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Altering MYC phosphorylation in the epidermis
increases the stem cell population and contributes
to the development, progression, and metastasis of
squamous cell carcinoma
Xiaoyan Wang1, Ellen M. Langer1,2, Colin J. Daniel1, Mahnaz Janghorban 1, Vivian Wu3, Xiao-Jing Wang 4,5 and
Rosalie C. Sears 1,2

Abstract
cMYC (MYC) is a potent oncoprotein that is subject to post-translational modifications that affect its stability and
activity. Here, we show that Serine 62 phosphorylation, which increases MYC stability and oncogenic activity, is
elevated while Threonine 58 phosphorylation, which targets MYC for degradation, is decreased in squamous cell
carcinoma (SCC). The oncogenic role of MYC in the development of SCC is unclear since studies have shown in normal
skin that wild-type MYC overexpression can drive loss of stem cells and epidermal differentiation. To investigate
whether and how altered MYC phosphorylation might affect SCC development, progression, and metastasis, we
generated mice with inducible expression of MYCWT or MYCT58A in the basal layer of the skin epidermis. In the T58A
mutant, MYC is stabilized with constitutive S62 phosphorylation. When challenged with DMBA/TPA-mediated
carcinogenesis, MYCT58A mice had accelerated development of papillomas, increased conversion to malignant lesions,
and increased metastasis as compared to MYCWT mice. In addition, MYCT58A-driven SCC displayed stem cell gene
expression not observed with MYCWT, including increased expression of Lgr6, Sox2, and CD34. In support of MYCT58A

enhancing stem cell phenotypes, its expression was associated with an increased number of BrdU long-term label-
retaining cells, increased CD34 expression in hair follicles, and increased colony formation from neonatal keratinocytes.
Together, these results indicate that altering MYC phosphorylation changes its oncogenic activity—instead of
diminishing establishment and/or maintenance of epidermal stem cell populations like wild-type MYC, pS62-MYC
enhances these populations and, under carcinogenic conditions, pS62-MYC expression results in aggressive tumor
phenotypes.

Introduction
The skin epidermis is a stratified epithelium composed

primarily of keratinocytes whose proliferation and differ-
entiation must be tightly regulated in order to maintain
skin homeostasis and respond effectively to injury1.
Multipotent epidermal stem cells are slow-cycling cells

with unlimited regenerative potential that reside within
the basal layer of the epidermis and bulge region of the
hair follicle, and they function to ensure that the epi-
dermis is maintained during adult life. They give rise to
transit-amplifying cells that undergo a small number of
divisions before terminally differentiating to form the
interfollicular epidermis (IFE), hair follicles, and sebac-
eous glands2–5.
MYC is a potent transcription factor that can regulate

diverse cellular phenotypes including cell proliferation,
apoptosis, maintenance of pluripotency, cellular
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reprogramming, and differentiation. For example, cMYC
has been shown to be critical in the maintenance of
pluripotency in embryonic stem cells and to inhibit dif-
ferentiation of a variety of cell types when ectopically
expressed6–8. In the epidermis, however, ectopic MYC
expression has been shown, in human keratinocytes as well
as mouse models, to promote differentiation by driving
epidermal stem cells into transit-amplifying cells9–11. In
apparent contrast, MYC deletion from the epidermis also
depleted the stem cell pool, initiating differentiation pre-
maturely and leading to thinning of the IFE as well as
impaired wound healing12. Thus, the role of MYC in the
epidermis is complex, and tight regulation of MYC func-
tion is likely important for normal skin homeostasis. Sev-
eral mouse models have been generated to further examine
the effects on tumor development following MYC
expression in basal (which includes the stem cell com-
partment of the IFE, sebaceous gland and hair follicle) or
suprabasal (terminally differentiating) keratinocytes.
Results from these models indicate that driving MYC in
the basal compartment results in hair loss, development of
spontaneous wounds, and an increase in sebaceous gland
size and number at the expense of hair follicles10,13,
whereas driving MYC in the suprabasal epidermis pro-
duced papillomas that rarely progressed14,15. Thus, MYC
overexpression appears to have varying effects depending
on the cell type used in these models16.
Because MYC potently regulates most transformed cell

phenotypes, MYC expression is normally tightly regulated
through multiple mechanisms. One such mechanism
involves sequential and interdependent phosphorylation of
two conserved residues, Serine 62 (S62) and Threonine 58
(T58), that help regulate MYC turnover after cell growth
stimulation17. S62 is phosphorylated by ERK1/2, JNK,
CDK2, or CDK5 in response to growth stimulation, and
this modification increases MYC protein stability18–20.
Phosphorylation at S62 (pS62) also serves as a priming site
for GSK3 to phosphorylate T58, which then enhances
MYC degradation. Efficient MYC degradation requires
dephosphorylation of S62 by Protein Phosphatase 2A
(PP2A) and ubiquitination of pT58-MYC by the E3 ubi-
quitin ligase SCF-FBW7, ultimately leading to
proteosome-mediated degradation of MYC21. The scaffold
protein Axin1 enhances MYC degradation by coordinating
formation of this MYC destruction complex22. Mutations
in PP2A subunits, FBW7, and AXIN1 have been identified
in human cancers23,24, suggesting deregulation of this
MYC degradation pathway. Moreover, elevated S62 and
decreased T58 phosphorylation of MYC is found in several
human cancer types22,25,26. Importantly, recent data indi-
cates that pS62-MYC is targeted by the PIN1 proline
isomerase that activates MYC to drive a subset of onco-
genic target genes involved in cell proliferation and
migration27,28.

In the current study, we examined pS62-MYC and
pT58-MYC expression in human squamous cell carci-
noma (SCC) and found that the stable, active pS62-MYC
is highly expressed in human skin cancers as compared to
normal skin. Given the divergent activity of MYC in skin
on stem cell maintenance, epidermal differentiation, and
tumorigenesis, we asked whether regulating MYC phos-
phorylation can affect the activity of MYC on stem cell
maintenance or tumor development. We utilized our
inducible Rosa26-MycWT and Rosa26-MycT58A knock-in
mice to determine the effects of MYCT58A versus MYCWT

expression in the epidermal basal layer of the skin, and
found that expression of MYCT58A, which remains con-
stitutively phosphorylated at S62, in skin epidermis
accelerates tumorigenesis, enhances malignant conver-
sion, and increases metastasis in a two-stage carcinogen-
esis protocol. We show that MYCT58A expression is
associated with increased proliferation in the epidermis
adjacent to carcinogen-induced papillomas as well as
decreased apoptosis in the hair follicles compared to
MYCWT. Finally, we show that MYCT58A expression
results in an increased epidermal stem cell population
through BrdU retention assays, CD34 staining, and ker-
atinocyte rapid attachment assays. Our data suggest that
post-translational activation of MYC alters its activity to
promote stem cell renewal and the progression of
malignant transformation from the basal and stem cell
compartments of the skin epidermis.

Results
pS62-MYC is increased and pT58-MYC is decreased in
clinical SCC samples relative to normal skin
To examine whether changes in MYC expression occur

in skin cancer, we first extracted RNA from 13 human
SCC and 5 adjacent skin samples and performed qRT-
PCR for cMYC expression. We did not find a significant
difference in cMYC levels; cMYC mRNA was upregulated
in only 2 of the 13 (15%) SCC samples as compared to
adjacent normal skin (Fig. 1a). In our previous work, we
observed that MYC was regulated at the protein level,
with high levels of pS62-MYC and low levels of pT58-
MYC in breast tumor cell lines and tumor tissue relative
to non-transformed mammary cell lines and adjacent
normal breast tissue, respectively26,29,30. To investigate
whether MYC is similarly post-translationally regulated in
skin cancer, we obtained formalin fixed paraffin embed-
ded (FFPE) tissue from eleven human SCC samples and
six adjacent normal skin samples and analyzed these by
immunofluorescence (IF) for pS62- and pT58-MYC
expression using phosphorylation-specific antibodies26.
We found high expression of pS62-MYC in all of the SCC
samples relative to the normal skin (Fig. 1b, c). In con-
trast, the level of pT58-MYC was reduced in SCC relative
to adjacent normal skin (Fig. 1b, d). Consistent with this
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change in phosphorylation status, the level of MYC
expression was elevated in SCC relative to adjacent nor-
mal skin (Fig. 1e, f). These results indicate an upregulation
of MYC protein and an altered ratio of pS62/pT58 con-
sistent with a more stable and selectively transcriptionally
active form of MYC in skin carcinoma, suggesting that
post-translational regulation of MYC may contribute to
the role for MYC in skin tumorigenesis.

Expression of exogenous MYCT58A in the skin epidermis
and hair follicles accelerates papilloma formation and
malignant transformation following DMBA/TPA-mediated
carcinogenesis
To determine the role of MYC phosphorylation in skin,

we utilized mice that have conditional expression of
MYCWT or MYCT58A from the Rosa26 locus (RFS-MycWT

or RFS-MycT58A)31. The MYCT58A mutant imitates the

Fig. 1 MYC phosphorylation at Serine 62 and Threonine 58 is altered in human squamous cell carcinomas (SCC). a Analysis of MYC mRNA
expression by qRT-PCR in 13 human SCC samples and 5 adjacent skin tissues. b Immunofluorescence intensity of pS62-MYC and pT58-MYC was
analyzed in 250 random cells for each patient sample using Open-Lab 5.5 software, with mean fluorescence intensity (MFI) displayed for 6 human
normal skin and 11 human SCC samples. c–e Immunofluorescence staining of representative human normal skin and SCC samples quantified in (b
and f) with (c) anti-pS62-MYC, (d) anti-pT58-MYC, and (e) anti-MYC. DAPI (blue) is nuclear counterstain. f Mean fluorescent intensity of MYC (e) was
analyzed in 6 human normal skin and 11 human SCC samples. For each sample, ~50 cells were analyzed in each of five randomly selected areas, and
an average MFI for each sample is shown. Significance was determined with an unpaired Student’s t-test, p < 0.001.
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phosphorylation ratio of S62 and T58 found in human
SCC, maintaining high S62 phosphorylation because the
lack of phosphorylation at T58 makes the protein resis-
tant to PP2A-mediated dephosphorylation32. To drive
MYC expression in the skin, we crossed the RFS-MycWT

or RFS-MycT58A mice with Keratin 5 (K5)-CrePR trans-
genic mice, in which the K5 promoter drives expression of
Cre recombinase fused to a truncated progesterone
receptor in the basal layer of the epidermis33. Treatment
with RU486 induces activity of Cre recombinase, driving
deregulated expression of MYCWT or MYCT58A in the
basal epidermis (Fig. 2a). We treated the backs of five-
week old experimental K5-CrePR;RFS-MycWT (MYCWT)
and K5-CrePR;RFS-MycT58A (MYCT58A) mice and control
RFS-MycWT or RFS-MycT58A mice without K5-CrePR

with RU486 for 5 days. PCR analysis of genomic DNA
extracted from back skin of these mice at 2 months of age
showed that the recombined allele was detected in the
skin of MYCWT and MYCT58A mice, but not in the con-
trol mice (Fig. 2b). Initial RT-PCR analysis demonstrated
expression of ectopic cMyc-HA mRNA in the MYCWT

and MYCT58A skin samples (Fig. 2c). Immunofluorescent
analysis showed that MYC-HA was present in the epi-
dermis and hair follicles of the MYCWT and MYCT58A

mice (Fig. 2d). These mice were monitored for 20 months,
and we did not observe development of any skin lesions
indicating that this modest expression of ectopic MYCWT

or MYCT58A from the Rosa26 locus in adult skin is not
oncogenic.
We next utilized a classic two-stage chemical carcino-

genesis model, where initial treatment with 7,12-dimen-
thylbenz[a]anthracene (DMBA) induces mutations in the
epidermis and is followed by repeated administration of
12-o-tetradecanoylphorbol-13-acetate (TPA) that elicits
an inflammatory response to mediate further transfor-
mation, resulting in papilloma development34,35. To
address the consequences of altering MYC phosphoryla-
tion in this model, we treated the MYCWT, MYCT58A, and
control mice with DMBA and TPA according to the two-
step chemical carcinogenesis protocol (see Fig. 3a). Two
weeks prior to DMBA treatment, MYCWT or MYCT58A

expression was induced as above by painting RU486 on
the back skin. A single dose of DMBA was followed by
administration of TPA twice per week until study end-
point. Expression of ectopic HA-tagged MYCWT and
MYCT58A was confirmed by immunofluorescence in skin
hyperplasia and papillomas from MYCWT and MYCT58A

mice (Supplemental Fig. S1a). Expression of ectopic
MYCWT or MYCT58A in papillomas resulted in decreased
expression of endogenous cMyc mRNA (Supplemental
Fig. S1b), consistent with other models where ectopic
MYC has been shown to autoregulate and suppress its
own promoter36,37. This, together with the relatively weak
ROSA promoter, resulted in total Myc mRNA levels that
were only modestly higher in papillomas from MYCWT

and MYCT58A mice compared to control mice papillomas
(Supplemental Fig. S1c). Consistent with previous studies,
pS62-MYC staining appeared higher with expression of
MYCT58A (Supplemental Fig. S1d)26,29,30.
The MYCT58A mice were found to develop papillomas

on average 45 days after the DMBA/TPA treatment was
initiated, which was early as compared with the MYCWT

and control mice, which developed papillomas on average
69 and 68 days after DMBA/TPA treatment, respectively
(Fig. 3b and Table 1). In addition, the MYCT58A mice
developed an increased number of skin lesions, averaging
about nine lesions per mouse. The MYCWT mice devel-
oped an average of about seven skin lesions per mouse
compared with the control mice which averaged 4.5

Fig. 2 Generation and characterization of conditional knock-in
transgenic mouse models of skin expressing MYCWT or MYCT58A.
a Knock-in strategy for conditional expression of MYCWT-HA and
MYCT58A-HA. Rosa-Floxed-Stop (RFS)-Myc constructs are shown.
Arrowheads indicate loxP sites. bpA is a transcription stop sequence.
Inserted cMyc cDNAs have a C-terminal HA tag. The K5-CrePR
transgene encodes a fusion protein consisting of Cre recombinase
and a truncated progesterone receptor driven by the Keratin 5 (K5)
promoter. Cre recombination allows ectopic MycWT or T58A expression
driven from the ROSA promoter. b Recombined allele was detected in
skin from MYCWT and MYCT58A mice after RU486 treatment. The
control is RFS-MycWT without K5-CrePR after RU486 treatment. c PCR
showing ectopic and total Myc mRNA expression in MYCWT or
MYCT58A mice compared to the control (no Cre) mice 8 weeks after
RU486 induction. d Representative images showing expression of
ectopic MYC by HA staining in normal skin tissues of Ctrl, MYCWT,
MYCT58A mice 8 weeks after RU486 treatment.
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Fig. 3 (See legend on next page.)
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lesions per mouse (Fig. 3c). To determine whether
expression of MYCT58A not only affected the timing and
number of lesions, but also the malignancy, we performed
H&E staining of skin tumors from mice of each genotype
treated with RU486 and DMBA/TPA and taken down at
26–28 weeks. Using histopathological analysis, we quan-
tified the prevalence of benign (papilloma, sebaceous
adenoma, or in situ SCC) and malignant (SCC or spindle-
cell carcinoma (SpCC)) lesions for the different genotypes
(Fig. 3d, e). This analysis revealed that expressing
MYCT58A in the skin dramatically enhanced the malig-
nant potential of the lesions, with 32.4% incidence of SCC
and SpCC as compared to 15.9% within the MYCWT mice
and 11.1% within the control mice. Finally, when tumors
were allowed to grow to the study endpoint, expression of
MYCT58A was found to dramatically enhance metastatic
properties. The MYCT58A mice had a 57% incidence of
metastasis, with metastatic foci evident on the surface of
liver and lungs, as well as in kidney, brain, and mammary
glands. In comparison, the MYCWT and control mice had
13% and 16% incidence of metastasis, respectively (Fig. 3f,
g and Table 1). Importantly, the MYCT58A mice also had a
shortened median survival to study endpoint of
~7.6 months compared to the MYCWT with a median
survival of 9.7 months and the control mice with a median
survival of 13.4 months (Fig. 3h and Table 1).

MYCT58A expression reduces apoptotic potential and
enhances proliferative activity relative to MYCWT in DMBA/
TPA-treated epidermis
The increased number and malignancy of lesions fol-

lowing DMBA/TPA treatment with MYCT58A expression

suggested that epidermal apoptosis might be impaired
and/or proliferation might be enhanced. To test whether
apoptosis was impaired, we performed the two-step
DMBA/TPA chemical carcinogenesis experiment and
analyzed apoptosis by TUNEL assay in the skin 72 h after
the first TPA treatment. We found a dramatic increase in
apoptosis in the epidermis and hair follicles from the
MYCWT mice, which is consistent with the role of MYC
as a potent inducer of apoptosis under growth-limiting
conditions38. In contrast, apoptosis in the skin of
MYCT58A mice was substantially reduced relative to
MYCWT and comparable to that in control mice (Fig. 4a,
b), which is consistent with reports that expressing
MYCT58A does not induce apoptosis like MYCWT and can
suppress apoptosis under conditions like mammary gland
involution31,39. We also assessed proliferation by injecting
each mouse with 100 μg BrdU 2 h prior to collecting skin
samples 48 h after DMBA/TPA treatment. We found no
difference in proliferation between the samples at this
early time point (Fig. 4c, d). To assess proliferation and
apoptosis in the skin at later time points, we again per-
formed the two-step DMBA/TPA chemical carcinogen-
esis experiment, treating with TPA for 8 weeks. For
proliferation analysis, 2 h prior to collecting skin samples,
each mouse was injected with BrdU. We observed con-
sistent, marked elevation of BrdU incorporation in the
epidermis adjacent to lesions from MYCT58A mice when
compared with either the MYCWT or control mice (Fig.
4e, f), indicating that expression of MYCT58A supported
sustained proliferation in the adjacent epidermis. Unlike
early time points, we found no difference in apoptosis
rates in the skin after 8 weeks of treatment (Fig. 4g, h).

(see figure on previous page)
Fig. 3 Increased tumor initiation and promotion in MYCT58A mice. a Schematic of treatment strategy for papilloma initiation after DMBA/TPA
treatment. Age matched mice of the indicated strains were treated with DMBA/TPA according to the two-step chemical carcinogenesis assay.
b Kaplan–Meier curve showing days to papilloma initiation since the first TPA treatment of skin from mice of each indicated strain. Significance was
determined with a Log-rank test, ***p < 0.001. c Number of skin lesions per mouse after DMBA/TPA treatment. Mean ± SD is shown, significance was
determined by one-way ANOVA, followed by Tukey’s multiple comparison test, **p < 0.01. d Representative H&E staining of different lesions formed
following DMBA/TPA treatment including papilloma, sebaceous adenoma, squamous cell carcinoma (SCC), spindle-cell carcinoma (SpCC). Scale bars
are as indicated. e Quantification of different lesion types at 26–28 weeks after DMBA/TPA treatment. n= 5 mice per genotype, and percent of each
lesion type is graphed ±SD. SCC-IS indicates in situ lesions. Student’s t-test was used to compare total number between genotypes of benign or
malignant lesions, *p < 0.05, **p < 0.01. f Representative images of SCC metastasis to lung and kidney. Scale bars= 100 µm. g SCC metastasis in lung
was confirmed by immunofluorescence using anti-K14 (red). h. Survival curves for each strain following DMBA/TPA treatment (n as indicated).
Significance was determined with a Log-rank test. **p < 0.01, ***p < 0.001.

Table 1 Summary of phenotypes from DMBA/TPA experimental mice.

Genotype Papilloma initiation (days) Incidence of metastasis (%) Survival (months)

Control (N= 8) 68 (±5) 16.70% 13.4

MycWT (N= 14) 69 (±8) 13.30% 9.7

MycT58A (N= 10) 45 (±5) 57% 7.6
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Fig. 4 MYCT58A expression results in increased proliferation and reduced apoptosis after DMBA/TPA chemical carcinogenesis treatment.
a, b TUNEL staining (a) and quantitation (b) to assess apoptosis in the epidermis and hair follicle of mice 72 h post DMBA/TPA one-time treatment.
Scale bar= 50 µm. Shown is mean and SD of 5 mice per genotype. p-value is from a one-way ANOVA, followed by Tukey’s multiple comparison test,
***p < 0.001. c, d BrdU staining (c) and quantitation (d) to assess proliferation in the epidermis and hair follicle of mice 48 h post DMBA/TPA one-time
treatment. Scale bar= 100 µm. Shown is mean and SD of 3 mice per genotype. p-value is from a one-way ANOVA, followed by Tukey’s multiple
comparison test, ns= not significant. e, f BrdU staining (e) and quantitation (f) in the epidermis adjacent to the skin lesions after 8 weeks of DMBA/
TPA treatment of mice from each genotype. Scale bar= 50 µm. Shown is mean and SD of 5 mice per genotype. p-value is from a one-way ANOVA,
followed by Tukey’s multiple comparison test, **p < 0.01, ***p < 0.001. g, h TUNEL staining (g) and quantitation (h) to assess apoptosis in the
epidermis and hair follicle of mice 8 weeks post DMBA/TPA treatment. Scale bar= 100 µm. Shown is mean and SD of 3 mice per genotype. p-value is
from a one-way ANOVA, followed by Tukey’s multiple comparison test, ns= not significant.
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MYCT58A expression drives enhanced progenitor cell
characteristics in both normal epidermis and in tumors
MYC has divergent roles in the maintenance of stem

cell populations9,40,41. In the skin, it can drive keratinocyte
stem cell differentiation into transit amplifying cells10. To
determine whether an alteration in MYC phosphorylation
can differentiate between MYC activities in stem cells we
analyzed the number of stem cells between genotypes in
our study. We performed a BrdU long-term label-retain-
ing experiment10 to measure stem cell populations in the
MYCWT, MYCT58A, and control mice. First, we treated
the back skin of 5-day-old pups with RU486 for five days
and then injected the 10-day-old pups with four doses of
BrdU over 48 h. Skin samples were collected 75 days after
labeling, and the BrdU label-retaining cells (LRCs) after
this 75-day chase period are considered epidermal stem
cells defined by long life and low replication index. The
percent of label-retaining cells was found to be 1.3% in
the control mice, 0.23% in the MYCWT mice, and 2.85% in
the MYCT58A mice (Fig. 5a, b). These results indicate that
MYCWT and MYCT58A function differently in this tissue,
resulting in decreased or increased numbers of stem cells,
respectively. To further support this result, we performed
IF for CD34, a marker of the infrequently cycling and
label-retaining cells in the hair follicle bulge42,43, on the
skin from these mice. Again, we found a decrease in the
number of CD34+ stem cells in the MYCWT mice and an
increase in the number of CD34+ stem cells in the
MYCT58A mice as compared to the controls (Fig. 5c, d).
We also performed qRT-PCR analysis for Lin28B, a MYC
target gene that regulates stem cell self-renewal and has
previously been shown to enhance the generation of
induced pluripotent stem cells44,45. In our mice, we found
that MYCT58A expression specifically was associated with
the upregulation of Lin28B in the normal adjacent skin
(Fig. 5e). Together, these data suggest that MYCWT

decreases, while MYCT58A increases the number of epi-
dermal stem cells. These results are consistent with pre-
vious reports that MYCWT drives epidermal stem cells to
differentiate9,11, but also extend our understanding by
showing that MYCT58A is functionally distinct from
MYCWT as evidenced by its ability to increase the epi-
dermal stem cell population.
To determine whether the MYCT58A-driven tumors also

manifest a stem/progenitor cell phenotype, we performed
immunohistochemical analysis with anti-CD34 in the
hyperplastic epidermis from DMBA/TPA, 8-week treated
MYCT58A and MYCWT mice compared to the control
mice. A similar trend of decreased numbers of CD34
positive cells in the MYCWT mice and increased numbers
in the MYCT58A mice was detected in the hyperplastic
epidermis and hair follicles following the two-step carci-
nogenesis (Fig. 5f, g). To confirm increased stem cell gene
expression in these hyperplastic regions, we also assessed

the mRNA level of Lin28B, CD34, Lgr6, and Sox2, which
can serve as markers for stem-like tumor cells in skin
squamous cell carcinoma46–49. We found Lin28B, Lgr6,
CD34, and Sox2 mRNA expression significantly elevated
specifically in the hyperplastic skin from MYCT58A mice
(Fig. 5h). Sox2 expression was upregulated in some of the
MYCWT tissues as well. Together, these results demon-
strate that MYCT58A functions distinctly from MYCWT to
establish or maintain epidermal stem cell populations in
both normal skin and induced skin tumors.
Since MYCT58A expression drove increased expression

of the stem cell markers Lin28B, Lgr6, and Sox2 in this
model, we also asked if the expression of these genes
correlated in human squamous cell carcinomas. We chose
to query head and neck squamous cell carcinoma
(HNSCC) because the human cutaneous SCC datasets
available had fewer samples and no RNA-seq information
available. We confirmed by IF that HNSCC samples
obtained from the OHSU Biolibrary, similar to SCC
samples, showed upregulation of pS62-MYC and down-
regulation of pT58-MYC in tumors as compared to
adjacent mucosa (Supplemental Fig. S1a, b). We then
analyzed the gene amplification and mRNA upregulation
of MYC in HNSCC (N= 279) as profiled by TCGA and
queried on cBioPortal (HNSCC: Cancer Genome Atlas
Network50, SCM: TCGA, PanCancer Atlas). The data
showed that MYC is amplified or upregulated in 20.8% of
HNSCC (Supplemental Fig. S2c). We next queried the
provisional HNSCC TCGA dataset in cBioPortal in order
to include MYC protein levels in the analysis. We assessed
co-occurrence of high MYC with stem cell markers SOX2,
LGR6, and LIN28B and found significant co-occurrence of
upregulated MYC with SOX2, LGR6, and LIN28B in these
tumors (Supplemental Fig. S2d, e).

MYCT58A expression increases stem cell phenotypes in
primary keratinocytes
Previous studies have suggested that in mouse skin

~10% of the basal cells are stem cells, and that these can
be identified based on their ability to rapidly adhere to
dishes in culture51. To further examine the effects of
MYCT58A expression in skin cells, we performed an
in vitro rapid attachment assay with keratinocytes isolated
from P3 neonatal mice (mice had been induced with
RU486 three times since birth). Consistent with an
increased number of LRCs in the MYCT58A mice, we
observed 50% more colonies formed after 10 days with
MYCT58A expressing keratinocytes. Conversely, MYCWT

expressing keratinocytes formed 50% fewer colonies than
the control (Fig. 6a–c). In addition, the colonies from
MYCT58A mice had a more irregular shape and contained
significantly more cells per colony when compared to
those from either the control mice or the MYCWT mice
(Fig. 6a, b, d). Taken together with the in vivo data, these
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Fig. 5 Increased stem cell populations in skin of MYCT58A mice. a, b Long-term label-retaining cell analysis in control, MYCWT, or MYCT58A mice.
Retention of BrdU was assessed 75 days after injection through immunofluorescent staining for BrdU (red) shown in (a) and quantification of percent
of cells positive for BrdU shown in (b). p-value is from a one-way ANOVA, followed by Tukey’s multiple comparison test, ***p < 0.001. c
Immunofluorescence images of skin from the long-term label-retaining analysis stained with anti-CD34 (red). White arrows indicate positive cells in
hair follicles. DAPI (blue) is nuclear counterstain. d Quantitation of CD34 staining from (c). Significance was determined by one-way ANOVA, followed
by Tukey’s multiple comparison test, **p < 0.01, ***p < 0.001. e qRT-PCR for Lin28B expression in skin of mice used in long-term label-retaining analysis
(normal skin). p-value is from a one-way ANOVA, followed by Tukey’s multiple comparison test, *p < 0.05, **p < 0.01. f Immunohistochemistry for
CD34 staining in hair follicles from the hyperplastic skin of control, MYCWT, or MYCT58A mice 4 months after DMBA/TPA treatment. Scale bar= 50 µm.
Insets are shown below. Red arrowheads indicate CD34 positive cells. Nonspecific staining in the sebaceous gland is indicated by asterisks. g
Quantification of CD34 staining from mice as in (f). Shown is mean and SD of 5 mice per genotype. p-value is from a one-way ANOVA, followed by
Tukey’s multiple comparison test, *p < 0.05, ***p < 0.001. h qRT-PCR for expression of stem cell marker or signaling pathway genes, as indicated, in
hyperplastic epidermis from DMBA/TPA-treated control, MYCWT, or MYCT58A mice. p-value is from a two-tailed Welch’s t-test. *p < 0.05, **p < 0.01,
***p < 0.001.
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results support a role for altered MYC phosphorylation
(loss of T58 and gain of S62 phosphorylation) in driving
stem cell phenotypes, which likely contributes to tumor-
igenesis and cancer aggressiveness.

Discussion
Mounting evidence indicates that the proto-oncogene

MYC is overexpressed in a variety of human malignancies.
In cancer, the activity of the MYC transcriptional network
is frequently deregulated, contributing to the initiation
and maintenance of disease. MYC levels can be elevated
through gene amplification, transcriptional52,53 and post-
transcriptional (e.g., FBXW7 ubiquitin ligase and RAS/
MAPK pathway)21,54,55 mechanisms. Pan-cancer analyses
of at least 12 cancer types estimated the frequency of
MYC amplification at ~14%56–58. This is consistent with
our observation here of 15% of clinical SCC samples
showing increased cMYC mRNA levels. In contrast, MYC
protein levels are generally elevated in a significantly
higher percentage of tumors due to post-translational
deregulation. For example, in SCC of the head and neck,
overexpression of MYC by immunohistochemistry has
been reported between 56.3 and 91%59–61.

While it is well-established that MYC protein is over-
expressed in cancer, how post-translational modifications
of MYC contribute to altered functions of MYC in the
development, progression, and metastasis of SCC has not
been reported. Previously, we showed that cMYC stability
is in part controlled by sequential and interdependent
phosphorylation at S62 and T58 and that these altered
phosphorylation states also affect the activity and
tumorigenic potential of cMYC27,29,62. In this study, we
identify high levels of pS62-MYC and low levels of pT58-
MYC in human SCC, suggesting that post-translational
modifications regulating cMYC protein stability occur in
the development of human SCC. In addition, we expres-
sed the MYCT58A mutant, which lacks T58 phosphoryla-
tion and has high S62 phosphorylation in the basal
epidermis of mice to model the phosphorylation ratio of
S62 and T58 found in human SCC. We found that
MYCT58A expressed in the skin epidermis and hair folli-
cles could induce early papilloma development with
DMBA/TPA-mediated carcinogenesis and could enhance
malignant properties including increased metastatic foci
in liver, lung, brain, kidney, and mammary gland. This was
accompanied with increasing proliferation in the adjacent
epidermis. These findings together validate that, in vivo,
altered MYC phosphorylation at T58 and S62 affects
cMYC’s oncogenic activity and contributes to the devel-
opment, progression, and metastasis of SCC in two-stage
skin carcinogenesis.
The epidermis is a self-renewing stratified epithelium. It

has been reported that the proto-oncogene MYC stimu-
lates keratinocyte proliferation and promotes differentia-
tion of human epidermal stem cells9. Consistent with this,
when we overexpress MYCWT in the basal layer of the
skin with K5-CrePR, we observe a decrease in the number
of stem cells as evidenced by a decrease in the long-term
label-retaining cell number, the number of cells positive
for CD34, a marker of these stem cells49, and the number
of colonies formed by isolated keratinocytes ex vivo. In
contrast, our results show MYCT58A expression in basal
keratinocytes and hair follicles increased the number of
stem cells, increasing the number of label-retaining cells,
CD34 positive cells, and colony-forming keratinocytes.
We assessed markers of stem cells in the Control,

MYCWT, or MYCT58A expressing hyperplastic epidermis
following DMBA/TPA treatment and found that
MYCT58A expression drives increased expression of
Lin28B, CD34, Lgr6, and Sox2. Many reports have shown
that CD34 is a stem cell marker in SCC, regulating tumor
initiation and progression49,63,64, and a recent study
demonstrated that LGR6 is a stem cell marker in skin
SCC46. Both of these proteins mark normal stem cells as
well. SOX2 has also been shown to be transcriptionally
upregulated in skin SCC, it contributes to upregulation of
LIN28, and it downregulates BMP447,65. LIN28B has been

Fig. 6 MYCT58A expression increased stem cell phenotypes in
primary keratinocytes. a, b Representative images of crystal violet
stained plates (a) or phase contrast images (b) of primary keratinocyte
colony after 10 days of culture from the rapid attachment assay of
indicated genotype primary keratinocytes. c, d Quantitation of the
number of colonies (c) and the number of cells per colony (d) in the
rapid attachment assay. Data from each genotype includes
keratinocytes pooled from four pups. p-values are from a one-way
ANOVA, followed by Tukey’s multiple comparison test, ***p < 0.001.
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shown to be a direct MYC target and functions to nega-
tively regulate Let-7 microRNAs to maintain a stem cell
fate66. LIN28 has also been shown to be a pluripotency
factor, capable of functioning with OCT4, NANOG, and
SOX2 to reprogram human somatic fibroblasts to plur-
ipotency67. In addition, LIN28 has been shown to con-
tribute to transformation and its expression is correlated
with poor prognosis in several human malignancies44.
Together, the results of our study strongly indicate that
MYCT58A, unlike MYCWT, supports the establishment
and/or maintenance of epidermal stem cell populations
associated with increased expression of multiple genes
with known roles in stem cells and cancer. Further, the
increased malignancy of the MYCT58A-expressing skin
tumors in this model suggests that the tumors might arise
from a progenitor/stem cell-like population.
In sum, this study utilizes a unique mouse model to reveal

a role for T58 and S62 phosphorylation in the normal
activity and oncogenic potential of cMYC in the skin. While
expressing MYCWT in the basal layer of the skin drove
differentiation and proliferation of the skin, expressing
MYCT58A resulted in increased numbers of skin stem cells.
In addition, MYCT58A expressing epidermis was susceptible
to increased oncogenesis and tumor progression following a
chemical carcinogenesis treatment. MYCT58A expression
associated with increased cancer stem cell features that
supported increased malignancy and distant metastasis.
This model, therefore, provides a robust platform to further
interrogate the role of MYC phosphorylation in cMYC
function, which could impact strategies to therapeutically
target cMYC.

Methods
Human tissue samples
De-identified human skin lesion and normal samples

were provided by OHSU Department of Dermatology
Molecular Profiling Tissue Repository (IRB#10071) and
used for RNA extraction. De-identified formalin fixed
paraffin embedded SCC and HNSCC tissues were

obtained from the OHSU Knight Cancer Institute Bioli-
brary and used for immunostaining.

Animals and animal care
Mouse care and experimental procedures were per-

formed in accordance with established institutional gui-
dance and approved by the Research Animal Care
Committee of Oregon Health & Science University. Rosa-
Floxed-Stop (RFS)-MycWT and RFS-MycT58A mice were
previously described31. K5-CrePR mice were provided by
Dr. Xiaojing Wang33 (University of Colorado Denver).
Experimental mice carried homozygous RFS-MycWT or T58A

and K5-CrePR.

Reverse transcription-PCR (RT-PCR)
Total RNA from skin samples was extracted by TRIzol

reagent (Invitrogen) according to manufacturer’s proto-
col, treated with DNaseI, and then purified over an
RNeasy mini column (Qiagen). cDNA was made from
DNaseI-treated RNA using High Capacity Reverse Tran-
scription kit (Applied Biosystems) according to manu-
facturer’s protocol with random primers. Qualitative RT-
PCR was performed to confirm expression of ectopic and
total MYC in the mouse model. Quantitative RT-PCR
analysis was performed on a StepOne qRT-PCR machine
(Applied Biosystems) according to manufacturer’s preset
PCR cycle conditions. Taqman primers were used for
assessing human MYC (Hs00905030_m1). All other pri-
mers used in this study are listed in Table 2. TBP primers
were used as controls to normalize expression level of
each gene to TBP using the ΔΔCT method.

Antibodies
Anti-HA-11 (G036, Applied Biological Material) 1:1000;

anti-cMYC Y69 (ab32072, Abcam) 1:1000; anti-cMYC
(4B12, made in house and recently described in Methods
Mol Biol Clifton NJ (in press)) 1:500; anti-Keratin 14
(PRB-155p, Covance) 1:1000; anti-BrdU (MCA2060, AbD
serotec) 1:200; anti-CD34 (ab8158 Abcam) 1:50 dilution;

Table 2 Primer sequences for RT-PCR.

Gene Forward Reverse

Total Myc GCCCCTAGTGCTGCATGAG CCACAGACACCACATCAATTTCTT

murine Myc (endogenous) CCCCAAGGTAGTGATCCTCA AATTCCAGCGCATCAGTTAT

murine Lin28B GTCTCACGGGTTTCGATTGAG GTGATGTCCTATGTTTTGCCAAAT

murine CD34 GAAGTCCAGCCTGCCATCTAT CAGCCTCAGCCTCCTCCTTTTCA

murine Lgr6 ATCATGCTGTCCGCTGACTG ACTGAGGTCTAGGTAAGCCGT

murine Sox2 TGCTGCCTCTTTAAGACTAGGG TCGGGCTCCAAACTTCTCT

murine BMP4 TGAGCTCCTGCGGGACTT CGGCGCAGCCCAAAC

murine TBP CTGGAATTGTACCGCAGCTT TCCGTGGCTCTCTTATTCTCA
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anti-cMYC-pS62 (Ab185656, Abcam) 1:500; anti-cMYC-
pT58 (Y011034, Applied Biological Material) 1:500.

Histological analysis and immunofluorescence
Mouse skin for histological analysis and immuno-

fluorescence was collected and fixed in 10% formalin-
neutral buffer. Samples were then embedded in paraffin,
sectioned, and stained. Hematoxylin and eosin (H&E)
staining was done according to standard protocols.
Immunofluorescence on both mouse and human tissues
was performed as previously described31. Images were
taken with a Hamamatsu digital camera mounted on a
fluorescence microscope. Immunofluorescence density
was analyzed with Openlab 5.5 software using the Mea-
sure Density tool, with representative regions measured
and averaged for each condition and graphed ±SD.

DMBA/TPA-induced epidermal carcinogenesis procedure
Five-week-old mice were treated with 100 µl of 0.2 µg/µl

RU486 for 5 consecutive days. The dorsal skin of mice was
shaved and painted with DMBA (Sigma) at 100 µg per
mouse 2 weeks after RU486 treatment, and then treated with
TPA at 30 µg per mouse twice a week until study endpoint,
determined by tumor size of 2 cm in diameter, lesions
becoming necrotic or ulcerated, or mice being moribund.
Mice were evaluated weekly for papilloma development.

Apoptosis and proliferation analysis
Apoptosis and proliferation analysis were performed as

previously described31. For apoptosis, a TdT In Situ Apop-
tosis Detection Kit (Bio-Techne Corporation, R&D Systems,
Cat 4810-30-CK) was used. Briefly, the paraffin slides were
de-paraffinized, incubated with TdT enzyme at 37 °C for 1 h,
washed in TACS 2 TdT stop buffer for 10min, incubated
with streptavidin-HRP for 30min, and counterstained with
methanol green for 10min. For proliferation analysis, a
BrdU cell proliferation Assay Kit (BioVision, Cat. K306),
according to the manufacturer’s protocol.

BrdU label-retaining cell analysis
Newborn pups were treated with 100 µl of 0.2 µg/µl

RU486 for 5 consecutive days. Then they were injected
with 20 µl of 12.5 mg/ml BrdU every 12 h for a total of 4
injections starting at 10-days old. Skin sections were
collected at 75 days after injection and fixed in 10%
formalin-neutral buffer. Samples were embedded in par-
affin. BrdU retaining cells were detected using immuno-
fluorescence with rat anti-BrdU. BrdU labeled cells were
counted from three tissue sections from each mouse skin.

Culture of rapidly adherent epidermal cells and colony-
forming assay
Newborn pups were treated with 20 µg RU486 for 3

consecutive days. Primary neonatal murine keratinocytes

were then isolated from day 4 pups as described68. Ker-
atinocytes were plated in the mouse keratinocyte CnT-07
medium (CELLnTEC) at a density of 3 × 105 cells for
10 min at room temperature on dishes coated with col-
lagen type IV. The nonadherent cells were then rinsed off,
and after 10 days the growth of rapidly adherent cells was
assessed for colony formation by staining with crystal
violet for 20 min, and counting colonies. Pictures were
acquired on Leica DMIRE2 microscopy.

Acknowledgements
This study was supported by R01s from the NCI CA100855, CA129040,
CA196228, and CA186241 (RCS) and a Tartar Trust grant (XW). We thank Dr.
Molly F. Kulesz-Martin and the OHSU Department of Dermatology
Molecular Profiling Tissue Repository (IRB#10071) for providing human skin
lesion and normal skin samples. We thank the OHSU Biolibrary for
providing patient FFPE samples, James P. Lagowski for providing technical
support, and all members of the Sears laboratory for editing the manuscript
and other helpful suggestions. We also thank the OHSU Histopathology
Shared Resource, which is supported by the Knight NCI Cancer Center
Support Grant 5P30CA069533.

Author details
1Department of Molecular and Medical Genetics, Oregon Health & Science
University, Portland, OR, USA. 2Knight Cancer Institute, Oregon Health &
Science University, Portland, OR, USA. 3Department of Otolaryngology-HNS,
Henry Ford Health System, Detroit, MI, USA. 4Department of Pathology,
University of Colorado Denver Anschutz Medical Campus, Aurora, CO, USA.
5Veterans Affairs Medical Center, VA Eastern Colorado Health Care System,
Aurora, CO, USA

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41389-020-00261-3).

Received: 20 July 2020 Revised: 6 August 2020 Accepted: 13 August 2020

References
1. Fuchs, E. Epidermal differentiation. Curr. Opin. Cell Biol. 2, 1028–1035 (1990).
2. Watt, F. M. Epidermal stem cells: markers, patterning and the control of stem

cell fate. Philos. Trans. R. Soc. B Biol. Sci. 353, 831–837 (1998).
3. Watt, F. M. & Hogan, B. L. Out of Eden: stem cells and their niches. Science 287,

1427–1430 (2000).
4. Taylor, G., Lehrer, M. S., Jensen, P. J., Sun, T. T. & Lavker, R. M. Involvement of

follicular stem cells in forming not only the follicle but also the epidermis. Cell
102, 451–461 (2000).

5. Oshima, H., Rochat, A., Kedzia, C., Kobayashi, K. & Barrandon, Y. Morphogenesis
and renewal of hair follicles from adult multipotent stem cells. Cell 104,
233–245 (2001).

6. Fagnocchi, L. & Zippo, A. Multiple roles of MYC in integrating regulatory
networks of pluripotent stem cells. Front. Cell Dev. Biol. 5, 7 (2017).

7. Cartwright, P. et al. LIF/STAT3 controls ES cell self-renewal and pluripotency by
a Myc-dependent mechanism. Dev. Camb. Engl. 132, 885–896 (2005).

8. Chappell, J. & Dalton, S. Roles for MYC in the establishment and maintenance
of pluripotency. Cold Spring Harb. Perspect. Med. 3, a014381 (2013).

9. Gandarillas, A. & Watt, F. M. c-Myc promotes differentiation of human epi-
dermal stem cells. Genes Dev. 11, 2869–2882 (1997).

Wang et al. Oncogenesis            (2020) 9:79 Page 12 of 13

Oncogenesis

https://doi.org/10.1038/s41389-020-00261-3
https://doi.org/10.1038/s41389-020-00261-3


10. Waikel, R. L., Kawachi, Y., Waikel, P. A., Wang, X. J. & Roop, D. R. Deregulated
expression of c-Myc depletes epidermal stem cells. Nat. Genet. 28, 165–168 (2001).

11. Arnold, I. & Watt, F. M. c-Myc activation in transgenic mouse epidermis results
in mobilization of stem cells and differentiation of their progeny. Curr. Biol. CB
11, 558–568 (2001).

12. Zanet, J. et al. Endogenous Myc controls mammalian epidermal cell size,
hyperproliferation, endoreplication and stem cell amplification. J. Cell Sci. 118,
1693–1704 (2005).

13. Koster, M. I., Huntzinger, K. A. & Roop, D. R. Epidermal differentiation: trans-
genic/knockout mouse models reveal genes involved in stem cell fate deci-
sions and commitment to differentiation. J. Investig. Dermatol. Symp. Proc. 7,
41–45 (2002).

14. Pelengaris, S., Littlewood, T., Khan, M., Elia, G. & Evan, G. Reversible activation of
c-Myc in skin: induction of a complex neoplastic phenotype by a single
oncogenic lesion. Mol. Cell 3, 565–577 (1999).

15. Waikel, R. L., Wang, X. J. & Roop, D. R. Targeted expression of c-Myc in the
epidermis alters normal proliferation, differentiation and UV-B induced
apoptosis. Oncogene 18, 4870–4878 (1999).

16. Watt, F. M., Frye, M. & Benitah, S. A. Myc in mammalian epidermis. Nat. Rev.
Cancer 8, 234–242 (2008).

17. Sears, R. C. The life cycle of C-myc: from synthesis to degradation. Cell Cycle 3,
1133–1137 (2004).

18. Seo, H. R., Kim, J., Bae, S., Soh, J.-W. & Lee, Y.-S. Cdk5-mediated phosphorylation
of c-Myc on Ser-62 is essential in transcriptional activation of cyclin B1 by
cyclin G1. J. Biol. Chem. 283, 15601–15610 (2008).

19. Li, X., Zhang, X. A., Li, X., Xie, W. & Huang, S. MYC-mediated synthetic lethality
for treating tumors. Curr. Cancer Drug Targets 15, 99–115 (2015).

20. Yeh, E. et al. A signalling pathway controlling c-Myc degradation that impacts
oncogenic transformation of human cells. Nat. Cell Biol. 6, 308–318 (2004).

21. Welcker, M. et al. The Fbw7 tumor suppressor regulates glycogen synthase
kinase 3 phosphorylation-dependent c-Myc protein degradation. Proc. Natl
Acad. Sci. USA 101, 9085–9090 (2004).

22. Arnold, H. K. et al. The Axin1 scaffold protein promotes formation of a
degradation complex for c-Myc. EMBO J. 28, 500–512 (2009).

23. Janssens, V., Goris, J. & Van Hoof, C. PP2A: the expected tumor suppressor. Curr.
Opin. Genet. Dev. 15, 34–41 (2005).

24. Salahshor, S. & Woodgett, J. R. The links between axin and carcinogenesis. J.
Clin. Pathol. 58, 225–236 (2005).

25. Malempati, S. et al. Aberrant stabilization of c-Myc protein in some lympho-
blastic leukemias. Leukemia 20, 1572–1581 (2006).

26. Zhang, X. et al. Mechanistic insight into Myc stabilization in breast cancer invol-
ving aberrant Axin1 expression. Proc. Natl Acad. Sci. USA 109, 2790–2795 (2012).

27. Farrell, A. S. et al. Pin1 regulates the dynamics of c-Myc DNA binding to
facilitate target gene regulation and oncogenesis.Mol. Cell. Biol. 33, 2930–2949
(2013).

28. Su, Y. et al. Post-translational modification localizes MYC to the nuclear pore
basket to regulate a subset of target genes involved in cellular responses to
environmental signals. Genes Dev. 32, 1398–1419 (2018).

29. Janghorban, M. et al. Targeting c-MYC by antagonizing PP2A inhibitors in
breast cancer. Proc. Natl Acad. Sci. USA 111, 9157–9162 (2014).

30. Risom, T. et al. Deregulating MYC in a model of HER2+ breast cancer mimics
human intertumoral heterogeneity. J. Clin. Invest. 130, 231–246 (2020).

31. Wang, X. et al. Phosphorylation regulates c-Myc’s oncogenic activity in the
mammary gland. Cancer Res. 71, 925–936 (2011).

32. Sodir, N. M. & Evan, G. I. Nursing some sense out of Myc. J. Biol. 8, 77 (2009).
33. Li, A. G., Wang, D., Feng, X.-H. & Wang, X.-J. Latent TGFbeta1 overexpression in

keratinocytes results in a severe psoriasis-like skin disorder. EMBO J. 23,
1770–1781 (2004).

34. Ehrenreiter, K. et al. Raf-1 addiction in Ras-induced skin carcinogenesis. Cancer
Cell 16, 149–160 (2009).

35. Robertson, F. M., Ross, M. S., Tober, K. L., Long, B. W. & Oberyszyn, T. M.
Inhibition of pro-inflammatory cytokine gene expression and papilloma
growth during murine multistage carcinogenesis by pentoxifylline. Carcino-
genesis 17, 1719–1728 (1996).

36. Blakely, C. M. et al. Developmental stage determines the effects of MYC in the
mammary epithelium. Dev. Camb. Engl. 132, 1147–1160 (2005).

37. Smith, D. P., Bath, M. L., Metcalf, D., Harris, A. W. & Cory, S. MYC levels govern
hematopoietic tumor type and latency in transgenic mice. Blood 108,
653–661 (2006).

38. Soucie, E. L. et al. Myc potentiates apoptosis by stimulating Bax activity at the
mitochondria. Mol. Cell. Biol. 21, 4725–4736 (2001).

39. Hemann, M. T. et al. Evasion of the p53 tumour surveillance network by
tumour-derived MYC mutants. Nature 436, 807–811 (2005).

40. Elbadawy, M., Usui, T., Yamawaki, H. & Sasaki, K. Emerging roles of C-Myc in
cancer stem cell-related signaling and resistance to cancer chemotherapy: a
potential therapeutic target against colorectal cancer. Int. J. Mol. Sci. 20, 2340
(2019).

41. Yoshida, G. J. Emerging roles of Myc in stem cell biology and novel tumor
therapies. J. Exp. Clin. Cancer Res. CR 37, 173 (2018).

42. Ohyama, M. et al. Characterization and isolation of stem cell–enriched human
hair follicle bulge cells. J. Clin. Invest. 116, 249–260 (2006).

43. Cotsarelis, G. Gene expression profiling gets to the root of human hair follicle
stem cells. J. Clin. Invest. 116, 19–22 (2006).

44. Viswanathan, S. R. et al. Lin28 promotes transformation and is associated with
advanced human malignancies. Nat. Genet. 41, 843–848 (2009).

45. Chang, T.-C. et al. Lin-28B transactivation is necessary for Myc-mediated let-7
repression and proliferation. Proc. Natl Acad. Sci. USA 106, 3384–3389 (2009).

46. Huang, P. Y. et al. Lgr6 is a stem cell marker in mouse skin squamous cell
carcinoma. Nat. Genet. 49, 1624–1632 (2017).

47. Boumahdi, S. et al. SOX2 controls tumour initiation and cancer stem-cell
functions in squamous-cell carcinoma. Nature 511, 246–250 (2014).

48. Becher, O. J. & Holland, E. C. Sox2, a marker for stem-like tumor cells in skin
squamous cell carcinoma and hedgehog subgroup medulloblastoma. EMBO
J. 33, 1984–1986 (2014).

49. Trempus, C. S. et al. CD34 expression by hair follicle stem cells is required for
skin tumor development in mice. Cancer Res. 67, 4173–4181 (2007).

50. Network, T. C. G. A. Comprehensive genomic characterization of head and
neck squamous cell carcinomas. Nature 517, 576–582 (2015).

51. Bickenbach, J. R. & Chism, E. Selection and extended growth of murine epi-
dermal stem cells in culture. Exp. Cell Res. 244, 184–195 (1998).

52. Lin, C. Y. et al. Transcriptional amplification in tumor cells with elevated c-Myc.
Cell 151, 56–67 (2012).

53. Lewis, L. M. et al. Replication Study: transcriptional amplification in tumor cells
with elevated c-Myc. eLife 7, e30274 (2018).

54. Sears, R., Leone, G., DeGregori, J. & Nevins, J. R. Ras enhances Myc protein
stability. Mol. Cell 3, 169–179 (1999).

55. Yada, M. et al. Phosphorylation-dependent degradation of c-Myc is mediated
by the F-box protein Fbw7. EMBO J. 23, 2116–2125 (2004).

56. Schaub, F. X. et al. Pan-cancer alterations of the MYC oncogene and its
proximal network across the cancer genome atlas. Cell Syst. 6, 282–300 (2018).

57. La Rosa, S. et al. c-MYC amplification and c-myc protein expression in pan-
creatic acinar cell carcinomas. New insights into the molecular signature of
these rare cancers. Virchows Archiv. 473, 435–441 (2018).

58. Huang, J. et al. Prognostic significance of c-MYC amplification in esophageal
squamous cell carcinoma. Ann. Thorac. Surg. 107, 436–443 (2019).

59. Baral, R., Patnaik, S. & Das, B. R. Co-overexpression of p53 and c-myc proteins
linked with advanced stages of betel- and tobacco-related oral squamous cell
carcinomas from eastern India. Eur. J. Oral. Sci. 106, 907–913 (1998).

60. Krecicki, T. et al. Expression of c-myc oncoprotein in laryngeal squamous cell
carcinoma. Acta Otolaryngol. 124, 634–637 (2004).

61. Ozdek, A., Sarac, S., Akyol, M. U., Sungur, A. & Yilmaz, T. c-myc and bcl-2
Expression in supraglottic squamous cell carcinoma of the larynx. Otolaryngol.
Head. Neck Surg. 131, 77–83 (2004).

62. Sears, R. et al. Multiple Ras-dependent phosphorylation pathways regulate
Myc protein stability. Genes Dev. 14, 2501–2514 (2000).

63. Kanoh, M., Amoh, Y., Sato, Y. & Katsuoka, K. Expression of the hair stem cell-
specific marker nestin in epidermal and follicular tumors. Eur. J. Dermatol. EJD
18, 518–523 (2008).

64. Schober, M. & Fuchs, E. Tumor-initiating stem cells of squamous cell carci-
nomas and their control by TGF-β and integrin/focal adhesion kinase (FAK)
signaling. Proc. Natl Acad. Sci. USA 108, 10544–10549 (2011).

65. Fang, W.-T. et al. Downregulation of a putative tumor suppressor BMP4 by
SOX2 promotes growth of lung squamous cell carcinoma. Int. J. Cancer 135,
809–819 (2014).

66. Dangi-Garimella, S. et al. Raf kinase inhibitory protein suppresses a metastasis
signalling cascade involving LIN28 and let-7. EMBO J. 28, 347–358 (2009).

67. Yu, J. et al. Induced pluripotent stem cell lines derived from human somatic
cells. Science 318, 1917–1920 (2007).

68. Lichti, U., Anders, J. & Yuspa, S. H. Isolation and short-term culture of primary
keratinocytes, hair follicle populations and dermal cells from newborn mice
and keratinocytes from adult mice for in vitro analysis and for grafting to
immunodeficient mice. Nat. Protoc. 3, 799–810 (2008).

Wang et al. Oncogenesis            (2020) 9:79 Page 13 of 13

Oncogenesis


	Altering MYC phosphorylation in the epidermis increases the stem cell population and contributes to the development, progression, and metastasis of squamous cell carcinoma
	Introduction
	Results
	pS62-MYC is increased and pT58-MYC is decreased in clinical SCC samples relative to normal skin
	Expression of exogenous MYCT58A in the skin epidermis and hair follicles accelerates papilloma formation and malignant transformation following DMBA/TPA-mediated carcinogenesis
	MYCT58A expression reduces apoptotic potential and enhances proliferative activity relative to MYCWT in DMBA/TPA-treated epidermis
	MYCT58A expression drives enhanced progenitor cell characteristics in both normal epidermis and in tumors
	MYCT58A expression increases stem cell phenotypes in primary keratinocytes

	Discussion
	Methods
	Human tissue samples
	Animals and animal care
	Reverse transcription-PCR (RT-PCR)
	Antibodies
	Histological analysis and immunofluorescence
	DMBA/TPA-induced epidermal carcinogenesis procedure
	Apoptosis and proliferation analysis
	BrdU label-retaining cell analysis
	Culture of rapidly adherent epidermal cells and colony-forming assay

	Acknowledgements




