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Rasmutations are present in only a subset of sporadic human cutaneous squamous cell carcinomas (cSCC) even though
Ras is activated in most. This suggests that other mechanisms of Ras activation play a role in the disease. The aberrant
expression of RasGRP1, a guanyl nucleotide exchange factor for Ras, is critical for mouse cSCC development through
its ability to increase Ras activity. However, the role of RasGRP1 in human keratinocyte carcinogenesis remains un-
known. Here we report that RasGRP1 is significantly elevated in human cSCC and that high RasGRP1 expression in
human primary keratinocytes triggered activation of endogenous Ras and significantmorphological changes including
cytoplasmic vacuole formation and growth arrest. Moreover, RasGRP1-expressing cells were autophagic as indicated
by LC3-II increase and the formation of LC3 punctae. In an in vitro organotypic skin model, wild type keratinocytes
generated a well-stratified epithelium, while RasGRP1-expressing cells failed to do so. Finally, RasGRP1 induced
transformation-like changes in skin cells from Li-Fraumeni patients with inactivating p53 mutations, demonstrating
the oncogenic potential of this protein. These results support a role for RasGRP1 in human epidermal keratinocyte car-
cinogenesis and might serve as an important new therapeutic target.
Introduction

The Ras proto-oncogene family can activate transformation of epidermal
keratinocytes leading to cutaneous squamous cell carcinoma (cSCC) [1,2], a
prevalent form of non-melanoma skin cancer [3]. The aberrant function of
Ras and Ras signaling pathways is one of the most prevalent transformative
events in human cancer with approximately 30% of human cancers having
constitutively activating mutations in the Ras small GTPases themselves, in
addition to frequent aberrations in other nodes of the Ras pathways [4].
Ras mutations have only been identified in a subset of sporadic human SCC
samples, despite the fact that Ras is activated in the majority of human SCC
[1,5], suggesting that other mechanisms of Ras activation play a role in the
disease. In the skin, biochemical activation of wild type Ras by deregulated
receptor tyrosine kinases, like EGFR [6–8] or increased secretion of growth
factors [9,10] add to the oncogenic effects of mutant Ras, making it difficult
to successfully block the Ras oncogenic signal. So far, no drugs targeting Ras
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activity itself are available for clinical use and therefore new targets in the Ras
pathways may prove valuable alternatives [11].

The biochemical activation of Ras requires GTP loading catalyzed by gua-
nine nucleotide exchange factors (GEFs) [12]. Therefore, identifying and
targeting the GEFs that mediate aberrant activation of wild type Ras in differ-
ent tumors can provide another molecular approach to control Ras down-
stream signaling and subsequent carcinogenesis [13,14]. The RasGRP1 Ras-
GEF is abundantly expressed in lymphocytes, regulating their maturation
and activation [15–19]. Analysis of transgenic mice overexpressing RasGRP1
in lymphocytes has shown that deregulated RasGRP1 expression leads to de-
velopment of thymic lymphomas and T-cell leukemias [20]. Furthermore,
leukemiamodels initiated by Ras hyperactivation depend upon RasGRP1 up-
regulation in the development of resistance to MEK inhibitor treatment [21].
RasGRP1 is also expressed in epidermal keratinocytes [17,22]. In the skin,
RasGRP1 can increase the amount of active normal Ras by diacylglycerol
analog-induced Ras activation and transgenic mice overexpressing RasGRP1
, guanine nucleotide exchange factor; GFP, Green Fluorescent Protein; GST, Glutathione-S-
, epithelial to mesenchymal transition; ERK, Extracellular Signa-Regulated Kinase; FBS, Fetal
d protein Light Chain 3; KEGG, Kyoto Encyclopedia of Genes and Genomes; LiF, Li-Fraumeni
Saline; Ras, Rat Sarcoma (GTPase); RasGRP1, Ras guanyl nucleotide-releasing protein 1.
ince, China.
, 701 Ilalo Street, Honolulu, HI 96813, USA.

ress, Inc. This is an open access article under the CC BY-NC-ND license (http://

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2020.100880&domain=pdf
http://dx.doi.org/10.1016/j.tranon.2020.100880
joeramos@hawaii.edu
http://dx.doi.org/10.1016/j.tranon.2020.100880
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/tranon


L.L. Fonseca et al. Translational Oncology 14 (2021) 100880
form spontaneous cutaneous squamous cell carcinoma (cSCC) [23–26].
Moreover, RasGRP1 null-mutant mice, that do not show overt homeostatic
changes in the skin, are significantly resistant to the development of Ras
mutation-dependent skin tumors [27]. In contrast, EGFR-RasGRP1 signals
have been shown to oppose EGFR-SOS proliferative signals in the intestinal
epithelium and thus RasGRP1 can have a negative regulatory role in colorec-
tal cancers [28]. Indeed, RasGRP1 mRNA levels were found to be low in co-
lorectal cancer cell lines and patient samples. To understand the potential role
of RasGRP1 in human skin carcinogenesis it is therefore essential to deter-
mine its effects in a human skin model.

In this study, we first assessed RasGRP1 over-expression in human cSCC
by mining of genome-wide mRNA expression datasets in the public domain.
Next, we analyzed the biological effects of RasGRP1 in human keratinocytes,
utilizing primary cells as the experimental model. We found that in 3D
keratinocyte culture, an in vitro skin model, newborn-derived primary
keratinocytes (HKn) overexpressing RasGRP1 underwent growth arrest and
autophagy and failed at generating a stratified epithelium. Additional mining
yielded supporting evidence for a role for autophagy in human cSCC. Further-
more, enforced RasGRP1 expression induced cellular transformation-like
changes in skin cells with p53 suppression, demonstrating the oncogenic po-
tential of this protein. These results reveal a novel role for RasGRP1 in human
keratinocyte transformation and justify further exploration of RasGRP1 in-
volvement in Ras-induced transformation in human keratinocytes.

Materials and methods

Primary keratinocyte culture

Primary human epidermal keratinocytes were isolated from neonatal
foreskins as previously described [29,30] with modifications. All work
with human foreskin keratinocytes was reviewed and approved by the
Institutional Review Board (IRB) at Hawaii Pacific Health (RP#06-030-1-
HPH2NA). Only anonymous, discarded neonatal foreskinswere used. Briefly,
newborn foreskins were placed in defined keratinocyte serum-free medium
(K-sfm) (Invitrogen, Grand Island, NY) with gentamycin (20 μg/ml) immedi-
ately following circumcision. Tissue was cleaned with 70% ethanol and sub-
cutaneous fatty layers were removed. Skin was then cut into 3 mm2 pieces
and submerged in dispase (BD Biosciences, San Jose, CA) at 4ᴏC overnight.
The following day, the epidermis was mechanically separated from the der-
mis, minced with a sterile razor blade and placed in 0.05% Trypsin-EDTA
at 37ᴏC for 12 min with agitation to dislodge the keratinocytes. Trypsin
was neutralized with DMEM containing 10% FBS, and cells were collected
by centrifugation, re-suspended in complete media and filtered to remove
large debris. The keratinocytes were then plated on culture-treated flasks in
K-sfm at 36 ᴏC in a humidified atmosphere of 6% CO2 in air. Validated
human epidermal keratinocytes from adult skin (HKn) were purchased
from Invitrogen (#C-005-5C) and cultured in Basal Medium 154 supple-
mented with HKGS (#S-001-K) according to the manufacturer's instructions.
All keratinocytes were used only until passage 7 in these experiments.

LiF-Ep epidermal keratinocytes

LiF-Ep primary epidermal keratinocytes were purchased from the
Rheinwald laboratory (Harvard Medical School, Boston, MA). These cells
were isolated from the normal skin of a patient with Li-Fraumeni Syndrome
and therefore harbor a heterozygous p53 (p53−/+) mutation that causes
lack of function of p53. Cells were cultured as previously described [31].
Briefly, LiF-Ep cells were cultured in K-sfm (GIBCO, Invitrogen) plus the fol-
lowing reagents at final concentrations: bovine pituitary extract supplied
with K-sfm (25 μg/ml), EGF (0.2 ng/ml), CaCl2 (0.4 mM). Cells were cul-
tured at 36 °C in a humidified atmosphere of 6% CO2 in air.

Three-dimensional organotypic cultures

Organotypic cultures as a 3D model for skin were prepared as previ-
ously described, with modifications [29,30]. Briefly, early passage human
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dermal fibroblasts were added to neutralized type I collagen (Organogene-
sis, Canton, MA) to a final concentration of 2.75 × 104 cells/ml. Three
milliliter of this mixture were added to each well of a 6-well plate and
incubated for 4 to 6 days while contraction of the cellular matrix occurred.
5 × 105 normal or adenoviral-transduced keratinocytes were then plated
on the contracted collagen gel. Cultures were maintained submerged for
2 days in normal‑calcium (1.8 mM) epidermal growth medium that
contained a 3:1 mixture of DMEM and Ham's F12 (VWR, Radnor, PA),
4 mM L-glutamine (Invitrogen), 5.4 μg/ml hydrocortisone (Sigma-Aldrich,
St. Louis, MO), ITES (10 μg/ml insulin, 10 μg/ml transferrin, 10mM ethanol-
amine, and 10 ng/ml selenium final concentration) (Lonza, Walkersville,
MD), O-phosphorylethanolamine, CaCl2, triiodothyronine, progesterone, ad-
enine (Sigma-Aldrich) and 0.1% chelated FBS (Invitrogen). After 2 days, cul-
tures were maintained with epidermal growth medium consisting of a 3:1
mixture of DMEM and Ham's F12 containing all of the above supplements
and 0.1% FBS for an additional 2 days. Cultures were raised to the air-
liquid interface for 5 days. While grown at the interface, tissues were fed
from below with a 1:1 mixture of DMEM and Ham's F12 containing 2%
FBS with all the above supplements except progesterone. At the end of the
protocol, skin tissue cultures were harvested, fixed with formalin for 6 h,
transferred to 70% ethanol, and paraffin-embedded following standard histo-
logical techniques (HistologyCore Facility, JohnA. Burns School ofMedicine,
University of Hawai'i at Mānoa, Honolulu, HI). Hemotoxylin and Eosin
(H&E) stained slides were used for histopathological analysis.

Adenoviral vectors

Adenoviral expression approacheswere utilized for enforced expression
of RasGRP1, oncogenic H-RAS (RasQ61L) or the control GFP protein. Re-
combinant adenoviral vectors encoding rat RasGRP1 were generated with
the Transpose-Ad system (Qbiogene, Irvine, CA) as described [22]. Simi-
larly, Q61L activemutantH-Ras cDNA (Upstate Biotechnology, Lake Placid,
NY) was used to create a recombinant adenovirus for the expression of on-
cogenic H-Ras. Adenovirus expressing the GFP protein (GFP) was obtained
from Qbiogene. Adenoviral transduction was performed as previously de-
scribed [22]. Briefly, adenoviruses were added to keratinocytes plated on
60-mm dishes at the appropriate multiplicity of infection in 1 ml medium.
Following a 4 h incubation at 36 °C, 3 ml of warm K-sfm was added and
the cells were cultured for an additional 24–94 h.

Immunoblot analysis

Primary human epidermal keratinocytes were harvested in lysis buffer
25 mM Tris-HCl (pH 7.4) containing 150 mM NaCl, 5 mM MgCl2, 1%
IGEPAL, 5% glycerol, 1 mM Na2VO4, 25 mMNaF, Mini-Complete protease
inhibitor and PhosSTOP phosphatase inhibitor (Roche Applied Science,
Indianapolis, IN). For immunoblot analysis, 50 μg of whole-cell extract
protein were loaded per lane. The primary antibodies used in this study
were as follows: Pan-Ras clone RAS10 (#OP40) (Calbiochem, Darmstadt,
Germany); LC3B (D11) (#3868), p44/p42 MAPK (ERK) (#9102),
phospho-p44/42 MAPK Thr202/Tyr204 ERK1, Thr185/Tyr187 ERK2 (p-
ERK) (#9101), Cleaved Caspase-3 (Asp175) (#9664), phospho-p53
(Ser15) (#9284), total p53 (#2527) (Cell Signaling Technology, Danvers,
MA); RasGRP1 m199 (#sc-8430), (Santa Cruz Biotechnologies, Santa
Cruz, CA); β-Actin (#A-2066), (Sigma-Aldrich, St. Louis, MO); hRasGRP1
(#AP5856c) (Abgent, San Diego, CA); and HRas (C-term) (#1521-1), (Epi-
tomics, Burlingame, CA). β-actin was used as a loading control; the levels of
protein expression were analyzed using UN-SCAN-IT (Silk Scientific, Orem,
Utah).

Ras activation pull-down assay

Levels of active Ras (RasGTP) were measured by using the glutathione s-
transferase-epitope tagged Ras binding domain (GST-RBD) of Raf-1 as a
probe in a pull-down assay with 500 μg lysate protein as previously de-
scribed [22]. Total lysate and pull-down samples were run in parallel and
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used for Western blotting with Pan-Ras (RAS10), H-Ras (C-term), p-ERK
and total ERK antibodies.

Cell viability assay

HKn were plated in 96-well plates at 10,000 cells/well, and transduced
with adenovirus containing GFP, RasGRP1 or H-RasQ61L. XTT Assay
(Roche Applied Science) was performed 24 h, 48 h, 72 h and 96 h post
transduction according to the manufacturer's instructions. Briefly, 50 μl of
XTT labeling reagent containing electron coupling reagent was added to
the wells and cells were incubated at 37 °C for 4 h. Absorbance was mea-
sured using the EnVision Multilabel Plate Reader (Perkin-Elmer, Waltham,
MA) at 450 nm with a reference wavelength at 650 nm.

ApoTox-Glo triplex assay

HKn were plated in opaque 96-well plates at 10,000 cells/well, and
transduced with adenovirus containing GFP, RasGRP1 or HRasQ61L.
ApoTox-Glo Triplex Assay was performed 24 h, 48 h, 72 h and 96 h post
transduction according to the Technical Manual (Promega, Madison, WI).
Briefly, 20 μl of Viability/Cytotoxicity Reagent containing GF-AFC and
bis-AAF-R110 Substrates was added to each well and cells were incubated
for 1 h at 36 °C. Fluorescence was measured at 400 nm excitation/
505 nm emission for viability and 485 nm excitation/520 nm emission
for cytotoxicity. 100 μl of Caspase-Glo 3/7 Reagent was then added to
eachwell and cells were incubated for 1 h at room temperature before lumi-
nescence was recorded. Fluorescence and luminescence were read using
the EnVision Multilabel Plate Reader (Perkin-Elmer).

Propidium iodide staining for cell cycle analysis

HKn transduced with GFP, RasGRP1 or HRasQ61L were washed, fixed
in 100% cold ethanol and stained with Propidium Iodide (PI) 72 or 96 h
post transduction Cell cycle analysis was performed via flow cytometry
(BD FACScalibur) and data was analyzed with FlowJo_V10 software.

Analysis of autophagic flux

HKn were transduced with respective adenoviruses, and 96 h later
treated with 400 nM bafilomycin A1 (a vacuolar H+ ATPase inhibitor
that prevents lysosomal degradation of autophagosome and inhibits late
stage autophagy) (Tocris, Bristol, UK) for 4 h at 36 ᴏC. Cells were then har-
vested, and protein lysates were collected as previously described. Un-
treated controls for each group were run in parallel and immunoblot
analysis for LC3-I/II expression was performed.

Immunofluorescence

For the immunofluorescence studies, HKn were seeded onto Permanox
chamber slides and transduced 24 h later with the GFP, RasGRP1 or FLAG-
tagged H-RasQ61L adenoviral constructs as described above. Immunofluo-
rescence staining was performed as previously described [32]. Both fixed
and live cells were viewed with an Olympus IX81 containing a QImaging
CCD monochrome camera.

Transwell invasion assay

HKn transduced with GFP, RasGRP1 or HRasQ61L for 72 h were
trypsinized and plated into the top of the transwell inserts (Greiner Bio
One, Monroe, NC) coated with matrigel. Inserts were placed into a 24
well plate with the lower chamber containing K-sfm with EGF (0.3 ng/ml)
for 24 h. Migrated cells were detached from the bottom part of the insert
and stained with Calcein-AM (Sigma). Stained cells were then measured
using a plate reader (Perkin-Elmer) and invasion was calculated as fold
change between GFP transduced cells and RasGRP1 or HRasQ61L trans-
duced cells.
3

Quantitative real-time polymerase chain reaction analysis of epithelial to mesen-
chymal transition

HKn transduced with GFP, RasGRP1 or HRasQ61L were harvested
and total RNA was extracted using Trizol reagent (Invitrogen) accord-
ing to manufacturer's protocol. The cDNA was reverse-transcribed
from 2 μg of total RNA using ProtoScript II Reverse Transcriptase kit
(New England Biolabs, Ipswich, MA). Quantitative real-time PCR was
performed with SYBR green PCRmaster mix (Applied Biosystem, Foster
City, CA). The C(t) values were normalized using GAPDH. Primers used
were; Snail (FWD-AGACGAGGACAGTGGGAAAG, REV-AGATCCTTGGC
CTCAGAGAG), E-cadherin (FWD-GTCAGGTGCCTGAGAACGAG, REV-
GCCATCGTTGTTCACTGGAT), Vimentin (FWD-GAACTTTGCCGTTG
AAGCTG, REV-TCTCAATGTCAAGGGCCATC), GAPDH (FWD-GTCTCC
TCTGACTTCAACAGCG, REV-ACCACCCTGTTGCTGTAGCCAA).

Senescence assay

Cells in cultured in a 96 well plate were analyzed for senescence using
the β-galactosidase assay according tomanufacturer's protocol (Cell Signal-
ing Technology, Danver, MA). Briefly, cells were fixed and incubated over-
night with X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) in
DMF at 37 °C. After PBS washing, cells were lysed (0.25% SDS, 10 mM
Tris-HCl pH 7.6) and senescence determined by plate reader by relative en-
zyme activity absorbance at 650 nm wavelength for the X-Gal hydrolysis
product.

Transmission electron microscopy

Transduced cells were washed 2× with DPBS, tripsinized and pelleted
at 2000 rpm for 5 min. Cell pellets were fixed with 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer, pH 7.4 and 2 mM CaCl2 for 1–2 h at
room temperature. Following fixation, cell pellets were washed twice in
0.1 M cacodylate buffer for a total of 20–30 min, then post-fixed with 1%
osmium tetroxide in 0.1 M cacodylate buffer for 1 h at room temperature.
Specimens were dehydrated in a graded ethanol series (30%, 50%, 70%,
85%, 95%), 2–3 changes of 3–5min for each dilution, followed by dehydra-
tion in 100% ethanol, with 3 changes of 10min each. Cell pellets were then
treated with propylene oxide, with 3 changes of 10 min each, and infil-
trated with 1:1 propylene oxide:epoxy resin overnight. Samples were im-
mersed in freshly prepared 100% epoxy resin for 2–8 h followed by a
second immersion in freshly prepared 100% epoxy resin for 1–4 h. Im-
mersed samples were placed in a mold with epoxy resin and allowed
to polymerize at 60 °C for 2–3 days. The electron micrographs were
taken with a Hitachi HT7700 all-digital 120 kV transmission electron
microscopy with an AMT 2 k× 2 k CCD camera (Pacific Biosciences Re-
search Center, University of Hawaii at Mānoa, Biological Electron Mi-
croscope Facility).

Public human cSCC mRNA expression dataset analysis

mRNA expression data from the public genome-wide datasets Nindl-
15 (Affymetrix U133A array; GSE2503) and Riker-87 (Affymetrix
U133P2 array; GSE7553) containing human cSCC and normal skin sam-
ples were retrieved from the NCBI Gene Expression Omnibus (GEO) site
(http://www.ncbi.nlm.nih.gov/geo/). The R2 TranscriptView genomic
analysis and visualization tool was used to check if Affymetrix probe-
sets had a unique anti-sense position in an exon of the gene. R2 was de-
veloped in the Department of Oncogenomics at the Academic Medical
Center – University of Amsterdam, the Netherlands and is accessible at
http://r2.amc.nl. All probe-sets selected meet these criteria. The
probe-set for RasGRP1 (205590_at) is directed against its 3’ UTR and
thereby detects both RasGRP1 variants. All expression values and
other details for the datasets used can be obtained thru their GSE num-
ber on the NCBI GEO website.

http://www.ncbi.nlm.nih.gov/geo/
http://r2.amc.nl
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Statistical analysis

Statistical analysis was conducted using GraphPad Prism V software. P
values for the differential mRNA expression in the human cSCC datasets
were calculated using the non-parametric Kruskal-Wallis test (for RasGRP1)
or a 2log Student t-test (for all genes). P values for the in vitro experiments
were calculated by Student t-test, One-Way, or Two-way ANOVA analysis
as indicated. For all tests, P<0.05 was considered statistically significant.

Results

RasGRP1 mRNA is overexpressed in human cSCC

Because of the reported effects of RasGRP1 in skin carcinogenesis in the
mouse, we examined its expression in human cutaneous squamous cell car-
cinoma (cSCC) samples by datamining of genome-wide mRNA expression
datasets in the public domain (seeMaterials andMethods for details). Cuta-
neous SCC is under-represented among human cancer studies, in contrast to
other skin cancer types such as melanoma. However, the Riker-87 skin can-
cer set [33] allowed a comparison of 11 cSCC versus 5 normal skin samples.
RasGRP1mRNA expressionwas significantly higher in cSCC than in normal
skin (Fig. 1A), in support of a role for RasGRP1 in this human cancer. In ad-
ditional comparisons in this dataset, we found that most Ras isoforms (i.e.
HRas, KRas, NRas, and RRas2) were similarly significantly over-expressed
in cSCC (Supplemental Table 1). This result, expected based on the literature
[1,5], supports the validity of this datamining strategy. We further compared
RasGRP1 protein expression in human keratinocytes to that in a human SCC
cell line using immunoblotting. We find as in the mRNA analysis, RasGRP1
protein showed increased expression in human SCC (Fig. 1B).

High RasGRP1 induced changes in human keratinocyte morphology

To study the role of RasGRP1 in human keratinocyte biology, we
expressed GFP-tagged RasGRP1 using adenovirus as previously described
[22]. Since RasGRP1 exerts its known effects through the activation of
Ras, for comparison we also expressed oncogenic HRas (HRasQ61L) using
adenovirus to determine if the effects of RasGRP1mimicked those of active
HRas as would be expected if RasGRP1works via its GEF activity on endog-
enous Ras. To control for non-specific effects resulting from adenoviral
transduction or GFP expression, adenovirus encoding GFP alone was
transduced in parallel. Adenovirus transduction specifically and strongly in-
duced exogenous expression of RasGRP1 in human keratinocytes (Fig. 1C).
High expression of RasGRP1 and HRasQ61L caused significant changes in
keratinocyte morphology, with induction of cytoplasmic vacuolization
and cell flattening, as well as the appearance of apoptotic-like bodies
(Fig. 1D). RasGRP1+ cells (HKn transduced with RasGRP1) cultured for
longer periods of time (up to 11 days) showed more extensive flattening
and vacuolization and some cell rounding. Activated Ras was previously re-
ported to cause micropinocytosis vacuolization [34,35]. The expressed
RasGRP1 was active and promoted Ras GTP loading and phosphorylation
of ERK (Fig. 2A–C).

High RasGRP1 induced growth arrest and reduced cell motility

The morphological changes induced by RasGRP1 indicated a possible
role in keratinocyte cell cycle arrest, cell death or cell motility. While wild
type and GFP-expressing HKn cells proliferated normally, cell numbers
significantly declined in RasGRP1+ and oncogenic Ras (HRasQ61L)
keratinocytes at 96 h post-transduction (Fig. 3A). Cell motility significantly
decreased in RasGRP1+ and HRasQ61L keratinocytes compared to GFP
controls (Fig. 3B). In addition, mRNA expression of the EMT marker E-
Cadherinwas inducedwhile Slug and Vimentinwere decreased in RasGRP1
andHRasQ61L keratinocytes at 96 h post-transduction (Fig. 3C).We further
assessed the viability, cytotoxicity as well as necrotic and apoptotic events
in response to RasGRP1 overexpression in comparison to RasQ61L. Forced
RasGRP1 expression led to a significant decrease in cell number by 72 and
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96 h. No increase in cytotoxicity or apoptosis could be found in RasGRP1+
cells even at 96 h post-transduction whereas both were significantly higher
in RasQ61L-expressing keratinocytes (Fig. 3D). In addition, no increased ap-
optosis was detected when RasGRP1-expressing cells were analyzed for
Caspase-3 or PARP cleavage whereas HRasQ61L induced clear Caspase-3
and PARP cleavage at 96 h (Fig. 3E). Interestingly whereas RasGRP1 upreg-
ulated phosphorylation of p53 at ser15, oncogenicHRasQ61L downregulated
phosphorylation at this site. These data suggested that the decrease in cell
number for RasGRP1may be the result of cell cycle arrest. When RasGRP1+
cells were analyzed for DNA content at 72 h post-transduction, they showed a
modest decrease in cells in G1 and a significant increase in cells arrested in G2,

in comparison to the controls (Fig. 3F). This suggested that RasGRP1 overex-
pression did not initially induce apoptosis, but instead prevented cells from
exiting G2 and entering G1 for the next round of cell division. The G2-
arrested cells might then undergo senescence or activate autophagy as a
failsafe mechanism. We found no evidence of activation of senescence
using a β galactosidase assay (Fig. 3G).

RasGRP1 activity triggered autophagy

We next determined if RasGRP1 overexpression triggered autophagy in
HKn cells. Ras pathways can activate autophagy in various human cell types
[36,37]. One cellular hallmark of autophagy is a change in the lipidation
and subsequent aggregation of the microtubule-associated protein light
chain 3 (LC3). LC3 has two forms, a cytoplasmic soluble form (LC3-I) and
a lipidated form that is associated with autophagosomes (LC3-II) [38]. In
healthy cells, LC3 is expressed in a diffuse pattern. During autophagy,
LC3-II levels increase, and show a distinctive LC3-II punctuate pattern
due to localization in the autophagosomes [39]. We observed this pattern
in the RasGRP1-expressing and HRasQ61L keratinocytes but not in the con-
trol cells (Fig. 4A). In addition, we investigated LC3-I to LC3-II conversion
and mobility shift by immunoblot analysis. RasGRP1+ and HRasQ61L
keratinocytes displayed a significant increase in LC3-II levels at 72 h and
96 h post transduction (Fig. 4B, C). Interestingly, this was accompanied
by induction of NOXA, which has been previously shown to promote au-
tophagy downstream of oncogenic Ras by displacement of Mcl-1 from
Beclin [40]. Electron microscopy was used as a third method to confirm
the presence of autophagic vacuoles that indicate cytosolic department deg-
radation [39]. Indeed, upon RasGRP1 transduction, elongated isolation
membranes (double arrows), double-membrane autophagosomes (arrows),
as well as autophagosome-lysosome fusion vesicles (autolysosomes; arrow-
heads) were detected (Fig. 4D). Non-autophagic vacuoles of only a single
membrane were also detected. The presence of autophagic vacuoles to-
gether with an induction of LC3-II expression indicated that enforced ex-
pression of RasGRP1 triggered autophagy-associated changes in HKn cells.

Although increased LC3-II andNOXA expression suggests autophagy ac-
tivation, LC3-II may also accumulate due to impairment of autophagosome-
lysosome fusion or faulty protein degradation as LC3-II itself is localized to
autophagosomes and is subjected to autophagic protein degradation [41].
To measure functional autophagic flux, induction of vacuole formation
and lysosomal degradation of the autophagosomes, a late stage autophagy
and lysosomal inhibitor, Bafilomycin A1 (Baf A1), was used. Indeed, Baf A1
treatment of RasGRP1+ cells led to increases in LC3-II expression com-
pared to control cells, indicating active autophagic flux is induced in our
model (Fig. 4E). Finally, pharmacologic inhibition of RasGRP1-induced au-
tophagy resulted in apoptosis (Fig. 4F), suggesting that in this context,
RasGRP1-induced autophagy is playing a cell survival role. Taken together,
these data indicate that RasGRP1 induced autophagy in primary human
keratinocytes.

Components of the autophagy pathway are overexpression in human cSCC

Our data indicate induction of autophagy by RasGRP1 overexpression
in vitro.Mining of public datasets showed that RasGRP1mRNA expression
was significantly higher in human cSCC than in normal skin. We therefore
investigated whether we could detect more activity of the autophagy



Fig. 1. RasGRP1 expression in human cSCC and normal skin and effects on human keratinocyte morphology. (A) Analysis of RasGRP1 mRNA expression in the Riker-87
dataset shows that RasGRP1 is significantly higher expressed in cSCC (11 samples) than in normal skin (4 samples). The results shown are for a rank-based Kruskal-Wallis
test to prevent undue influence by very high or very low mRNA expression values. RasGRP1 also shows significant overexpression using 2log (3,21 ± 0,14 > 2,61 ±
0,21; P = 0,040) and normal t-tests (10,50 ± 0,84 > 6,95 ± 1,02; P = 0,039). (B) Immunoblot of endogenous RasGRP1 expression was determined for 1 keratinocyte
and 1 human cSCC cell line. (C) Immunoblot analysis confirming the exogenous expression of mouse RasGRP1 (mRG1, using M199 antibody) and Ras in human
keratinocytes (HKn) transduced with adenovirus at the indicated times post transduction. Expression of endogenous human RasGRP1 (hRG1) was also determined.
(D) HKn were transduced with adenovirus encoding GFP, GFP-RasGRP1, or HRasQ61L. Images taken 72 h post transduction at 200× magnification (Olympus
Microscope). Insets show transduction efficiency for GFP, RasGRP1, and HRasQ61L via fluorescence and staining. Scale bar = 50 μm. Percent of GFP positive transduced
cells is indicated at the bottom.
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pathway in human cSCC than in normal skin samples. mRNA expression
analysis of autophagy pathway genes – as defined by KEGG - in human
cSCC datasets showed that many of these genes are over-expressed in
cSCC versus normal skin samples (Fig. 5, Supplemental Table 1). Al-
though we realize that the autophagy is extensively modulated on
the protein level, and these regulations cannot be detected using
mRNA expression studies, we assume that the continuous, long-term
autophagy we observe in our in vitro experiments requires sustained
over-expression of key pathway genes also at the mRNA level. We
would therefore propose that autophagy is upregulated in human
cSCC in patients in cohort with RasGRP1.
5

High RasGRP1 led to defective stratification in skin tissue reconstructs

To better understand how RasGRP1-expressing cells behave in a model
approximating physiological architecture, and as an extension of the
datamining results, we utilized an in vitro 3D skin tissue reconstruction
model. This model allows for cell interaction with the microenvironment
and mimics skin tissue polarity and differentiation patterns (Fig. 6A). Mi-
crographs of transduced keratinocytes used for the construction of the 3D
skin model were taken prior to seeding onto the collagen dermal layer
(Fig. 6B). Insets for GFP+, RasGRP1+, andHRasQ61L+show immunoflu-
orescence staining demonstrating >90% transduction efficiency. In this



Fig. 2. RasGRP1 expression led to Ras activation. Human Keratinocytes (HKn) were transduced with GFP or RasGRP1. RasGTP levels were measured by Ras activation pull-
down assay. Immunoblot analysis for (A) PanRas (clone 10) and (B) H-Ras were performed to determine activation of specific Ras isoforms. Densitometry analysis of active
protein normalized to 500 μg protein, relative to GFP. (C) Immunoblot analysis for p-ERK and total ERK further confirm activation of the MAPK pathway. Densitometry
analysis of p-ERK protein normalized to total ERK. Results shown are from a representative of≥5 independent experiments. Statistical analysis performed using unpaired
t-test. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001, between GFP and RasGRP1.
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skin model, wild type and GFP-transduced HKn formed well-organized
stratified epidermal layers, while exogenous HRasQ61L expression
completely blunted this phenotype (Fig. 6C) as previously described
[42,43]. Importantly, keratinocytes overexpressing RasGRP1 also
failed to form a normal stratified epithelium, mimicking enforced on-
cogenic HRas expression (Fig. 6C). 8 out of 9 independent experi-
ments with RasGRP1+ cells, and 9 of 9 experiments with oncogenic
HRas+ cells resulted in defective epithelium formation in 3D culture,
confirming the reproducibility of these findings.

High RasGRP1 expression led to partial transformation in skin cells with a
heterozygous p53 mutation

In human SCC, Ras pathway activations frequently occur on the back-
ground of p53 mutations that predispose to SCC and BCC formation [44].
We therefore considered that a p53 aberration as a second genetic change
might cooperate with RasGRP activity and enable oncogenic transforma-
tion of skin cells. As a model, we utilized primary human epidermal
keratinocytes from normal skin of patients with Li-Fraumeni Syndrome
[31]. These “LiF-Ep” cells have a heterozygous p53 mutation (p53+/−)
that causes lack of function of p53, but otherwise show normal culture
growth. Li-Fraumeni patients therefore are predisposed to a variety of
6

tumors including non-melanoma skin cancers. LiF-Ep cells were transduced
with GFP, RasGRP1, or HRasQ61L as described above for HKn cells. At
7 days post transduction, RasGRP1+ and HRasQ61L+ cells showed mor-
phological changes including spindle-like cell elongation and focus forma-
tion, suggestive of transformation, while control, non-infected and GFP+
cells and transduced HKn cells both maintained a smooth, cobblestone-
like morphology (Fig. 7A). XTT assays with transduced LiF-Ep cells showed
no changes in cell number compared to the untreated and GFP transduced
cells at 96 h, further suggesting rescue of the RasGRP1-induced growth ar-
rest by the p53 copy loss (Fig. 7B). Immunoblot analysis confirmed the
overexpression of RasGRP1 and HRasQ61L and showed that this led to in-
creased levels of p-ERK and LC3, confirming activation of the MAPK path-
way and an increase in autophagy, respectively (Fig. 7C). Taken together
these experiments suggested that RasGRP1 expression led to partial trans-
formation in skin cells with decreased p53 levels, supporting the hypothesis
that RasGRP1 can act as a tumor-promoting gene in human skin cancer in
the absence of Ras oncogenes.

Discussion

RasGRP1 plays a critical role in mediating diacylglycerol signaling,
TPA-induced Ras activation, and keratinocyte transformation leading to



Fig. 3.RasGRP1 expression led to cell cycle arrest inHuman keratinocytes (HKn)whereas oncogenic Ras activated apoptosis. (A) HKnwere transducedwithGFP orRasGRP1,
and cell numbers were measured by XTT staining (Roche) at the indicated times post transduction. Data represent the means of four technical replicates and are
representative of four biological replicates. Statistical analysis was done using two-way ANOVA followed by a Tukey test. ****, P < 0.0001, between GFP and RasGRP1.
(B) HKn cells were transfected as shown and the ability of the cells to invade through Matrigel across a membrane was determined by staining and counting cells that
traversed the membrane using a Calcein-AM assay. (C) Epithelial to mesenchymal transition of HKn cells was assayed by measuring changes in mRNA expression of E-
Cadherin, Slug, and Vimentin. (D) Viability, cytotoxicity and Caspase-3/7 activity were all measured using the ApoTox-Glo Triplex Assay (Promega) in HKn at 72 and
96 h post transduction. For each sample, the average background (no cell media control) was subtracted from each technical replicate (n=4). Data shown are representative
of≥3 independent biological replicates. Cytotoxicity and apoptosis values were normalized to viability values for each sample. Statistical analysis was performed using an
unpaired t-test. *, P≤ 0.05; **, P≤ 0.01; ***, P≤ 0.001; ****, P≤ 0.0001, between GFP and RasGRP1. (E) RasGRP1 overexpression did not trigger apoptosis. HKn were
harvested at the indicated time points post transduction. Immunoblot analysis for PARP, Cleaved Caspase-3, and phospho-p53 (ser15)was performed. Results shown are from
a representative experiment of at least three independent experiments. (F) Propidium iodide staining was performed at 72 and 96 h post transduction and samples were an-
alyzed by flow cytometry. Raw flow cytometry data from one experiment is shown at bottom. Cell cycle phase gates were drawn as approximations of the Dean-Jett-Fox cell
cyclemodeling algorithm and data plotted according to phase as a bar graph. Statistical analysis was performed using an unpaired t-test (n=3). ***, P≤ 0.001, between GFP
and RasGRP1. (G) β galactosidase assay showing no initiation of senescence by RasGRP1 or HRas. H2O2 is a positive control.
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Fig. 4. RasGRP1 expression triggered autophagy in Human keratinocytes (HKn). (A) HKn expressing GFP, RasGRP1, or oncogenic HRasQ61L were stained 96 h post
transduction with an antibody against LC3. Red puncta represent LC3 aggregation in the cells. Microphotographs taken at 600× magnification. Insets show the
transduction efficiencies for GFP and RasGRP1 via fluorescence microscopy. Scale bar = 25 μm. (B) Relative abundance of LC3-I/LC3-II was measured by immunoblot
analysis. Data are representative of ≥3 independent experiments. (C) Total LC3-II quantitated by spot densitometry from 4 independent experiments and normalized to
actin loading. (D) Electron microscopic analysis of HKn transduced with RasGRP1 for 96 h. Arrows indicate autophagosomes, arrowheads indicate autophagolysosomes
and double arrows indicate isolation membranes (cup-shaped structures). Scale bar = 2 μm. (E) HKn were transduced with the indicated adenovirus and treated at 96 h
post transduction with bafilomycin (400 nM) for 4 h. Untreated controls for each group were run in parallel. Immunoblot analysis of LC3 is shown. Results shown are
representative of 3 independent experiments. (F) Inhibition of autophagy accelerated cell death by apoptosis in RasGRP1 overexpressing HKn. Primary human epidermal
keratinocytes were treated with 5 mM 3-methyladenine (3-MA, an autophagy inhibitor that blocks type III PI-3K) prior to transduction with GFP or RasGRP1-GFP and
through the duration of the experiment (72 h). Untreated controls for each group were run in parallel. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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cSCC in mice. Transgenic mice with RasGRP1 overexpression in the basal
epidermis (K5.RasGRP1) developed larger andmore aggressive skin tumors
when subjected to the DMBA/TPA protocol [23,25]. In contrast, RasGRP1
null-mutant mice were significantly resistant to DMBA/TPA-induced carci-
nogenesis [27]. However, due to differences in mouse and human skin that
could affect responses to oncogenic insults, these results require validation
8

in a humanmodel before clinical translation can be explored.We showhere
that human epidermal keratinocytes express RasGRP1 and that aberrant
high expression of this exchange factor results in growth arrest and induc-
tion of autophagy in cells with normal p53 function. High expression of
RasGRP1 mRNA and of the majority of autophagy pathway genes was ver-
ified in human cSCC samples. Furthermore, high RasGRP1 expression led to



Fig. 5. Autophagy pathway gene expression in human cSCC. Graphical overview of the KEGG “Regulation of autophagy” pathway (hsa04140) showing constituent genes
with a significant over-expression in cSCC versus normal skin samples in the Riker-87 dataset. The KEGG pathway graph is overlayed with boxes representing genes with
significant cSCC over-expression (gene name on an orange background with thick red border), or with no differential expression (grey background with thick black
border). There were no pathway genes with significant lower expression in cSCC than in normal skin. The overview shows widespread over-expression in cSCC, strongly
suggesting that the autophagy pathway is activated in cSCC cells. Full expression data are in Supplemental Table 1. KEGG can be accessed at http://www.genome.jp/
kegg/. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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partial transformation of human skin cells with p53mutations, suggesting a
role for RasGRP1 in human skin carcinogenesis.

The Ras proto-oncogene family consists of major contributors to the
transformation of epidermal keratinocytes and is frequently found activated
in human cSCC either by oncogenic mutation [45,46] or EGFR-enhanced
signaling [6,47]. However, in primary cells aberrant Ras activation does
not lead to cell transformation unless accompanied by a cooperating muta-
tion. Normal primary cells have powerful failsafe mechanisms to balance
potentially oncogenic growth signals and prevent clonal expansion and sub-
sequent neoplastic progression. These include cell cycle arrest, cell senes-
cence and apoptosis, depending on the cell type and strength of oncogenic
signaling [48,49]. Our data show failsafe mechanism-related phenotypes
in human epidermal keratinocytes overexpressing RasGRP1 that include
cell cycle arrest and induction of autophagy.

Autophagy is a cellular process in which cytoplasmic components such
as the mitochondria of a cell are degraded, for example in times of nutrient
deprivation, and reused to support survival of the cell. Autophagy can also
lead to cell death in some contexts. Oncogenic Ras can activate autophagy
and this can play a role in tumor formation and progression depending on
the stage and signaling context [37]. Under our experimental conditions,
RasGRP1-induced autophagy was not associated with apoptosis as the
overexpression of RasGRP1 failed to induce PARP cleavage, Caspase-3 acti-
vation or DNA damage (Fig. 3B). In contrast, oncogenic HRasQ61L acti-
vated autophagy in these human keratinocytes accompanied by apoptosis
as reflected in PARP cleavage, caspase 3 activation (Fig. 3B). Importantly
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oncogenic Ras lead to a reduction in p53 phosphorylation whereas
RasGRP1 initially led to an increase as expected [50] downstream of acti-
vated ERK (Fig. 3B). This change in p53 may in part be responsible for
the difference in RasGRP1 and HRasQ61L effects. Phosphorylation at ser
15 stabilizes p53 by blocking MDM2 binding and promotes p53 dependent
transcription which can activate genes encoding proteins involved in cell
cycle arrest, DNA repair, and/or apoptosis, and also represses transcrip-
tional activation of growth-promoting genes. Furthermore, pharmacologic
inhibition of RasGRP1-induced autophagy resulted in apoptosis (Fig. 4F),
suggesting that in this context, RasGRP1-induced autophagy is playing a
cell survival role. We have also observed similar results for RasGRP1 LC3
in LiF-Ep (p53+/−) cells. RasGRP1 overexpression in LiF-Ep cells led to
continued cell proliferation and focus formation suggestive of transforma-
tion in monolayer, indicating that the heterozygous p53 mutation may co-
operate with activated RasGRP1 signaling to maintain proliferation and
transform cells.

A 3D organotypic model that mimics many aspects of human skin archi-
tecture was used to study the transformative potential of RasGRP1 in
human keratinocytes. We generated organized and well-stratified epithelia
using normal primary keratinocytes (HKn) and fibroblasts isolated from
neonatal tissue. When these HKn cells were manipulated to overexpress
RasGRP1, the ability of cells to grow and stratify in a 3D culture was se-
verely impaired. These data are consistent with the in vitro data from 2D
culture that RasGRP1 induced the failsafe mechanism-related phenotype
of cell cycle arrest in a normal p53 background. Expression of oncogenic

http://www.genome.jp/kegg/
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Fig. 6. RasGRP1 expression led to defective stratification in skin tissue reconstructs. (A) Left: Diagram illustrating the architecture of normal human skin including basal and
suprabasal layers. Right: Diagram of the skin reconstruct procedure for generation of a 3D organotypic culture. Keratinocytes transduced with adenoviral vectors encoding
GFP, RasGRP1 or HRasQ61L were seeded onto the dermal layer of a 3D skin reconstruction culture. (B) Micrographs of HKn 48 h post transduction prior to harvesting for
preparation of the 3D cultures. Insets shown are fluorescence images for GFP, RasGRP1 or HRasQ61L-expressing HKn. (C) HKn were seeded onto the dermal layer of a 3D
skin reconstruction culture 48 h post transduction. Tissue reconstructs were harvested after 10 days and processed by H&E staining for histological assessment.
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Ras in primary keratinocytes leads to cell death and/or senescence, which
impairs their ability to form normal organotypic cultures [42,43]. There-
fore, RasGRP1-induced keratinocyte stratification failure might be partially
due to Ras hyper-activation. In fact, the overexpression of RasGRP1 led to a
5-fold increase in levels of active Ras, with H-Ras being the predominant
isoform being activated (Fig. 2). In this context, HRasQ61L-expressing
cells also failed to form a normal organotypic culture, validating the previ-
ously described phenomenon under our experimental conditions.

Our data show that RasGRP1 can activate failsafe mechanisms when
expressed at high levels in keratinocytes with normal p53 and Ras and that
it can activate transformation processes in cellsmutant for p53 (butwith nor-
mal wild type Ras). This strongly supports a potential role for RasGRP1 in
promoting cSCC in patients with high RasGRP1. It remains to be determined
what signals upstream of RasGRP1 such as diacylglycerol or oncogenic
growth factors may contribute. Further it is possible that RasGRP1 may
work in tangentwith Rasmutations to amplify their transforming ability. De-
termining how these upstream and downstream signals affect RasGRP1 func-
tion in cSCC will be an important next step in determining the value of
RasGRP1 as a diagnostic and therapeutic target in cSCC.

In summary, our results reveal a novel transformation-related role of
RasGRP1 in human keratinocytes. This includes a previously unknown abil-
ity to activate autophagy. Our results, togetherwith previousfindings of the
oncogenic role of RasGRP1 inmouse keratinocytes, warrant further investi-
gation into the participation of RasGRP1 in keratinocyte transformation,
and the potential contribution of RasGRP1 in the development of cutaneous
squamous cell carcinoma. The results further support exploring targeting
RasGRP1 signaling as a potential new approach in treating cSCC.
10
Supplementary data to this article can be found online at https://doi.
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Fig. 7. RasGRP1 overexpression led to partial transformation in Li-Fraumeni patient-derived skin cells with p53 mutations. Li-Fraumeni skin cells (LiF-Ep; p53+/−)
keratinocytes were transduced with GFP, RasGRP1 or HRasQ61L. (A) Representative micrographs of the Lif-Ep cultures or HKn cells at 7 days post transduction. Images
taken at 200 x magnification (Olympus Microscope). Scale bar = 50 μm. (B) LiF-Ep were transduced, and cell numbers were determined by XTT staining at the indicated
times post transduction. Data are mean of 3 biological replicates. Statistical analysis was performed using two-way ANOVA followed by a Turkey test. (C) Immunoblots anal-
ysis of RasGRP1 (M199), PanRas, LC3 and p-ERK/total ERK in LiF-Ep and HKn cells 72 h post transduction. Data are representative of 3 independent experiments.
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