomegalovirus immediate

overexpression

global

17

Spry1, Spry2,

ND*

miR-21 overexpression

no tumors in major organs

B6C3F1

Transgenic

Btg2

(4- to 6-fold) alone

did not induce
tumorigenesis

mutant Kras

early enhancer-chicken
beta-actin hybrid

overexpression

promoter (CAG, global)

Spry1, Spry2,

increased cell proliferation;

when crossed with KrasA2

B6C3F1x (B6x129)

Btg2, Pdcd4,
and others

Spry2

decreased apoptosis;

mice, enhances lung

tumorigenesis
without any gross phenotype;

enhanced Ras signaling
no change in proliferation,

mutant Kras

B6x129

NA'

conventional

Gene

apoptosis, or Ras

signaling
slight reduction in

suppresses Kras-driven
lung tumorigenesis

without any gross

knockout

targeting

this study

Spry1, Pten, Pdcd4,

mutant Hras

B6.129

NA'

conventional

Gene

and others

proliferation; increased

phenotype; suppresses

knockout

targeting

apoptosis; attenuated

Ras signaling

chemical-induced skin
carcinogenesis; some

immune defect when fed

with high-fat diet

Bold indicates the difference between two knockout models.
*B6, C57BI/6; 129, 129/SvEv; B6C3F1, F1 of c57BI6 x C3H/Hel.

'ND, not determined; NA, not applicable.
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slightly reduced proliferation, underscoring the role of miR-21 in
suppressing apoptosis and promoting cell proliferation. Third,
our study provides evidence to support that miR-21 promotes
all three major Ras effector pathways, whereas the activation
of the Raf-ERK pathway is not affected in the Olson model.
Concisely, the phenotype of miR-21 knockout mice under chemi-
cal induction (reduced tumorigenesis accompanied with elevated
expression of miR-21 targets, increased apoptosis, and attenuated
Ras signaling) in this study is roughly an opposite to that of miR-
21 transgenic animals.

miR-21 is up-regulated in virtually all types of carcinomas, and
it is reported to be the most differentially up-regulated miRNA in
31 types of solid tumors (7). Illuminating its role in epidermal
tumor development and the target efficacy using a mouse knock-
out model in the present work is critical to provide previously
undescribed information on multistage carcinogenesis and to
yield crucial insights regarding whether we can target miR-21
or its target genes in cancer prevention and cancer therapy.
Beyond tumorigenesis, miR-21 is implicated as a negative regu-
lator of inflammation as one of its targets Pdcd4 promotes NF-xB
activation to produce proinflammation cytokine IL-6 (33). We
found there is no difference in basal IL-6 levels between wild-type
and miR-21 knockout mice. However, when mice were subjected
to high-fat diet, IL-6 production was higher in miR-21-null mice,
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suggesting that miR-21 loss results in a deficiency in response to
low-grade chronic inflammation (high fat). This physiological
function of miR-21 is currently under investigation.
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