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The	p53	tumor	suppressor,	a	central	mediator	of	chemosensitivity	in	normal	cells,	is	functionally	inactivated	in	
many	human	cancers.	Therefore,	a	central	challenge	in	human	cancer	therapy	is	the	identification	of	pathways	
that	control	tumor	cell	survival	and	chemosensitivity	in	the	absence	of	functional	p53.	The	p53-related	tran-
scription	factors	p63	and	p73	exhibit	distinct	functions	—	p73	mediates	chemosensitivity	while	p63	promotes	
proliferation	and	cell	survival	—	and	are	both	overexpressed	in	squamous	cell	carcinomas	(SCCs).	However,	
how	p63	and	p73	interact	functionally	and	govern	the	balance	between	prosurvival	and	proapoptotic	programs	
in	SCC	remains	elusive.	Here,	we	identify	a	microRNA-dependent	mechanism	of	p63/p73	crosstalk	that	regu-
lates	p53-independent	survival	of	both	human	and	murine	SCC.	We	first	discovered	that	a	subset	of	p63-regu-
lated	microRNAs	target	p73	for	inhibition.	One	of	these,	miR-193a-5p,	expression	of	which	was	repressed	by	
p63,	was	activated	by	proapoptotic	p73	isoforms	in	both	normal	cells	and	tumor	cells	in	vivo.	Chemotherapy	
caused	p63/p73-dependent	induction	of	this	microRNA,	thereby	limiting	chemosensitivity	due	to	microRNA-
mediated	feedback	inhibition	of	p73.	Importantly,	inhibiting	miR-193a	interrupted	this	feedback	and	thereby	
suppressed	tumor	cell	viability	and	induced	dramatic	chemosensitivity	both	in	vitro	and	in	vivo.	Thus,	we	have	
identified	a	direct,	microRNA-dependent	regulatory	circuit	mediating	inducible	chemoresistance,	whose	inhi-
bition	may	provide	a	new	therapeutic	opportunity	in	p53-deficient	tumors.

Introduction
The p53 family transcription factors, including p53 (TP53), p63 
(TP63), and p73 (TP73), play key roles in development, tumorigen-
esis, and the response to DNA damage. The p53 tumor suppressor 
is a central mediator of the DNA damage response and chemosen-
sitivity in normal cells, yet it is functionally inactivated by muta-
tion or other mechanisms in the majority of human cancers (1). 
Therefore, intensive efforts in cancer therapeutics have focused on 
identifying an effective means to induce tumor-cell killing in the 
setting of inactivated p53. One such strategy involves the restora-
tion of p53 function itself in tumor cells through a wide variety of 
interventions depending on the mechanism of p53 activation in 
a given tumor (2). Nevertheless, successfully treating the largest 
fraction of human cancers will require approaches targeting p53-
independent survival pathways.

While p53 is associated with growth arrest and is not required 
for normal embryonic development, p63 mediates regenerative 
proliferation and is required for development of ectoderm-derived 
tissues (3–5). In cancer, p63 has been linked to cellular survival, in 
keeping with genomic amplification and/or overexpression of p63 
observed in a subset of tumors including squamous cell carcinoma 
(SCC) (6–8). Genetic models of p73 loss imply a p53-like role in 
promoting genomic stability (9, 10). Like p53, p73 also functions 
as an essential mediator of cell death in response to chemotherapy 

and other forms of DNA damage, particularly in tumor cells with 
inactive p53 (11–13). Given that p73 is a potent inducer of apopto-
sis, endogenous cellular p73 levels are tightly controlled through 
both transcriptional and posttranslational mechanisms (11, 13). 
Nevertheless, a complete understanding of how p73 levels and 
activity are regulated is lacking.

Remarkable  structural  homology  exists  among  p53  fam-
ily members, particularly in their DNA binding and oligomeriza-
tion domains (14, 15). Furthermore, both p63 and p73 exhibit 
expression from 2 distinct promoters, thereby producing protein 
isoforms that either contain or lack the N-terminal transactivation 
domain (TA and ΔN isoforms, respectively). These features have 
provoked intense interest in possible modes of functional interac-
tion among family members. One such mechanism involves bind-
ing by multiple family members to shared DNA consensus motifs 
within regulatory regions of particular target genes (16). Addition-
ally, since all p53 family transcription factors must oligomerize to 
bind DNA, hetero-oligomer formation between different family 
members is another potential mechanism of functional interac-
tion, particularly between p63 and p73 (17). Both shared promoter 
binding and direct physical interaction have been demonstrated 
between p63 and p73 in SCC, a tumor in which both p63 and p73 
are known to be overexpressed (18, 19). Specifically, ΔNp63α has 
been shown to inhibit TAp73 function in SCC cells through direct 
binding to the promoters of TAp73 target genes and through 
direct physical association with TAp73 both in vitro and in vivo (8, 
19). Treatment of SCC cells with DNA-damaging agents including 
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cisplatin induces a p73-dependent cell death program as a result 
of both p73 activation and p63 degradation (8, 20–22). Although 
platinum-based chemotherapy  remains a  standard  treatment 
approach for these tumors, SCC remains among the most treat-
ment refractory of human cancer subtypes. Thus, new means to 
enhance the effectiveness of this therapy are urgently needed.

Regulation by microRNAs (miRs), small noncoding RNAs that 
function as posttranscriptional regulators of gene and protein 
expression, is known to contribute to diverse cellular processes in 
both normal and cancer cells. While p53 is known to regulate miRs 
that contribute to its function (23, 24), the identity and contribu-
tion of p63- and p73-regulated miRs have not been clearly defined. 
Surprisingly, we find that a substantial fraction of miRs regulated 
by p63 in fact target p73 for inhibition. Detailed analysis reveals 
one such miR, miR-193a-5p, to be a direct transcriptional target 
repressed by p63 and activated by proapoptotic p73 isoforms. As a 
result, chemotherapy treatment induces this miR through a p63/
p73-dependent mechanism in SCC cells, which promotes chemo-
resistance through feedback control of p73. We exploit this finding 
as therapeutic proof of principle, demonstrating that inhibition of 
this miR decreases tumor cell survival and dramatically enhances 
p73-dependent chemosensitivity both in vitro and in vivo. These 
findings demonstrate that targeted disruption of this regulatory 
circuit, which we believe is novel, may represent a useful approach 
to inducing chemosensitivity in the absence of functional p53.

Results
A subset of p63-regulated miRs target p73. Expression of p63 is correlat-
ed with the response to chemotherapy in human cancers including 
SCC and some breast cancers (25, 26). To identify miRs regulated 
by p63, we ablated endogenous p63 expression by lentiviral RNA 
interference, followed by global miR expression profiling using the 
Exiqon Locked Nucleic Acid (LNA) Platform (Figures 1, A and B,  
and ref. 27). We performed this initial experiment in JHU-029 SCC 
cells, a human tumor-derived line that expresses high levels of 
endogenous ΔNp63α, which is the major p63 isoform expressed in 
both normal basal epithelial cells and the majority of human SCCs 
(7). At 48 hours, the large majority of miRs identified as repro-
ducibly regulated by p63 were upregulated following p63 knock-
down, consistent with the established ability of p63 to function 
as an endogenous transcriptional repressor (Figure 1B; the full 
list of significantly regulated miRs is provided in Supplemental 
Table 1; supplemental material available online with this article; 
doi:10.1172/JCI43897DS1) (8, 28).

Remarkably, examination of predicted target genes of these p63-
regulated miRs using a combination of in silico resources (Target-
Scan, MicroCosm, and miRANDA) revealed that 3 of the top 10 
most highly regulated miRs, miR-193a-5p, miR-602, and miR-765, 
were predicted to target the p73 3′ UTR (Figure 1B and Supple-
mental Table 1) (29–31). Of note, only about 3% of all the miRs 
represented on this array are predicted to target p73. Following 
direct validation of p63-dependent regulation of these 3 endoge-
nous miRs (Figure 1C), we then tested their ability to regulate gene 
expression via the p73 3′ UTR using a reporter construct contain-
ing this UTR fused to luciferase. Cotransfection of this reporter 
with the corresponding synthetic miR duplexes (miR mimics) in 
each case inhibited luciferase expression relative to the control 
reporter lacking the p73 3′ UTR (Figure 1D). Consistent with 
these findings, knockdown of p63, which increases expression of 
these endogenous miRs, inhibited UTR reporter expression, while 

overexpression of ΔNp63α led to a UTR-dependent increase in 
luciferase expression (Figure 1E and Supplemental Figure 1B). As a 
specificity control, we then repeated these experiments in cells fol-
lowing lentiviral-mediated knockdown of endogenous Drosha, an 
RNase III–type endonuclease required for miR nuclear processing. 
Knockdown of Drosha completely abolished the ability of either 
p63 overexpression or endogenous p63 ablation to regulate gene 
expression through the p73 3′ UTR (Figure 1E). Thus, we have 
uncovered a miR-dependent mechanism controlled by p63 that 
appears to regulate the key chemosensitivity factor p73.

Regulation of miR-193a by p63 and p73 mediates its induction following 
chemotherapy. The miR-193a-5p (hereafter miR-193a) demonstrated 
the strongest regulation of the p73 3′ UTR, and we next studied its 
physiological regulation in more detail. Consistent with the abil-
ity of p63 to repress this miR, its expression correlated inversely 
with that of p63 in normal epithelium versus SCC, with the former 
expressing high levels of the miR and relatively lower p63 levels and 
the latter showing high p63 levels and low miR levels (Supplemen-
tal Figure 1C). This miR is highly conserved in mouse and rat and is 
designated miR-193* in these species (Supplemental Figure 2A and 
ref. 32). We showed using lentiviral p63 knockdown that this miR 
was repressed by endogenous p63 in human and murine squamous 
carcinoma cells, and in immortal human primary keratinocytes, 
but not in A549 cells, which do not express endogenous p63 (Figure 
2A and ref. 8). Conversely, ΔNp63α overexpression led to repression 
of miR-193a, and this effect was abolished by introducing a point 
mutation in p63, R304W, that abrogates the ability of p63 to bind 
DNA (Figure 2B, Supplemental Figure 2B, and ref. 33). To test reg-
ulation of this miR by endogenous p63 in vivo, we established mice 
expressing a conditional p63-null allele (p63lox) (3) and a tamoxifen-
inducible Cre/ER fusion transgene (K14-Cre/ER) (34). Tamoxifen 
treatment led to a significant decrease in p63 in the epidermis of 
transgene-expressing mice compared with controls, which was 
accompanied by robust induction of endogenous miR-193* (Fig-
ure 2C). We next examined the relationship between expression of 
endogenous p63 and miR-193a in human primary head and neck 
SCCs (HNSCCs). As predicted, p63 was highly expressed in these 
tumors, and p63 mRNA levels were strongly inversely correlated 
with those of miR-193a in these specimens (P < 0.001) (Figure 2D). 
Taken together, these data show that p63 is an endogenous repres-
sor of this miR in normal human and murine cells and in the con-
text of tumor-specific p63 overexpression.

Both p63 and p73 are thought to contribute to chemosensitivity 
in cancer cells by regulating a common subset of genes (8, 16, 35). 
Therefore, we tested miR-193a regulation by p73. We first gener-
ated cells expressing tetracycline-inducible TAp73β, a major p73 
isoform expressed in epithelial cells (19). Induction of TAp73β 
mRNA and protein are detectable within 1 hour following addi-
tion of tetracycline in these cells, while induction of miR-193a 
was detectable within 4 hours, coincident with upregulation of 
the direct p73 transcriptional target gene PUMA (Figure 2E). In 
order to test the ability of endogenous p73 to regulate this miR, 
we treated both human and murine SCC cells with cisplatin, which 
is known to activate p73-dependent transcription (refs. 11, 35, 36, 
and Supplemental Figure 2C). Indeed, in both murine and human 
cells, cisplatin treatment significantly induced expression of this 
miR (Figure 2F and Supplemental Figure 2D, respectively). To 
ascertain whether this induction was mediated via endogenous 
p73, we ablated p73 expression by lentiviral RNAi prior to cispla-
tin treatment (Supplemental Figure 2E). Induction of the miR in 
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response to cisplatin was abolished in both murine and human 
cells by p73 knockdown, thus confirming endogenous p73-medi-
ated upregulation of this miR (Figure 2F and Supplemental Fig-
ure 2D). Given that p73 activation following cisplatin treatment 
is thought to rely on both p63 degradation (Supplemental Fig-
ure 2E) and p73 posttranslational modification (11, 21, 22), these 
findings support a p63/p73-dependent mechanism for miR-193a 
induction following cisplatin treatment in SCC.

In contrast to these findings, we observed that this miR was 
not regulated by endogenous p53. Following treatment of WT 
and p53–/– mouse embryo fibroblasts (MEFs) with doxorubicin to 
induce DNA damage, we observed induction of direct p53 target 
genes including Bax and Noxa in a p53-dependent manner (Fig-
ure 2G). However, no induction of miR-193* was observed in the 
presence of p53. Similarly, no induction of miR-193a was seen in 
human primary keratinocytes following doxorubicin treatment 
despite substantial induction of direct p53 transcriptional target 
genes (Supplemental Figure 2F). Of note, in the p53–/– MEFs, this 
miR was induced together with p73 following DNA damage (Fig-

ure 2G). Taken together, these data show that miR-193a is induced 
in response to chemotherapy in a p53-independent but p63/p73-
dependent manner. These findings led us to hypothesize that miR-
193a induction by chemotherapy may function to induce chemo-
resistance through feedback inhibition of p73.

Direct transcriptional regulation of miR-193a by p63 and p73. The 
miR-193a localizes to an intergenic region on human chromosome 
17q. Alignment of the syntenic genomic loci for human, mouse, 
and rat using the Vista software (37) demonstrates that 2 regions 
of highest conservation within this locus correspond to the miR 
itself and a second region 10-kb upstream of miR-193a (Figure 
3A). Both of these conserved regions contain CpG islands, suggest-
ing they may contain essential transcriptional regulatory elements. 
ChIP for endogenous p63, however, revealed robust binding only 
within the highly conserved region 10-kb 5′ of miR-193a in JHU-
029 cells (Figure 3A). This same region, but not adjacent ones, was 
also bound by endogenous p63 in human primary keratinocytes 
(Figure 3B). As an additional specificity control, we overexpressed 
epitope-tagged WT ΔNp63α or the DNA-binding defective point 

Figure 1
p63-regulated miRs target p73. (A) Knockdown of endogenous p63 RNA (top) and protein (bottom) by p63-directed or control (Ct) lentiviral 
shRNA in JHU-029 human SCC cells at 48 hours, in duplicate experiments (Exp). β-Tubulin (β-Tub) loading control. (B) Array analysis showing 
the fold change and direction of change for all miRs regulated at 1.5-fold or more in p63-ablated versus control samples shown in A. Circles 
show miRs predicted to target p73. (C) Validation of p63 repression of miRs targeting p73 by real-time quantitative RT-PCR (QRT-PCR) at 72 
hours after lentiviral p63-directed or control shRNA expression in JHU-029 cells. (D) The p63-regulated miRs repress gene expression via the 
p73 3′ UTR. Cotransfection of the indicated miR mimics or control (scrambled) miR, together with the UTR-reporter or control reporter; results 
show relative luciferase units (RLU) normalized to the control miR. Note that repression correlates with the number of predicted seed-binding 
sequences (Sites) for each miR. (E) A miR-dependent mechanism for regulation of the p73 3′ UTR by p63. Lentiviral shRNA knockdown of Dro-
sha followed by cotransfection of the UTR or control reporter, together with either a p63 shRNA or ΔNp63α cDNA or their respective controls in 
JHU-029 cells. RLU values expressed as p63 knockdown/control or ΔNp63α overexpression/control (OV/Ct). Above, immunoblot shows efficient 
Drosha knockdown. All error bars show SEM for triplicate measurements from representative experiments.
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Figure 2
Endogenous p63 and p73 mediate miR-193a regulation by chemotherapy. (A) Regulation of human miR-193a-5p (hereafter miR-193a) and 
murine miR-193* by endogenous p63, measured by QRT-PCR 48 hours after lentiviral p63 knockdown in JHU-029 cells (029), murine SCC cells 
(mSCC), human immortal primary keratinocytes (OKF6), and control A549 cells, which do not express p63. (B) Repression of endogenous miR-
193a by p63 requires DNA binding. Retroviral expression of WT or non–DNA-binding ΔNp63α mutant (R304W) was followed by QRT-PCR. (C) 
Regulation of murine miR-193* by endogenous p63 in vivo. Homozygous p63flox mice with or without expression of the K14-Cre/ER transgene 
(Tg) were treated with tamoxifen (Tam) or vehicle control for 5 days, and epidermal cells were collected 21 days later for RNA analysis by QRT-
PCR. (D) Inverse correlation between p63 expression and miR-193a expression in human primary HNSCC specimens, assessed by QRT-PCR. 
df, degrees of freedom. (E) Rapid upregulation of endogenous PUMA (top) and miR-193a (bottom) following tetracycline-induced (Tet) TAp73 
expression in JHU-029 cells. Middle panels show induced TAp73 expression by immunoblot. (F) Endogenous p73-dependent induction of miR-
193* in murine SCC cells by cisplatin. Following preinfection with lentiviral TAp73 shRNA or control, cells were treated with cisplatin (Cis, 4 μM, 
24 hours) or vehicle control (Veh) prior to RNA analysis. (G) Regulation of miR-193* is independent of p53. WT or p53–/– E1A-immortalized MEFs 
were treated with doxorubicin (Dox) (0.2 μM, 12 hours) or vehicle control prior to RNA analysis. Bax and Noxa are induced in a p53-dependent 
manner, whereas miR-193* induction correlates only with TAp73. All error bars show SEM for triplicate measurements.
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mutant ΔNp63α, R304W, showing by ChIP that p63 was bound 
via its DNA-binding domain to this site (Figure 3C). Consistent 
with our model  for miR-193a regulation by p63/p73, we also 
observed p73 binding exclusively at this region following tetracy-
cline-regulated p73 expression (Figure 3D), as well as endogenous 
p73 binding following cisplatin treatment (Supplemental Figure 
3A). Thus, p63 and p73 bind specifically to a region within the 
miR-193a genomic locus.

Both p63 and p73 are thought to bind DNA via a shared consen-
sus nucleotide sequence motif (15). We identified 2 such motifs 
within the ChIP-identified p63/p73-binding region (Figure 3E). 
The 500-bp genomic fragment containing these motifs was suf-

ficient to confer strong transcriptional induction of a luciferase 
reporter in response to p73 expression (Figure 3E). By introducing 
point mutations of key nucleotides required for transcription fac-
tor binding within these motifs, we showed that only the distal site 
was required for p73-mediated transcriptional regulation (Figure 
3E), consistent with the fact that only this site was evolutionarily 
conserved (Supplemental Figure 3B). Furthermore, a 5′ truncated 
reporter that still contained the binding motifs was induced at 
levels comparable to the full-length reporter (Figure 3E). To test 
endogenous p73-dependent induction of this regulatory sequence, 
we treated JHU-029 cells harboring the reporter with cisplatin, 
which as shown above (Supplemental Figure 2C) activates p73-

Figure 3
miR-193a is a direct transcriptional target of p63 and p73. (A) Direct binding of p63 within a conserved CpG island upstream of miR-193a. Top: 
cross-species Vista alignment; peaks show degree of homology; arrows at top show position and orientation of miR-193a; black bars below 
indicate CpG islands; arrowheads show location of ChIP fragments. Bottom: ChIP results in JHU-029 cells for the indicated fragments. (B) ChIP 
in primary human foreskin keratinocytes (HFK) for the fragments indicated in A. (C) ChIP showing specific binding of WT ΔNp63α but not the 
DNA-binding–defective mutant to the conserved region B in JHU-029 cells. (D) ChIP showing binding of tetracycline-induced p73 to region B. 
Binding in the absence of tetracycline results from leaky p73 expression. (E) Transcriptional activation of a miR-193a regulatory region requires 
a conserved p63/p73 DNA-binding motif (site 1). Top: schematic of ChIP-binding region B with putative binding motifs, their sequences, and 
introduced point mutant (Mut) sequence indicated. Bottom: cotransfection of TAp73β with a luciferase reporter containing the indicated frag-
ments. (F) Dose-dependent induction of the miR-193a reporter by cisplatin (Cis) (24 hours) requires the p63/p73 DNA-binding motif. JHU-029 
cells were treated as indicated 12 hours after reporter transfection. (G) p63 represses p73-dependent activation of the miR-193a reporter. 
Cotransfection of the indicated reporter with vector, TAp73β (p73) and vector, or TAp73β and ΔNp63α (p63) in JHU-029 cells. All error bars 
show SEM for triplicate measurements.
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dependent transcription in these cells. Cisplatin treatment led 
to significant activation of the WT reporter, while it had little 
or no effect on the reporter bearing mutations of the consensus 
p63/p73-binding motifs (Figure 3F). Finally we showed that p63 
expression was sufficient to repress p73-dependent induction of 
this reporter (Figure 3G) (8). Together, these experiments suggest 
that p63 and p73 bind directly to a consensus motif upstream of 
the mature miR-193a sequence, thereby directly regulating miR-
193a transcription in response to chemotherapy.

miR-193a mediates feedback inhibition of p73, which is opposed by p63. 
We next wished to verify whether miR-193a was a direct inhibitor 

of endogenous p73, suggesting it may be a determinant of che-
moresistance, and whether p63 would oppose this effect through 
miR-193a repression, consistent with the association between 
p63 expression and chemosensitivity (25, 26). As predicted by 
this model, transfection of a miR-193a mimic suppressed endog-
enous p73 mRNA levels (Figure 4A), while expression of a specific 
antagomir caused an increase in endogenous p73 mRNA in both 
human and murine cells (Figure 4B and Supplemental Figure 4A, 
respectively). Three predicted seed-binding sequences for miR-193a 
are present within the p73 3′ UTR (Figure 4C and Supplemental 
Figure 4B). To address direct p73 regulation by miR-193a, we 

Figure 4
Direct inhibition of p73 by miR-193a is opposed by p63. (A) Endogenous p73 mRNA is inhibited 48 hours following transfection of JHU-029 cells 
with a miR-193a mimic compared with a scrambled control miR. (B) Endogenous p73 mRNA is derepressed 48 hours following transfection of 
JHU-029 cells with a miR-193a antagomir (anti-miR) compared with scrambled control (anti-Ct) antagomir. (C) Schematic of the p73 3′ UTR 
reporter construct showing putative miR-193a seed-binding sequences (WT seed BS) and nucleotide changes introduced in the mutant reporter 
(mutant seed BS). (D) UTR-dependent regulation of p73 protein requires miR-193a seed-binding sequences. Immunoblots of lysates following 
cotransfection of a TAp73β cDNA linked to the WT (left 2 panels) or mutant (mut, right panels) 3′ UTR, together with either a miR-193a mimic, 
a specific antagomir (anti-miR), or respective controls. Bar graphs below show densitometry. Blots are representative of triplicate experiments. 
(E) Endogenous p73 mRNA is regulated by p63. Retroviral ΔNp63α or vector control were expressed in JHU-029 cells followed by QRT-PCR 
for ΔNp63 or TAp73. (F) Endogenous p63-mediated regulation of p73 mRNA. Infection of JHU-029 cells with lentiviral p63 shRNA or scrambled 
control, followed by QRT-PCR for ΔNp63 or TAp73. (G) Regulation of p73 protein by p63. Retroviral ΔNp63α expression as in E was followed by 
IP/immunoblot (p73) or immunoblot (p63). Right, densitometry analysis for p73. Heavy chain (HC) loading control. (H) Endogenous p63-mediated 
regulation of p73 protein. Lentiviral p63 knockdown as in F, followed by analysis as in G. Error bars show SEM for triplicate measurements.
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introduced point mutations within these sequences. As predicted,  
the p73 3′ UTR reporter inhibition observed following cotrans-
fection with a miR-193a mimic was completely abolished when a 
reporter containing the mutant UTR was used instead (Supple-
mental Figure 4C). To test regulation by endogenous miR-193a, 
we cotransfected a miR-193a antagomir into SCC cells with either 
the WT or mutant UTR reporter. Consistent with our model, 
antagomir-mediated upregulation of the UTR reporter was abol-
ished by mutations within the miR-193a seed-binding sequences 
(Supplemental Figure 4D).

These same effects of miR-193a were observed on the p73 pro-
tein itself. To verify direct effects of miR-193a on p73 protein 
expression, we expressed a p73 cDNA that included either the WT 
or mutant 3′ UTR. Expression of p73 protein was consistently  

inhibited when  it was coexpressed with the miR-193a mimic, 
and this effect was abolished by mutation of the seed-binding 
sequences for this miR within the p73 3′ UTR (Figure 4D). Most 
importantly, treatment with a miR-193a antagomir demonstrat-
ed that endogenous miR-193a inhibited p73 protein expression 
through the miR-193a seed-binding sequence in SCC cells (Figure 
4D). Together these experiments demonstrate that miR-193a is a 
direct, endogenous regulator of p73. Most notably, the antagomir 
experiments demonstrate that miR-193a is a constitutive inhibitor 
of p73 in SCC cells.

Overexpression of p63, as is observed in SCC, is predicted to con-
tribute to increased p73 through miR-193a suppression. Indeed, 
overexpression of ΔNp63α, the major p63 isoform expressed in 
human SCC, led to induction of endogenous p73 mRNA (Figure 4E).  

Figure 5
miR-193a regulates cell viability and chemosensitivity through p73. (A) p73-dependent inhibition of viable cells following miR-193* antagomir (anti-
miR) treatment. Murine SCC (mSCC) cells were infected with lentiviral p73 shRNA or control, then treated with a miR-193* antagomir or scrambled 
control followed by cell counts at 72 hours. (B) miR-193a abrogates cisplatin-induced growth inhibition. JHU-029 cells were pretreated with miR-
193a mimic or scrambled control (miR Ct) for 24 hours followed by 1 hour cisplatin treatment, and cell counts were determined by XTT assay 
72 hours later. (C) Enhancement of cisplatin sensitivity by the miR-193a antagomir is p73-dependent. JHU-029 cells were infected with lentiviral 
TAp73 shRNA or control, then treated for 24 hours with a miR-193a antagomir or scrambled control (anti–miR Ct) prior to 1 hour cisplatin treatment 
and cell counts 72 hours later. (D) Endogenous miR-193a controls cisplatin-mediated clonogenic suppression. JHU-029 cells were treated for 24 
hours with a miR-193a antagomir (anti–miR-193a) or scrambled control (anti–miR Ct) prior to cisplatin treatment (0.5 μm, 1 hour), then plated at 
clonal density for colony counts. Scale bar: 1 cm. *34.7% repression; **64.5% repression. (E) Control of p73 activity by endogenous miR-193a. 
Cells treated as in D were harvested at 24 hours after cisplatin for analysis of the p73 target gene NOXA by QRT-PCR. Error bars show SEM.
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This finding correlated with ability of ΔNp63α to repress endog-
enous miR-193a (Figure 2B). Similarly, lentiviral knockdown of 
endogenous p63, which induces miR-193a expression (Figure 2), 
suppressed endogenous p73 mRNA expression (Figure 4F). Fur-
thermore, in each experiment the effects we observed on endog-
enous p73 mRNA paralleled the effects on the UTR reporter. Thus, 
overexpression of ΔNp63α induced the WT p73 3′ UTR reporter, 
but had no effect on the mutant reporter (Supplemental Figure 
5A),  while  p63  knockdown  suppressed  only  the  WT  reporter 
(Supplemental Figure 5B). As predicted, p73 protein expression 
increased  following ΔNp63α  overexpression  (Figure  4G)  but 
decreased following knockdown of endogenous p63 (Figure 4H). 

Finally, in keeping with the prediction that this miR-dependent 
mechanism promotes p73 upregulation in response to tumor-spe-
cific p63 overexpression, we observed a significant positive linear 
correlation between p63 and p73 levels in primary HNSCC tumors 
(Supplemental Figure 5C), in agreement with published data (18). 
These findings position miR-193a as a pivotal regulator of p73 
through p63, suggesting the possibility of a unique contribution 
to p63/p73-dependent chemosensitivity.

miR-193a controls p73-dependent cell viability and chemosensitivity in 
SCC cells. In direct support of a role for endogenous miR-193a and 
its murine ortholog in promoting tumor cell viability, treatment 
of SCC cells with a miR-193* antagomir substantially suppressed 

Figure 6
In vivo control of tumor progression and chemosensitivity by miR-193a. (A) Inverse correlation between miR-193a and p73 expression in 
primary human HNSCC specimens, assessed by QRT-PCR. (B) Murine SCCs resemble human SCC, assessed by histology (H&E) and p63 
immunohistochemical staining. Original magnification, ×200. (C) Anti–miR-193* inhibits tumor growth in the absence of cisplatin, and it enhances 
cisplatin sensitivity. Primary disaggregated SCC was treated with miR-193* antagomir or scrambled control, then implanted into nude mice, fol-
lowed by cisplatin treatment (5 mg/kg) or vehicle. n = 10 per arm. *P < 0.05 by 2-way repeated measures ANOVA. (D) Increased expression of 
activated caspase-3 (brown staining) in vivo following antagomir-mediated miR-193* inhibition compared with control antagomir treatment, both 
in the presence and absence of cisplatin treatment. Original magnification, ×200. The percentage of cleaved caspase-3–positive cells ± SEM is 
shown below each panel, based on 100 cells counted in 3 representative fields. (E) Representative mice following cisplatin treatment.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 121      Number 2      February 2011  817

viable cell numbers (Figure 5A) at the same time as it increased p73 
levels (Supplemental Figure 4A). Furthermore, the effect of miR 
inhibition on cell viability was p73 dependent, as it was abolished 
by lentiviral p73 knockdown (Figure 5A). We next tested the con-
tribution of the miR in the response to cisplatin, an established 
activator of p73-dependent transcription and cell death (11, 35, 
36). Indeed, as shown above, treatment of SCC cells with cisplatin 
led to miR-193a reporter activation (Figure 3) and endogenous 
miR-193a  induction via p73  (Figure 2). We  first performed a 
dose-response experiment in human SCC cells following cisplatin 
treatment, in the presence of the miR-193a mimic or control. As 
predicted, chemosensitivity was dramatically decreased in cells in 
which the miR-193a mimic was expressed, with the greatest dif-
ferences seen at the highest cisplatin doses (Figure 5B). Further-
more, miR-193a antagomir expression increased chemosensitivity 
in response to cisplatin (Figure 5C), an effect that was mediated at 
least in part through a substantial increase in cell death (Supple-
mental Figure 6A and Supplemental Video 1). Inhibiting endog-
enous miR-193a also increased chemosensitivity assessed in a clo-
nogenic assay, as cisplatin treatment suppressed colony formation 
substantially more following antagomir treatment compared with 
control (Figure 5D). This effect was not limited to JHU-029 cells, 
as antagomir treatment significantly enhanced cisplatin chemo-
sensitivity in 4 additional human tumor-derived SCC cell lines by 
clonogenic assay (Supplemental Figure 6B). In keeping with what 
we had observed in the absence of cisplatin, we found that the 
effect of the miR-193a antagomir was specifically attributable to 
regulation of p73, since little or no difference in chemosensitivity 

was observed in control versus antagomir-treated cells when lenti-
viral p73 knockdown was performed prior to cisplatin treatment 
(Figure 5C). To lend additional support to miR-193a–dependent 
regulation of p73 function, we examined transcription of the p73-
regulated proapoptotic gene NOXA following cisplatin treatment 
in the presence or absence of the antagomir. This gene was more 
highly induced in response to cisplatin following inhibition of 
endogenous miR-193a (Figure 5E). Thus, endogenous miR-193a 
is a key determinant of tumor cell viability, which is induced by 
p73 in response to cisplatin, thereby potentiating chemoresistance 
through its feedback inhibition of p73 itself.

Control of tumor progression and chemosensitivity by miR-193a in vivo. 
Finally, we sought to assess the contribution of miR-193a to tumor 
cell survival and chemosensitivity in vivo. We first examined pri-
mary human tumors for evidence that this miR contributes to 
constitutive regulation of p73. Consistent with this hypothesis, 
we observed a significant inverse correlation between miR-193a 
levels and p73 levels in human primary HNSCCs (Figure 6A). To 
directly test the contribution of this miR in vivo, we developed a 
mouse model for SCC. This model, which involves treatment of 
mice with the tumor promoter 9,10-dimethyl-1,2-benzanthracene 
(DMBA) (Supplemental Figure 7A), recapitulates the features of 
human SCC, including squamous differentiation, high-level p63 
expression (Figure 6B and Supplemental Figure 7B), and metas-
tasis to local lymph nodes (38). Of note, loss of functional p53 
was shown to be a rate-limiting event for tumor formation in 
this model (38). As shown above, cells derived from these tumors 
exhibit the same regulation of miR-193* by both endogenous p63 
and p73 as do human cells (Figure 2). Additionally, as in human 
cells, we found that inhibition of endogenous murine miR-193* 
potentiated both p73-dependent chemosensitivity (Supplemental 
Figure 7, C and D) and the activation of a p73 transcriptional 
target gene (Supplemental Figure 7E).

We therefore used this model to test the contribution of endog-
enous miR-193a to both tumor growth and cisplatin sensitivity in 
vivo. In order to perform rigorously controlled experiments, we 
used in vivo passaging of primary tumors (Supplemental Figure 
7F) so that we could compare effects of cisplatin treatment on the 
same primary tumor in the presence or absence of the miR-193* 
antagomir. Thus, disaggregated tumors were reimplanted into 
multiple mice in the presence of the antagomir or control, fol-
lowed by treatment with cisplatin or control.

Consistent with a specific effect in potentiating p73 activity in 
the absence of exogenous DNA damage, miR-193* inhibition alone 
decreased tumor growth (Figure 6C) in association with increased 
staining of activated caspase-3, a hallmark of apoptosis (Figure 
6D). Most significantly, miR inhibition also strongly enhanced 
the therapeutic effect of cisplatin. Thus, a cisplatin dose that had 
little or no effect on control antagomir-treated tumors dramati-
cally attenuated growth of miR-193* antagomir-treated tumors 
(Figure 6, C and E). Apoptosis contributed to this effect, as a sub-
stantial increase in activated caspase-3 staining was observed in 
cisplatin-treated tumors exposed to the antagomir compared with 
control antagomir-treated tumors (Figure 6D). Taken together,  
these experiments demonstrate a direct regulatory circuit that 
mediates p63/p73 functional crosstalk through transcriptional 
control of miR-193a (Figure 7). Expression of this miR controls 
tumor cell viability in SCC, while miR-193a induction following 
cisplatin treatment limits the therapeutic effect of this chemo-
therapy through feedback inhibition of p73.

Figure 7
Model for miR-dependent mechanism mediating p63/p73 crosstalk, 
tumor cell survival, and chemosensitivity. Top: in SCC, p63 is an inhibi-
tor of p73 and a transcriptional repressor of miRs that target p73. The 
miR-193a/193* is a direct transcriptional target of both p63 and p73 and 
a direct feedback inhibitor of p73. Middle: cisplatin treatment induces 
p63 degradation and p73 activation, thereby inducing this miR, which 
then limits p73-dependent chemosensitivity through direct feedback 
inhibition. Bottom: this feedback loop is disrupted by miR inhibition, 
which increases p73 levels and enhances chemosensitivity.
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Discussion
The p53 transcription factor family members are highly homolo-
gous and play critical roles in development, DNA damage responses,  
and tumorigenesis. Consequently, potential mechanisms of func-
tional collaboration and antagonism among family members are 
much discussed, but with few exceptions are poorly understood. 
Through our characterization of p63-regulated miRs, we have 
uncovered what we believe is a new mechanism of p63/p73 func-
tional crosstalk that mediates induced chemoresistance in SCC. 
This mechanism involves direct transcriptional regulation of miR-
193a by both p63 and p73 as well as miR-mediated feedback regula-
tion to p73 itself. Our finding that p53 does not participate in direct 
transcriptional regulation of this miR (Figure 2) is in keeping with 
the somewhat weaker homology observed within its DNA-binding 
domain compared with p63 and p73 (14, 15). Importantly, our data 
together with other published work suggest that this regulatory cir-
cuit may have a particularly prominent role in tumors such as SCC 
that express both p63 and p73 but exhibit mutational inactivation 
of p53 (18, 19). Identifying a p53-independent mechanism linked 
specifically to chemosensitivity is particularly relevant in SCC, as 
inactivation of p53 in this tumor subtype is associated with both 
chemoresistance and a poorer overall prognosis (39, 40).

Our study demonstrates that p63 functions as a transcriptional 
repressor of miR-193a, while p73 functions as a direct transcrip-
tional activator of this miR (Figures 2 and 3). These findings are in 
keeping with the established ability of ΔNp63α, the major isoform 
expressed in the epithelium, to function as a transcriptional repres-
sor of genes, including CDKN1A, which are regulated by other p53 
family members (28). The ability of TAp73 to regulate this miR 
in response to cisplatin is also in agreement with a large body of 
data demonstrating a critical role for p73-dependent transactiva-
tion in the DNA damage response and chemosensitivity (reviewed 
in ref. 41). It is of note that the feedback loop from miR-193a to 
p73 potentially involves UTR-dependent regulation of multiple 
p73 isoforms, including ΔNp73 isoforms. Nevertheless, our data 
suggest that feedback to TAp73 is most relevant in SCC, as shRNA 
directed specifically against TAp73 isoforms reverses effects of miR-
193a inhibition in both human and murine SCC cells (Figure 5).

Transcriptional repression of miR-193a by p63 may begin to 
explain the somewhat paradoxical association of elevated p63 
expression in tumor cells with chemosensitivity (25, 26). Expres-
sion of p63 is linked to proliferation, cellular survival, and regen-
erative potential, which likely explains selection for its overexpres-
sion and genomic amplification in SCC. Our findings suggest that 
p63 expression contributes to chemosensitivity through direct 
repression of miR-193a and consequent upregulation of p73. This 
regulatory circuit may also explain the unfortunately limited suc-
cess of chemotherapy in SCC. Thus, treatment with cisplatin leads 
to p63 degradation and p73 activation (11, 21), which together 
induce miR-193a and inhibit p73, thereby limiting the therapeu-
tic response. We show directly that this induced chemoresistance 
mechanism can be overcome by inhibiting miR expression in vivo, 
which converts a completely ineffective chemotherapy dose to a 
potent suppressor of tumor progression (Figure 6).

Given that our findings point to miR-193a as a key regulator 
of p63/p73-dependent chemosensitivity, it is reasonable to ask 
whether expression of this miR itself might be useful in predict-
ing the response of SCCs to chemotherapy. Indeed, we found that 
primary HNSCC tumors exhibiting high levels of miR-193a are 
likely to have lower p73 levels, potentially limiting chemosensitiv-

ity (Figure 6). In the series of 23 HNSCC cases we studied, each 
patient was treated preoperatively with the same cisplatin-contain-
ing chemotherapy regimen. While most patients exhibited a par-
tial response to therapy, 2 patients showed de novo resistance and 
disease progression with treatment, and their tumors were among 
the 3 highest in miR-193a expression (not shown). While the small 
number of patients and the uniform responses in this series pre-
clude definitive conclusions, this observation is consistent with 
our central hypothesis. Future studies in additional uniformly 
treated cohorts, incorporating expression of p63/p73, miR-193a 
and other markers, are likely to refine our ability to predict which 
of these patients will benefit most from chemotherapy.

While several factors may contribute to p73 upregulation in 
tumor cells (42, 43), the importance of the miR-dependent mech-
anism we have identified for controlling p73 levels is clear. We 
observe an inverse correlation between miR-193a and p73 levels in 
human primary HNSCC tumors, and endogenous miR inhibition 
alone impedes tumor growth through a p73-dependent effect. In 
addition to the established role for p73 as a major effector of DNA 
damage–induced cell death, recent data have begun to suggest that 
p73-dependent cell death is a key mechanism in the response to tar-
geted inhibition of growth-factor–mediated survival pathways in 
tumor cells (44). Together, these findings position p73 as a central 
mediator in the response to varied environmental insults including 
DNA damage and growth factor withdrawal. As a result of these 
and other data, an intensive search is now underway to identify a 
means to activate p73 specifically in tumors as a therapeutic strat-
egy (45–47). Our results uncover a new means of eliciting specific 
p73 upregulation through miR inhibition. This approach provides 
the possibility of enhancing the therapeutic effect of both chemo-
therapy and the future generation of targeted anticancer agents.

Methods
Tissue culture. The cell lines JHU-029 and A549 were the gift of David Sid-
ransky (Johns Hopkins University, Baltimore, Maryland, USA). Stocks of 
JHU-029 used in this study express no WT p53 due to a frameshift muta-
tion in p53 codon 108 that results in premature truncation. Primary MEFs 
were prepared from embryonic day 13.5 WT and p53–/– littermate embryos 
and were immortalized by retroviral transduction of the E1A oncogene. 
Tetracycline-inducible HA-TAp73b cells were established in JHU-029 using 
the TREx plasmid system (Invitrogen). Cells were maintained at 37°C with 
5% CO2 in either RPMI or DMEM supplemented with 10% FBS, penicillin, 
and streptomycin. Human primary keratinocytes were prepared from new-
borns’ foreskins as described (48) and were used at passages 2 to 4. Human 
keratinocytes and OKF6 (OKF6-TERT1) (49) were cultured as described 
(48). Murine SCC cells were derived from primary DMBA-induced tumors 
(see below) and cultured in R&G medium (50).

Murine SCC model and tumor transplant. All animals were housed and 
treated in accordance with protocols approved by the Subcommittee on 
Research Animal Care at the Massachusetts General Hospital. Murine 
squamous tumors were generated by treating 6-week-old mice of mixed 
C57BL/6 and CD1 genetic background typically over the dorsal spine 
with 25 mg DMBA weekly for 25 weeks. Primary murine SCC tumors 
were disaggregated using collagenase then FACS-sorted for viability and 
CD31/CD45 negativity. Sorted tumor cells (5 × 104 cells) were incubated 
for 2 hours with either anti–miR-193* or anti–miR-Ct at 37°C, 3% O2, 
10% CO2. Cells were then resuspended in 50% Matrigel (BD Bioscience) 
and 50% PBS and were subcutaneously injected into the dorsal flanks of 
nu/nu mice. The next day, mice were injected with cisplatin (Novaplus) 
at a concentration of 5 mg/kg via intraperitoneal injection. Animals were 
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examined daily, and tumor volumes were determined by bidirectional 
measuring with calipers and calculated using the following formula: 
tumor volume (mm3) = width2 × length/2. Harvested tumors were fixed in 
10% formalin (Fisher Scientific) to perform histology.

Conditional p63 KO mouse model. p63flox mice (3), which harbor loxP recog-
nition sites for the Cre recombinase flanking the genomic region encoding 
the DNA-binding domain of p63, were crossed with K14CreERTam mice 
(34). Mice were injected intraperitoneally with 75 mg/kg of tamoxifen 
(Sigma-Aldrich) for 5 consecutive days. Mice were sacrificed 21 days after 
final tamoxifen treatment.

Micro-RNA microarray analysis. For each sample, 2 μg of Trizol-extracted 
total RNA were purified using the RNeasy Mini Cleanup Kit (QIAGEN). 
After having passed sample quality control on the Bioanalyzer 2100, the 
samples were labeled using the miRCURY Hy3/Hy5 Power Labeling Kit and 
hybridized on the miRCURY LNA Array (v.10.0) (Exiqon). Spike-in controls 
were added in various concentrations covering the full signal range in both 
Hy3 and Hy5 labeling reactions, giving the opportunity to evaluate the label-
ing reaction, hybridization, and the performance of the array experiment in 
general. The quantified signals (background correction) were normalized 
using the global Lowess (LOcally WEighted Scatterplot Smoothing) regres-
sion algorithm. The diagram only represent the miRs that passed the filter-
ing criteria across samples: fold change > 1.50. The microarray data discussed 
in this publication have been deposited in NCBI Gene Expression Omnibus 
and are accessible through GEO Series accession number GSE25524 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE25524).

Transient transfection of pre-miR and anti-miR. All the pre-miR and anti-miR 
were obtained from Ambion and transfected at a final concentration of 
30 nM using the siPORT NeoFX Transfection Agent (Ambion) according 
to the manufacturer’s protocol. The anti–pre-miR and anti-miR negative 
controls used are random sequences that have been tested in human cell 
lines and tissues and validated to not produce identifiable effects.

Luciferase promoter and 3′ UTR reporter assay. Cells were seeded in 24-well plates 
and were transfected with the indicated firefly luciferase constructs together 
with an SV40-renilla control vector. Lysates were prepared at 40 hours, and 
luciferase activity was measured using the Dual Luciferase Reporter Assay sys-
tem (Promega) and a luminometer (MicroLumat Plus; EG&G Berthold).

Western blot, immunoprecipitation, and ChIP. These were performed as 
described (8). Antibodies used against the indicated proteins are as fol-
lows: p63 (4A4; Sigma-Aldrich), polyclonal p63 (for IP, H-129; Santa Cruz 
Biotechnology Inc.), Drosha (D28B1; Cell Signaling), p73 (Ab-2; Calbio-
chem), p53 (DO1; Santa Cruz Biotechnology Inc.), HA11 (Covance), FLAG 
(M2; Sigma-Aldrich), and β-tubulin (Santa Cruz Biotechnology Inc.). See 
Supplemental Table 3 for primer sequences.

Lentiviral and retroviral production and mRNA QRT-PCR. These assays were 
all performed as described (8). For shRNA-targeted sequences, see Supple-
mental Table 2. P63-directed shRNA was validated not to cross-react with 
p53 or p73 (8). Primer sequences for mRNA quantitative RT-PCR (QRT-
PCR) are shown in Supplemental Table 4.

Human tumor analysis. Primary human tumor specimens with the his-
tologic diagnosis of HNSCC were collected prior to treatment. Use of 

tissues and clinical data for this study were approved by the MGH/Part-
ners Human Research Committee (Boston, Massachusetts, USA). The 
committee has deemed that informed consent is not required since this 
study involves only retrospective analysis of discarded tissue collected in 
the course of routine clinical care. Total RNA preparation was carried out 
on macrodissected tumor-enriched portions following pathology review. 
The ΔNp63 and TAp73 quantification from tumor samples was performed 
using the TaqMan (Applied Biosystems) strategy according to the manu-
facturer’s protocol. Gene expression is normalized to β-actin. Primer and 
probe sequences are available in Supplemental Tables 5 and 6.

miR QRT-PCR. A specific RT was performed for each miR from 100 
ng of total RNA, using a specific stem-loop RT primer (50 nM) and the 
MultiScribe Reverse transcriptase (Applied Biosystems). The RT condi-
tions were as follows: 30 minutes at 16°C followed by 30 seconds at 20°C,  
30 seconds at 42°C, 1 second at 50°C for 60 cycles, and finally 5 minutes 
at 85°C. Mature miRs’ expression levels were measured by real-time QRT-
PCR using the iQ SYBR Green Supermix reagent (Bio-Rad) and an Opticon 
real-time PCR detector system (MJ Research). The expression of each gene 
was normalized to the small nuclear U6B RNA or 5S ribosomal RNA as a 
reference, and relative levels were calculated from a 4-point standard curve. 
All experiments were performed in triplicate. Primer sequences are shown 
in Supplemental Tables 7 and 8.

Statistics. For each experimental data point, the SEM from replicate 
experiments was calculated as noted in the legends and is shown as error 
bars. For Figure 2D, Figure 6A, and Supplemental Figure 5C, the Pearson 
product-moment correlation coefficient (R2) was calculated, and a 2-tailed 
P value was generated from a probability table. For in vivo experiments,  
2-way repeated measured ANOVA analysis was performed to further assess 
the statistical significance of the cisplatin/anti-miR193* interactions, 
using Prism 3.0 software and based on the null hypothesis that there was 
no interaction between cisplatin and anti–miR-193*.
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