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K15 promoter-driven enforced
expression of NKIRAS exhibits
tumor suppressive activity

against the development of DMBA/
TPA-induced skin tumors
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NKIRAS1 and NKIRAS2 (also called as kB-Ras) were identified as members of the atypical RAS

family that suppress the transcription factor NF-kB. However, their function in carcinogenesis is still
controversial. To clarify how NKIRAS acts on cellular transformation, we generated transgenic mice
in which NKIRAS2 was forcibly expressed using a cytokeratin 15 (K15) promoter, which is mainly
activated in follicle bulge cells. The ectopic expression of NKIRAS2 was mainly detected in follicle
bulges of transgenic mice with NKIRAS2 but not in wild type mice. K15 promoter-driven expression
of NKIRAS2 failed to affect the development of epidermis, which was evaluated using the expression
of K10, K14, K15 and filaggrin. However, K15 promoter-driven expression of NKIRAS2 effectively
suppressed the development of skin tumors induced by treatment with 7,12-dimethylbenz(a)
anthracene (DMBA)/12-O-tetradecanoylphorbol 13-acetate (TPA). This observation suggested that
NKIRAS seemed to function as a tumor suppressor in follicle bulges. However, in the case of oncogenic
HRAS-driven cellular transformation of murine fibroblasts, knockdown of NKIRAS2 expression
drastically suppressed HRAS-mutant-provoked cellular transformation, suggesting that NKIRAS2
was required for the cellular transformation of murine fibroblasts. Furthermore, moderate enforced
expression of NKIRAS2 augmented oncogenic HRAS-provoked cellular transformation, whereas

an excess NKIRAS2 expression converted its functional role into a tumor suppressive phenotype,
suggesting that NKIRAS seemed to exhibit a biphasic bell-shaped enhancing effect on HRAS-mutant-
provoked oncogenic activity. Taken together, the functional role of NKIRAS in carcinogenesis is most
likely determined by not only cellular context but also its expression level.
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DMBA 7,12-Dimethylbenz(a)anthracene

EGF Epidermal growth factor

ERK Extracellular signal-regulated kinase

IxB Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor
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IxBa Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha
IxBp Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor beta
IKK IxB kinase

JNK c-Jun N-terminal kinase

mTORC1 Mammalian target of rapamycin complex 1

NF-xB Nuclear factor kappa-light-chain-enhancer of activated B cells

PBS Phosphate buffered saline

PDGF Platelet-derived growth factor

PI3K Phosphatidyl inositol-3 kinase

PVDF Polyvinylidene difluoride

RT-PCR  Reverse transcription-polymerase chain reaction
TNFa Tumor necrosis factor alpha

TPA 12-O-tetradecanoylphorbol 13-acetate

It is well understood that the RAS family includes critical GTPases in the regulation of cell proliferation, survival,
and cell differentiation in a wide variety of mammalian cells"*. Among the classical RAS family, three members
HRAS, KRAS and NRAS exhibit high structural similarity and regulate similar effectors such as RAF family
protein kinase and phosphatidyl inositol-3 kinase (PI3K), upstream of the extracellular signal-regulated kinase
(ERK) and Akt pathways, respectively®>=. Numerous studies have reported the presence of atypical Ras-like
GTPases and clarified their biological functions. RRAS shows 55% amino acid identity with the classical Ras
family and interacts and regulates the activity of RAF kinase, Bcl-2, RAL-GEEF, and PI3K®'°. RAP and RHEB are
other members of the Ras family. RAP regulates cell adhesion mediated by cadherin and integrin''~'?, and RHEB
is involved in the activation of mammalian target of rapamycin complex 1 (mTORC1)™. Two structurally similar
proteins, DIRAS1 and DIRAS2 possess low GTP-hydrolysis activity and are mainly present as a GTP-bound form
without any mitogenic stimulation'®. A DIRAS homologue is also expressed in nematodes, and it was reported
that enforced expression of DIRAS homologue in neuronal cells modulated synaptic activity'e.

NKIRASI1 and NKIRAS2 (NKIRAS1/2) were originally identified as members of the nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor (IkB)-interacting RAS superfamily. NKIRAS1/2 were
reported to negatively regulate tumor necrosis factor alpha (TNFa)-induced nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) activation'’. Unlike the classical Ras family, NKIRAS lacks a carboxy-
terminal CAAX motif, which harbors the amino acid sequence for lipid modification. In addition, the primary
structure in the switch 1 and switch 2 domains of NKIRAS decreases the GTP-hydrolysis activity of NKIRAS,
suggesting that NKIRAS probably exists as a constitutive GTP-bound form in cells'. Indeed, we previously
demonstrated that NKIRAS predominantly bound to GTP without any agonistic stimulation such as epidermal
growth factor (EGF) or platelet-derived growth factor (PDGF)'®. We also showed that the cellular localization
of NKIRAS is regulated by its GTP/GDP-binding state. NKIRAS interacted with a complex including IkB alpha
(IxBa) and NF-«B or IkB beta (IkBp) alone, resulting in the suppression of their proteasomal degradation'’.
Furthermore, another report showed that NKIRAS also inhibited the phosphorylation of IxBp by the IkB kinase
(IKK) complex with its both GTP- and GDP-bound forms'®. We also reported that NKIRAS exhibits higher
binding affinity with the RelA subunit of the NF-«kB complex rather than IkB proteins. This interaction is critical
for the inhibition of NF-kB, because NKIRAS binds to the RelA subunit and inhibits phosphorylation of this
subunit at Ser-276'%. Phosphorylation of the RelA subunit at Ser-276 is essential for the transcriptional activation
of NF-kB and accumulated in Ras mutant-driven colorectal cancer tissues**?!.

Oeckinghaus and colleagues generated Nkiras1- and Nkiras2-deficient mice??. Although both Nkiras1~/~ mice
and Nkiras2™'~ mice developed normally, double knockout mice (Nkiras1~~/Nkiras2~~) exhibited perinatal
lethality. This perinatal lethality was rescued using a TNFa~'~ background. Furthermore, they reported that
NKIRAS functioned as a tumor suppressor mediated by inhibition of RALA small GTPase. It was reported that
RALA may be involved in the activation of phospholipase D and mTORC1%*, and these two signaling cascades
were reported to be involved in carcinogenesis®=>’.

Keratins (also called cytokeratins) are intermediate filament proteins commonly expressed in epithelial cells?.
Human keratins include 54 members. Among them, K10 is expressed in stratum spinosum and granular layer,
and K14 is expressed in basal layer®. It is well understood that Keratin 15 (K15) is mainly expressed in skin
follicle cells, and also detectable in interfollicular epidermis®.

To obtain insights about the functional role of NKIRAS for carcinogenesis in vivo, we generated trans-
genic mice in which NKIRAS2 was forcibly expressed using the K15 promoter. Using these transgenic mice, we
attempted to clarify how NKIRAS affects oncogenic signals in vivo. In addition, we also investigated the function
of NKIRAS in the cellular transformation of murine fibroblasts and compared the functional role of NKIRAS in
carcinogenesis in two experimental systems including transgenic mice and cultured cells.

Materials and methods

Reagents. Anti-FLAG antibody (M2) was purchased from Sigma-Aldrich (St. Louis, MO). Anti-HRAS and
anti-p-actin antibodies were purchased from Santa Cruz Biotech (Dallas, TX). Anti-NKIRAS2 antibody was
obtained as described previously'®. Anti-cytokeratin 10, 14, 15 (K10, K14 and K15) and anti-filaggrin antibodies
were obtained from Cell Signaling Technology (Danvers, MA). Anti-phospho- and total-ERK, JNK, and Akt
antibodies were also from Cell Signaling Technology. Other reagents were purchased from Sigma-Aldrich and
Nacalai Tesque (Kyoto, Japan).
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Figure 1. Development of NKIRAS2 transgenic mice. (a) The structure of the transgene for expressing
NKIRAS?2 using the K15 promoter is shown. GFP is the landmark for inserted transgene; however, the protein
is not expressed. The arrows indicate the position of designed primers to detect the NKIRAS2 transgene. (b)
Using HEK293T cells, the expression of NKIRAS2 from the constructed NKIRAS2 transgene was confirmed by
immunoblotting. As negative and positive control, pPCMV5 and pCMV5-NKIRAS2 was utilized, respectively.
(c) Using two lines of developed transgenic mice, #002 and #023, the presence of the transgene for NKIRAS2
was confirmed by PCR using genomic DNA samples from wild type and transgenic mice as templates. (d) To
determine the copy number of NKIRAS2 transgene, southern blot analysis was performed. Blot for transgenic
mice #023 was shown in Supplementary Fig. 1.

Generation of transgenic mice. Genetically modified/unmodified mice were cared for in accordance
with a protocol approved by the Japanese National Research Institute for Child Health and Development Animal
Care Committee and were monitored by the Laboratory Animal Facility of the Japanese National Research Insti-
tute for Child Health and Development. To construct the transgenic vector for NKIRAS2, a cDNA of amino-
terminal FLAG-tagged NKIRAS2 was inserted into the EcoRI sites of a K15-EGFP vector, which was deposited
in addgene (Watertown, MA) by Dr. George Cotsarelis®. In the constructed vector, the expression activity of
EGFP is inactivated by insertion of NKIRAS2 cDNA (Fig. 1a). The vector was digested with AfIII and BglII, and
then the transgene including NKIRAS2 cDNA was isolated, and purified. The transgene was injected into ferti-
lized C57BL/6]Jms oocytes. Transgenic founder mice and established transgenic mice were identified using tail
genomic PCR with specific primers for transgenes as described below.

Forward: 5'-AGTCTTTTCAGCGTGTG-3’
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Reverse: 5'-TGCTGGCCAAGTAGACA-3’

Transgenic founders were mated with wild type C57BL/6]Jms mice and the littermates were used for experi-
ments. Transgenic mice as well as their non-transgenic littermates were fertile in standard breeding conditions.
Male mice were used for experiments with 7,12-dimethylbenz(a)anthracene (DMBA)/12-O-tetradecanoylphorbol
13-acetate (TPA)-induced papilloma formation.

Southern blotting analysis. Thirty pg of genomic DNAs were digested with EcoRI or BamHI, and sep-
arated by 1% agarose-TAE electrophoresis. The separated genomic DNAs were transferred onto Hybond-N*
nitrocellulose membrane (Cytiva, Marlborough, MA) with SSC solution. PCR product of human NKIRAS2 was
labeled with digoxigenin by using Kit (Roche diagnostics, Indianapolis, IN), and utilized as probe. The hybrid-
ized DNA probe was detected by the incubation with HRP-conjugated anti-digoxigenin antibody, and visualized
by ECL (Cytiva).

Preparation of a keratinocyte-enriched cellular fraction. From newborn mice, skin was isolated
surgically and treated with 1,500 PU/mL Dispase (Fujifilm, Tokyo, Japan) at 37 °C for 20 min. Then, the epi-
dermis was physically peeled from the treated skin. The isolated epidermis was washed with phosphate buffered
saline (PBS) containing 1 mM CaCl, and treated with triple protease (Invitrogen, Carlsbad, CA) at 37 °C for
20 min. The treated epidermis was transferred to a fresh 1 mL aliquot of triple protease, and the keratinocyte-
included cellular fraction was harvested. The prepared cells were washed with PBS and utilized for analysis
including reverse transcription-polymerase chain reaction (RT-PCR).

RT-PCR. To prepare total RNA from the prepared keratinocyte-containing cellular fraction, cells were sus-
pended with 1 mL of TRI-reagent (Sigma-Aldrich). Then, 0.2 mL of chloroform was added and mixed by vortex-
ing for 15 s. After centrifugation, the obtained upper layer was transferred to a fresh tube, and the RNA fraction
was precipitated by the addition of 3 volumes of ethanol and recovered by centrifugation. Then, contaminat-
ing genomic DNA was removed by treatment with DNase I (Qiagen, Germantown, MD) and phenol/chloro-
form extraction. After ethanol precipitation, the prepared RNA fraction was utilized for cDNA synthesis using
reverse-transcription with ReverTra Ace (TOYOBO, Osaka, Japan). To detect the expression of the transgene-
derived NKIRAS2 expression, PCR using the synthesized cDNA was performed, and amplified PCR fragments
were detected by agarose electrophoresis and ethidium bromide staining. Sequences of the utilized PCR prim-
ers were: 5'-"TGGGGCCGAACTGCCCCGA-3' and 5-CGTCATCTTGCTGGCCAAGTAGACA-3' for human
NKIRAS2, 5'-GGAAGAGATCCGGGACAAA-3" and 5'-TGTCAATCTCCAGGACAACG-3' for murine K15,
5'-ACCACAGTCCATGCCATCAC-3' and 5-TCCACCACCCTGTTGCTGTA-3’ for murine GAPDH.

DMBA/TPA-induced papilloma formation. Prior to chemical treatment, 6-week-old mice had the hair
on their back shaved. Next day, 100 uL of 0.1% (w/v) DMBA (Fujifilm) in acetone solution was applied onto the
shaved area. After 1 week, the mice were treated with 100 uL of 0.1% (w/v) TPA (Fujifilm) in acetone solution
onto the DMBA-treated area. Treatment with TPA was performed twice weekly, 3-4 days apart. The formation
of tumors was visible after 6 months of treatment with DMBA/TPA.

Immunofluorescence analysis. Isolated skin was fixed with 2% formaldehyde in PBS for 1 h. After fixa-
tion, skin was soaked in 20% sucrose in PBS for 2-3 days. The skin pieces were embedded in Tissue-Tek reagent
(Sakura Finetechnical, Tokyo, Japan) by freezing at — 80 °C until use. The samples were used for the preparation
of frozen skin tissue Sect. (0.45 mm) using a Cryostat (Thermofisher). The prepared sections were sequentially
stained with the indicated primary antibodies and Alexa Fluor 488-conjugated goat anti-rabbit antibody (Invit-
rogen). In the case of staining for the FLAG tag, an M2 antibody directly fused with FITC (Sigma-Aldrich) was
used. The nucleus was visualized by the addition of DAPI (Vector Laboratories, Burlingame, CA). Samples were
analyzed using an FSX100 fluorescence microscope (Olympus, Tokyo, Japan).

Immunohistochemistry. Isolated skins were fixed with PBS containing 4% formaldehyde. They were post-
fixed with 4% paraformaldehyde, replaced with 20% sucrose, and embedded in paraffin. The embedded skin
samples were utilized for the preparation of paraffin sections. The prepared paraffin sections were activated in
an autoclave. Microtome sections were stained with hematoxylin-eosin (H&E) or incubation with indicated
antibodies. H&E staining was outsourced to Hirota surgical pathology institute Inc. and Kyoto byori Inc.

Immunoblotting. Cells were lysed with RIPA buffer (10 mM sodium phosphate (pH 7.2), 150 mM NaCl,
3 mM MgCl,, 2 mM EDTA, 1% (v/v) NP-40, 1% (w/v) sodium deoxycholate, 20 mM B-glycerophosphate,
100 uM sodium orthovanadate, and protease inhibitors cocktail (Sigma-Aldrich)), and briefly sonicated on ice.
Then, debris was removed by centrifugation at 13,000 rpm for 10 min at 4 °C. After mixing with Laemmli’s
buffer, cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred
to polyvinylidene difluoride (PVDF) membrane (Merck Millipore, Burlington, MA). PVDF membranes with
protein lysates were sequentially incubated with PBS including 0.05% (v/v) Tween-20 including indicated anti-
bodies and secondary antibodies conjugated with horseradish peroxidase. The analyzed proteins were visualized
by reaction of the peroxidase with ECL (GE Healthcare, IL, Chicago).
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Cell culture and retroviral infection. NIH-3T3 fibroblasts and HEK293T cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum, 2 mM glutamine, and 100 units
each of penicillin and streptomycin (Sigma-Aldrich). To prepare conditioned medium containing retroviruses,
HEK293T cells were transfected with retroviral backbone plasmids and helper plasmids such as pE-Eco and pGP
(TAKARA BIO, Shiga, Japan). To prepare the retroviruses for enforced expression of HRAS (G12V) or NKI-
RAS2, pBabePuro or pMSCV-ires-Puro was utilized as a retroviral back-born plasmid. To silence the expression
of endogenous NKIRAS2, pSUPER-retro-Puro (Oligoengine, Seattle, WA) harboring the sequences for sh-RNAs
was utilized. Retroviruses were produced into the conditioned medium, and then the conditioned medium was
collected several times, and stood in ice until infection. NIH-3T3 cells (cell number per 60 mm-diameter dish)
were infected with retroviruses mixed with 1 ug/mL polybrene (Sigma-Aldrich). For the infection with retro-
virus harboring HRAS (G12V), the retrovirus was diluted tenfold, according to previous optimization®. Next
day, the infected cells were selected using 7.5 pg/mL puromycin (Invivogen, San Diego, CA) for 3 days. After
puromycin selection, the infected cells were utilized for immunoblotting analysis and colony formation assays
in soft agar medium.

Colony formation assay in soft agar media. The infected NIH-3T3 cells were collected by trypsini-
zation. Then, 1x 10* cells from each sample were mixed with complete DMEM containing 0.3% noble agar
(Invitrogen), and seeded onto hardened complete DMEM containing 0.5% noble agar. After 2-3 weeks, colony
formation was observed and their number was counted.

Analysis of data. All experiments were performed individually three times, and representative data shown.
In graphs, error bars indicate standard deviation (S.D., n=3), and the results of calculations of independent
t-tests are shown. Differences were considered to be significant for values of p <0.01. For immunoblot analysis in
this manuscript, uncropped data are shown in Supplementary figures (2).

ARRIVE guidelines.  All experiments were performed according to the ARRIVE guideline. All the institu-
tional guidelines and regulations for animal experiments were followed in the Methods section in addition to
the approval statement that is provided.

Results

Generation of NKIRAS2 transgenic mice. To investigate whether NKIRAS affects skin development
and tumor formation, we generated transgenic mice forcibly expressing NKIRAS2 driven by the K15 gene pro-
moter (Fig. 1a). We inserted the cDNA of FLAG-tagged human NKIRAS2 (FLAG- NKIRAS2) into the K15-
EGFP vector®. To confirm that the K15 promoter can induce the expression of NKIRAS2, immunoblotting
analysis was performed with lysates of HEK293T cells transfected with the constructed vector (Fig. 1b). The
K15 promoter successfully induced the expression of FLAG-tagged human NKIRAS2, which was detected using
both the anti-NKIRAS2 antibody and anti-FLAG M2 antibody. However, its expression level was lower than
the expression of NKIRAS2 driven by the CMV promoter (Fig. 1b). Then, the DNA fragment including the
transgene for NKIRAS2 was injected into fertilized mouse oocytes. We successfully obtained two individual
lines of transgenic mice named NKIRAS2 transgenic mice #002 and #023, which were confirmed to include
the transgene by genomic PCR (Fig. 1c). To determine the copy number of NKIRAS2 transgene, southern blot
analysis was performed. The transgenes of FLAG-NKIRAS2 inserted into genomic DNA were quantified as
about 25 and 5 copies in transgenic mice #002 and #023, respectively (Fig. 1d and Supplementary Fig. 1). These
transgenic mice appeared healthy and normally bred.

K15 promoter-driven enforced expression of NKIRAS2 in follicle cells. To investigate mRNA
expression of NKIRAS2 from the transgene, we prepared total RNA from epidermis of newborn transgenic
mice and wild type mice. We prepared a keratinocyte-enriched cellular fraction from epidermis, because follicle
bulges may be included in the epidermis. To remove contamination with transgene for NKIRAS2 in genomic
DNA, total RNA was treated with DNase I. Then, total RNA was utilized for RT-PCR analysis. We first analyzed
the expression of K15 to show that the prepared keratinocyte-enriched cellular fraction contained follicle bulges
prepared from transgenic mice. As shown in Fig. 2a, the expression of K15 was detected in both transgenic mice
#002 and wild type mice. Next, we designed PCR primers to amplify the cDNA of only human NKIRAS2 but not
endogenous murine Nkiras2, and then performed RT-PCR. The expression of human NKIRAS2 was detected in
only total RNA extracted from transgenic mice #002 but not from wild type mice (Fig. 2a). We also attempted to
detect the expression of NKIRAS2 in the transgenic mice #023, however its mRNA was not detected by RT-PCR.
By performing immunofluorescence analysis for skin sections of newborn mice, we next analyzed the expres-
sion of NKIRAS2 in the skin of transgenic mice and wild type mice. Since endogenous Nkiras2 is ubiquitously
expressed'®, it was hard to distinguish ectopic NKIRAS2 and endogenous Nkiras2 (Supplementary Fig. 2). How-
ever, when using higher magnification (40-fold), both transgenic mice #002 and #023 moderately showed higher
intensities of NKIRAS2 expression in their hair follicle (Fig. 2b). Because the NKIRAS2 transgene was tagged
with FLAG at its amino terminus, we next utilized an anti-FLAG antibody (M2) for immunostaining analysis
to detect the exogenous expression of NKIRAS2. As shown in Fig. 2c and Supplementary Fig. 3, the anti-FLAG
antibody (M2) specifically detected the expression of exogenous FLAG-tagged NKIRAS?2 in the follicle bulges
of both NKIRAS2 transgenic mice #002 and #023 but not wild type mice. Anti-FLAG antibody also stained
epidermis of transgenic mice, however the epidermis of wild type mice was comparably stained, suggesting that
the epidermis seems to be non-specifically stained with anti-FLAG antibody. To confirm the structure of follicle
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Figure 2. Expression of ectopic NKIRAS2 driven by the K15 promoter in follicle bulges. (a) To detect the
expression of transgenic NKIRAS2 mRNA, total RNA was prepared from a keratinocyte-enriched cellular
fraction of wild type and NKIRAS2 #002 transgenic mice, and then utilized for RT-PCR with/without reverse
transcription (RT). To confirm the presence of the cellular population from follicle bulges, the expression

of K15 mRNA was examined. The expression of transgenic NKIRAS2 is shown by RT-PCR using specific
primers for human NKIRAS2. GAPDH is shown as an internal control. (b) Ectopic expression of NKIRAS2
driven by the K15 promoter in follicle bulges of wild type and two lines of transgenic mice is shown using
immunofluorescence analysis with an anti-NKIRAS2 antibody (green). Nuclei of all cells in the epidermal
section were stained with DAPI (blue). Scale bar =153 pum (c). To confirm that exogenous NKIRAS2 was
expressed, NKIRAS2 was stained with an anti-FLAG antibody (red). To show follicular bulge, H&E staining was
performed. Scale bar=32 pm.

bulge, H&E staining was also performed (Fig. 2c). Taken together, in the generated transgenic mice #002 and
#023, FLAG-tagged NKIRAS2 was specifically expressed in follicle bulge.

Effect of K15 promoter-driven NKIRAS2 on the development of skin. Next, we investigated the
effect of the enforced expression of NKIRAS in follicle bulge on the development of skin by performing the
immunofluorescence analysis for several skin markers such as K10, K14, K15 and filaggrin. Furthermore, we
analyzed them at three stages, newborn mice (1 or 2 days after birth), anagen (5-weeks after birth) and telogen
(7-weeks after birth), respectively. It is well understood that K10 is expressed in stratum spinosum and granu-
lar layer®?. K14 is also well known as marker protein for basal layer®. The enforced expression of NKIRAS2
did not affect the expression pattern of K10 and K14 in newborn mice skin, anagen and telogen skin (Fig. 3a,
b, supplementary Figs. 4 and 5). Furthermore, we analyzed the expression of K15. K15 was known as marker
protein of follicle bulge stem cells®®, however also detected in interfollicular epidermis as reported by several
investigations®**. As shown in Fig. 3¢ and Supplementary Fig. 6, the expression of K15 was detected in fol-
licle bulges and epidermis of wild type mice in newborn mice, anagen and telogen skin. Then, we analyzed the
expression of K15 in transgenic mice, and the intensity and pattern of K15 expression in transgenic mice were
comparable with its expression in wild type. We also analyzed the expression of filaggrin. The expression of
filaggrin in the epidermis was comparably detected in both of transgenic and wild type mice (Fig. 3d and Sup-
plementary Fig. 7). Furthermore, we also performed H&E staining of each sample, and any alterations of struc-
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Figure 3. Effect of ectopic expression of NKIRAS2 on the development of epidermal tissue. (a-d) To test the
effect of ectopic expression of NKIRAS2 on the development of epidermal tissue, epidermal sections from wild
type, NKIRAS2 #002 and #023 transgenic mice were stained with an anti-K10, K14, K15 and filaggrin antibody
(K10, K14 and K15 were stained with red, and filaggrin was stained with green). Photographs of phase contrast
were also taken, and were merged with the photograph of immunofluorescence analysis. Scale bar=32 pm. (e)
To show the development of skin, frozen sections of skin prepared from wild type and transgenic mice #002 and
#023 were stained with H&E. Scale bar=311 pm.

ture of skin were not observed (Fig. 3e). These observations strongly suggested that the enforced expression of
NKIRAS2 with the K15 promoter did not affect the development of follicle bulges and epidermis.

Enforced expression of NKIRAS2 in follicle bulges suppresses DMBA/TPA-induced papilloma
formation. It is well established that sequential treatment with DMBA and TPA on murine skin causes
tumor formation®. Therefore, we investigated whether the enforced expression of NKIRAS2 driven by the
K15 promoter affected tumor formation caused by treatment with DMBA/TPA. After 6 months of treatment
with DMBA/TPA on murine skin, the formation of several tumors on the skin of wild type mice was observed
(Fig. 4a). On the other hand, only low numbers of tumors formed on DMBA-TPA-treated skin in both lines of
NKIRAS? transgenic mice, suggesting that K15 promoter-driven ectopic expression of NKIRAS2 suppressed
DMBA/TPA-induced tumor formation (Fig. 4a). Next, we prepared paraffin-embedded sections from isolated
skin, on which tumors had formed on wild type mice and two lines of NKIRAS2 transgenic mice. Then, we
stained these sections with H&E (Fig. 4b). These observations suggested that the enforced expression of NKI-
RAS2 driven by the K15 promoter suppressed the development of papilloma caused by treatment with DMBA/
TPA. In conclusion, NKIRAS2 seems to function as a tumor suppressor in follicle bulges.

Endogenous NKIRAS2 is required for oncogenic Ras-mutant-driven cellular transformation of
murine fibroblasts. In a previous study, Oeckinghaus and colleagues reported that kB-Ras functions as a
tumor suppressor, which diminishes RAL GTPase-mediated oncogenic signaling?. Furthermore, Beel et al. also
showed that kB-Ras functions similarly as a tumor suppressor against the development of pancreatic adenocar-
cinoma in humans®. Our experimental results using NKIRAS?2 transgenic mice were in agreement with their
reports. However, when looking at Kaplan-Meier plots for several cases of human cancers, it has been suggested
that the correlation between the tumor malignancy and the expression level of NKIRAS1/2 is still controversial
(for NKIRAS1: https://www.proteinatlas.org/ENSG00000197885-NKIRAS1/pathology; for NKIRAS2: https://
www.proteinatlas.org/ENSG00000168256-NKIRAS2/pathology). To gain further insights to clarify the relation-
ship between tumor malignancy and NKIRAS expression, we analyzed the function of NKIRAS in the cel-
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Figure 4. Effect of ectopic expression of NKIRAS2 on DMBA/TPA-induced papilloma development. (a)

After sequential treatment with DMBA and TPA for 6 months, papilloma developed on skin of wild type and
NKIRAS?2 transgenic mice, #002 and #023 are shown in the photograph. The number of tumors is shown in the
graph. The graph shows means with the error bars indicating S.D. (n=3), and **indicates p <0.01. (b) Paraffin-
embedded sections of the epidermis with developed papilloma were prepared and stained with H&E.

lular transformation provoked by the oncogenic Ras mutant. As shown previously, Nkiras2 but not Nkirasl is
expressed in murine NIH-3T3 fibroblast cells'®. Therefore, we designed retroviral vectors harboring sh-RNA
against murine NKkiras2. As shown in Supplementary Fig. 8a, the expression of Nkiras2 was successfully silenced
by sh-RNA #1 and #2 with more than 50% and 70% knockdown efficiencies, respectively. Using these sh-RNA
retroviruses, we analyzed the effect of silencing of Nkiras2 expression on HRAS (G12V)-provoked cellular trans-
formation by using NIH-3T3 cells. As shown in Fig. 5a and Supplementary Fig. 9, HRAS (G12V) was well
expressed, and infection of NIH-3T3 cells with two kinds of retroviruses including sh-RNA against murine
Nkiras2 caused effective reductions in Nkiras2 protein expression. However, comparing with RT-PCR analysis
shown in Supplementary Fig. 8a, knockdown efficiency of Nkiras2 protein seemed to be lower. Although we do
not have perfect explanation for this problem, we considered that NKIRAS?2 is stable protein, and this character
could cause the delay of degradation of NKIRAS protein. Then, using these infected cells, we performed soft
agar colony formation assay. As shown in Fig. 5b, HRAS (G12V) induced the formation of colonies in soft agar
media. Furthermore, HRAS (G12V) augmented the expression of Nkiras2 protein, however the expression of
Nkiras2 mRNA was reduced by HRAS (G12V) (Supplementary Fig. 8b). Next, we investigated the effect of Nki-
ras2 knockdown on HRAS (G12V)-provoked cellular transformation. The knockdown of Nkiras2 expression
drastically suppressed oncogenic HRAS mutant-provoked cellular transformation (Fig. 5b). We also analyzed
the effects of Nkiras2 knockdown on the activation of ERK, JNK, and Akt, which were reported to corelate well
with Ras-provoked carcinogenesis® . Strikingly, the knockdown of Nkiras2 effectively suppressed Ras-induced
Akt phosphorylation at Ser473, which was reported to be induced by the activation of mTORC2*"*, In addition,
the suppression of Akt phosphorylation by Nkiras2 knockdown was also observed in the condition without the
enforced expression of oncogenic HRAS mutant. On the other hand, the activation of ERK and JNK was not
suppressed by knockdown of Nkiras2 (Fig. 5a). Especially, the activation of ERK was effectively enhanced by
Nkiras2 knockdown in the condition with/without the expression of HRAS (G12V). These observations sug-
gested that Nkiras is required for oncogenic Ras-mutant-driven cellular transformation of murine fibroblasts.

Functional direction of NKIRAS2 for tumorigenesis is altered by the cellular context and its
expression level. In this study, we obtained two diametrically opposing experimental results on the role
of NKIRAS in the mechanism of carcinogenesis (Figs. 4 and 5). To explain this discrepancy, we further ana-
lyzed the roles of NKIRAS in carcinogenesis by testing the expression dose-dependence of NKIRAS2 in Ras-
provoked cellular transformation. To test this, the culture supernatant including retrovirus of NKIRAS2 was
first diluted threefold and tenfold. Next, these retroviruses were infected into NIH-3T3 cells. The dilution of
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Figure 5. Effect of knockdown of Nkiras2 on HRAS (G12V)-provoked cellular transformation. (a)

NIH-3T3 cells were infected with the indicated combination of retroviruses, and their lysates were utilized

for immunoblotting analysis. To decrease Nkiras2 expression, two types of retroviruses harboring sh-RNA
against murine NKkiras2 (called as sh-Nkiras2#1 and #2, also indicated as #1 and #2, respectively) were used. As
control knockdown, retrovirus including sh-luciferase (sh-Luc; described as Luc) was utilized. The knockdown
efficiency was examined using immunoblotting analysis. The effects of Nkiras2 knockdown on HRAS (G12V)-
induced phosphorylation of ERK, JNK, and Akt are shown. As an internal control, the total amounts of ERK,
JNK, and Akt are shown. The intensities of protein phosphorylation were shown in the graphs. (b) The infected
NIH-3T3 cells as in (a) were utilized for a soft agar colony formation assay. The number of colonies is shown in
the graph. All experiments were performed individually three times, and representative data shown in the graph.
The graph shows means with the error bars indicating S.D. (n=3), and * and ***indicates p <0.01 and 0.001,
respectively.
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retrovirus successfully resulted in different intensities of expression of NKIRAS2 (Fig. 6a and Supplementary
Fig. 10). To confirm whether the diluted retroviruses were enough infected into murine fibroblasts, we perform
the immunostaining analysis to show the expression of FLAG-NKIRAS2. As shown in Supplementary Fig. 11,
tenfold diluted NKIRAS2 retrovirus was still infected into almost all NTH-3T3 cells. As shown in Fig. 6b, tenfold
diluted NKIRAS?2 retrovirus exhibited the most potent efficiency on enhancing the cellular transforming activity
induced by oncogenic HRAS. However, undiluted NKIRAS2 retrovirus failed to augment Ras-provoked trans-
formation, and slightly exhibited inhibitory effect on HRAS (G12V)-provoked cellular transformation. These
observations suggested that NKIRAS exhibits a biphasic bell-shaped enhancing effect on Ras-mutant-provoked
oncogenic activity. Strikingly, NKIRAS? also exhibited a similar effect on the phosphorylation of Akt at Ser473,
with tenfold dilution of NKIRAS2 retrovirus exhibited most potent efficiency to augment the activation of Akt.
However, higher expression of NKIRAS2 failed to enhance the activation of Akt. Unexpectedly, the expression of
HRAS (G12V) was similarly enhanced by moderate expression of NKIRAS2 (Supplementary Fig. 10). Compar-
ing with the data in Fig. 5a, it was also unexpected that moderate expression of NKIRAS2 augmented the HRAS
(G12V)-induced ERK activation. Unlike the case of Akt and ERK, the activation of JNK was not affected by the
enforced expression of NKIRAS2 (Fig. 6a).

Discussion

In the current study, we first found that K15 promoter-driven enforced expression of NKIRAS2 in follicle bulges
exhibits potent tumor suppressive activity against the development of skin papilloma induced by treatment with
DMBA and TPA (Fig. 4). It is well understood that tumor formation is initiated from abnormal proliferation of
cancer stem cells*’. White and colleagues utilized a temporal model of tumorigenesis in vivo, and they observed
tumor initiation in epidermal squamous cell carcinoma from the hair follicle stem cells niche*!. Furthermore,
several investigations reported that DMBA/TPA-induced skin tumorigenesis seems to be initiated from stem cells
in follicle bulges*>S. Treatment with DMBA has been reported to induce mutation of the HRAS gene®. These
reports suggested that DMBA/TPA-induced development of skin papilloma seems to be initiated from abnormal
proliferation of stem cells in follicle bulges provoked by oncogenic Ras mutant. Furthermore, we found that the
enforced expression of NKIRAS in follicle bulge suppresses it, suggesting that NKIRAS could function as tumor
suppressor in tumor stem cells in follicle bulge.

On the other hand, we also observed that endogenous NKkiras is required for oncogenic RAS-mutant-driven
cellular transformation of murine fibroblasts (Fig. 5). However, two previous reports claimed diametrically
opposing conclusions about the functional directions of NKIRAS in oncogenic signaling®*. Oeckinghaus and
colleagues reported that NKIRAS functions as a tumor suppressor through the inhibition of RAL small GTPase
by enhancing the activity of RAL GAP (GTPase activating protein)?!. Several investigations showed that RAL
contributes to tumorigenesis through the activation of JNK**8, However, we showed the enforced expression
of NKIRAS?2 or knockdown of Nkiras2 did not affect the activation of JNK induced by oncogenic Ras mutant
(Figs. 5 and 6), suggesting that NKIRAS does not contribute to tuning activation of the RAL-JNK signaling axis.
On the other hand, we observed that the enforced expression or knockdown of NKIRAS2 effectively affected
the phosphorylation of Akt at Ser473, which was reported to be induced by mTORC2 (Figs. 5 and 6) ***1. The
suppression of Akt phosphorylation by Nkiras2 knockdown was also observed in the condition without the
enforced expression of oncogenic HRAS mutant. Probably, the Nkiras2 knockdown also suppressed Akt activa-
tion induced by endogenous HRAS. Although it is still unknown how mTORC?2 is activated by proliferative sig-
nals including oncogenic HRAS, several reports suggested that mMTORC?2 activation is enhanced by the activation
of AMP-dependent protein kinase and PI3K, respectively*>*. NKIRAS may be involved in the regulation of the
mTORC2 activity through tuning AMP-dependent protein kinase and/or PI3K. Unlike the case of the classical
Ras family, NKIRAS lacks the ability to interact with the RAS-binding domain of PI3K and RAF1%. 1t is worth
clarifying how NKIRAS contributes to the activation of mMTORC2, and these studies should provide important
insights to clarify the detailed mechanism of how NKIRAS is involved in Ras-provoked cellular transformation.
We also observed unexpected result that Nkiras2 knockdown enhanced the activation of ERK in the conditions
with/without HRAS (G12V) (Fig. 5a). On the other hand, moderate expression of NKIRAS2 augmented the
ERK activation (Fig. 6a). We cannot suitably explain these controversial observations. Although we realize the
requirement of further analysis for the effect of NKIRAS on ERK pathway in future project, we conclude that
ERK pathway seems to not have critical roles in facilitation by NKIRAS onto cellular transformation provoked
by HRAS (G12V).

We have no suitable explanation for the discrepancy that we observed in the experimental results between
mice and murine fibroblasts. These opposing results may be due to not only the cell types in which NKIRAS is
expressed but also the expression dosage of NKIRAS. As shown in Fig. 6, our observations suggested that the
functional direction of NKIRAS against tumorigenesis is most likely determined by its expression level. Moder-
ate enforced expression of NKIRAS2 enhanced oncogenic RAS-provoked cellular transformation, whereas an
excess amount of NKIRAS2 expression turned its functional direction to a tumor suppressive phenotype (Fig. 7).
In the present study, we observed that the expression of HRAS (G12V) was similarly enhanced by moderate
expression of NKIRAS2 (Fig. 6a). However, we have to note that transforming activity by HRAS (G12V) is not
corelated with its expression level. In our previous study, we reported that HRAS (G12V) also similarly exhibits
its oncogenic activity in a bell-shaped-dependent manner?®!. According to this observation, we utilized tenfold
diluted retrovirus harboring HRAS (G12V) as described in Materials and Methods, since the efficiency of cellular
transformation is reduced by the expression of higher amount of HRAS (G12V). The uniqueness of the expression
dosage-dependency of HRAS can be explained by a mechanism how farnesyl transferase inhibitor suppresses
oncogenicity caused by the HRAS (G12V) mutant®. To activate downstream components from RAS such as
RAF and PI3K, RAS needs to be localized on the plasma membrane mediated by post-translational modification
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Figure 6. Effect of enforced expression of NKIRAS2 on HRAS (G12V)-induced cellular transformation. (a) NIH-3T3
cells were infected with the indicated combination of retroviruses. To analyze dose-dependent effects of NKIRAS2 on
HRAS (G12V)-induced signals, the culture supernatant containing NKIRAS2 retrovirus was diluted 1-, 3- and tenfold,
and then used to infect the cells. The expression of NKIRAS2 is shown using immunoblotting. The effects of various
dosages of NKIRAS2 on HRAS (G12V)-induced activation of ERK, JNK, and Akt are shown. As an internal control,
total amounts of ERK, JNK, and Akt are shown. The intensities of protein phosphorylation were shown in the graphs.
(b) The infected NIH-3T3 cells as in (a) were utilized for a soft agar colony formation assay. The number of colonies

is shown in the graph. All experiments were performed individually three times, and representative data shown in the
graph. The graph shows means with the error bars indicating S.D. (n=3), and *indicates p <0.01.
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with an isoprenyl group on its carboxy-terminal CAAX motif®’. This lipid modification functions as an anchor
linking HRAS to the plasma membrane. When HRAS (G12V)-provoked transformed cells were treated with
farnesyl transferase inhibitor, HRAS (G12V) unmodified with an isoprenyl group accumulated in the cytosol but
not on the plasma membrane. The cytosolic unmodified HRAS (G12V) still exhibited binding affinity to RAF
and PI3K in the cytosol, and it disturbed Ras effectors from being activated on the plasma membrane. On the
other hand, we also observed that HRAS (G12V) caused the enhanced expression of Nkiras2 (Fig. 5a). Similar
effect was observed in the case of exogenous NKIRAS expression (Fig. 6a). As shown in Supplementary Fig. 8b,
HRAS (G12V) reduced the expression of Nkiras2 mRNA. Similarly, Oeckinghaus et al. also cited several reported
data, and concluded that the expression of NKIRAS2 mRNA was reduced in several cancer samples®. Although
we still need to further analysis, HRAS (G12V) seems to enhance the expression of NKIRAS2 protein through
the enhancement of protein synthesis of NKIRAS2 or its stabilization. There could be several complicated feed-
back mechanisms that stabilize the protein levels between HRAS and NKIRAS2 either way. As described in the
introduction, NKIRAS does not possess a CAAX motif. However, to exhibit the ability of NKIRAS, it is simple to
imagine that scaffolding platform for NKIRAS and signaling upstream/downstream proteins of NKIRAS should
be required. Although this is our speculation, an excess amount of enforced expression of NKIRAS likely fails to
position it on its suitable scaffold, and it may function as a signaling suppressor. As another possibility, we have
to consider that the functional direction of NKIRAS could be determined by cellular contexts. To gain further
insights into the mechanism of how NKIRAS contributes to carcinogenesis, it will be required to identify the
interacting proteins of NKIRAS.

At the end, we have to point out that our current study include several problems. First, we failed to detect the
mRNA expression of exogenous NKIRAS driven by K15 promoter in transgenic mice #023. Although we specu-
lated that this result maybe due to the lower copy number of transgenes in the transgenic mice #023, we would
need to optimize the condition of RT-PCR to detect the slightly expressed genes in future project. Second, since
the knockdown efficiency of endogenous Nkiras2 in NIH-3T3 was insufficient, we could not completely con-
clude the functional importance of Nkiras2 for the cellular transformation provoked by oncogenic Ras mutant.
In future projects, genome editing technique such as CRISPR-Cas9 will be useful to determine the functional
significance of Nkiras2 for the carcinogenesis. Finally, we still cannot explain why we observed the bell-shaped
enhancing effect by NKIRAS2 on Ras-provoked cellular transformation. The increased transforming capacity
could be explained by increased HRAS expression levels. To solve this problem, we also need to analyze the
mechanism how NKIRAS2 affects the activation of Akt by utilizing its sh-RNA or inhibitors. These are unsolved
problems in the current study, and it will be important to clarify them to understand the functional relationship
between RAS and NKIRAS in carcinogenesis.

Conclusion

The role of NKIRAS in carcinogenesis seems to be determined by not only cellular context but also its expres-
sion level. In this study, we found that moderate enforced expression of NKIRAS facilitated oncogenic Ras to
induce cellular transformation, whereas an excess amount of NKIRAS expression switched its function to a
tumor suppressor.

Received: 1 June 2021; Accepted: 1 October 2021
Published online: 19 October 2021

References
1. Lowy, D. R. & Willumsen, B. M. Function and regulation of ras. Annu. Rev. Biochem. 62, 851-891 (1993).
2. Satoh, T., Nakafuku, M. & Kaziro, Y. Function of Ras as a molecular switch in signal transduction. J. Biol. Chem. 267, 24149-24152
(1992).

Scientific Reports |

(2021) 11:20658 | https://doi.org/10.1038/s41598-021-00200-1 nature portfolio



www.nature.com/scientificreports/

11.

12.
13.

14.
15.
16.

17.
18.

19.
20.
21.
22.

23.
24.

25.
26.
27.

28.
29.

30.
. Tago, K. et al. ST2 gene products critically contribute to cellular transformation caused by an oncogenic Ras mutant. Heliyon 3(10),

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.

. Kaziro, Y,, Itoh, H., Kozasa, T., Nakafuku, M. & Satoh, T. Structure and function of signal-transducing GTP-binding proteins.

Annu. Rev. Biochem. 60, 349-400 (1991).

. Satoh, T. et al. Accumulation of p21ras-GTP in response to stimulation with epidermal growth factor and oncogene products with

tyrosine kinase activity. Proc. Natl. Acad. Sci. U. S. A. 87,7926-7929 (1990).

. Satoh, T. et al. Interleukin 2-induced activation of Ras requires two domains of interleukin 2 receptor beta subunit, the essential

region for growth stimulation and Lck-binding domain. J. Biol. Chem. 267, 25423-25427 (1992).

. Gibbs, J. B., Marshall, M. S., Scolnick, E. M., Dixon, R. A. & Vogel, U. S. Modulation of guanine nucleotides bound to Ras in

NIH3TS3 cells by oncogenes, growth factors, and the GTPase activating protein (GAP). J. Biol. Chem. 265, 20437-20442 (1990).

. Qiu, M. S. & Green, S. H. NGF and EGF rapidly activate p21ras in PC12 cells by distinct, convergent pathways involving tyrosine

phosphorylation. Neuron 7, 937-946 (1991).

. Torti, M., Marti, K. B., Altschuler, D., Yamamoto, K. & Lapetina, E. G. Erythropoietin induces p21ras activation and p120GAP

tyrosine phosphorylation in human erythroleukemia cells. J. Biol. Chem. 267, 82938298 (1992).

. Downward, J. Control of ras activation. Cancer Surv. 27, 87-100 (1996).
. Ksionda, O., Limnander, A. & Roose, J. P. RasGRP Ras guanine nucleotide exchange factors in cancer. Front. Biol. (Beijing) 8,

508-532 (2013).

Katagiri, K. et al. Rap1 is a potent activation signal for leukocyte function-associated antigen 1 distinct from protein kinase C and
phosphatidylinositol-3-OH kinase. Mol. Cell. Biol. 20(6), 1956-1969 (2000).

Reedquist, K. A. et al. The small GTPase, Rap1, mediates CD31-induced integrin adhesion. J. Cell. Biol. 148(6), 1151-1158 (2000).
Knox, A. L. & Brown, N. H. Rapl GTPase regulation of adherens junction positioning and cell adhesion. Science 295(5558),
1285-1288 (2002).

Long, X., Lin, Y., Ortiz-Vega, S., Yonezawa, K. & Avruch, J. Rheb binds and regulates the mTOR kinase. Curr. Biol. 15(8), 702-713
(2005).

Kontani, K. et al. Di-Ras, a distinct subgroup of ras family GTPases with unique biochemical properties. J. Biol. Chem. 277(43),
41070-41078 (2002).

Tada, M. et al. Neuronally expressed Ras-family GTPase Di-Ras modulates synaptic activity in Caenorhabditis elegans. Genes Cells
17(9), 778-789 (2012).

Fenwick, C. et al. A subclass of Ras proteins that regulate the degradation of IkB. Science 287(5454), 869-873 (2000).

Tago, K., Funakoshi-Tago, M., Sakinawa, M., Mizuno, N. & Itoh, H. kB-Ras is a nuclear-cytoplasmic small GTPase that inhibits
NF-«B activation through the suppression of transcriptional activation of p65/RelA. J. Biol. Chem. 285(40), 30622-30633 (2010).
Chen, Y., Wu, J. & Ghosh, G. kB-Ras binds to the unique insert within the ankyrin repeat domain of IxBp and regulates cytoplasmic
retention of IkBB-NF-«kB complexes. J. Biol. Chem. 278(25), 23101-23106 (2003).

Zhong, H., Voll, R. E. & Ghosh, S. Phosphorylation of NF-kB p65 by PKA stimulates transcriptional activity by promoting a novel
bivalent interaction with the coactivator CBP/p300. Mol. Cell. 1(5), 661-671 (1998).

Tago, K. et al. Oncogenic Ras mutant causes the hyperactivation of NF-«B via acceleration of its transcriptional activation. Mol.
Oncol. 13(11), 2493-2510 (2019).

Oeckinghaus, A. et al. kB-Ras proteins regulate both NF-kB-dependent inflammation and Ral-dependent proliferation. Cell. Rep.
8(6), 1793-1807 (2014).

Jiang, H. et al. Involvement of Ral GTPase in v-Src-induced phospholipase D activation. Nature 378(6555), 409-412 (1995).
Maehama, T. et al. RalA functions as an indispensable signal mediator for the nutrient-sensing system. J. Biol. Chem. 283(50),
35053-35059 (2008).

Aguirre-Ghiso, J. A. et al. RalA requirement for v-Src- and v-Ras-induced tumorigenicity and overproduction of urokinase-type
plasminogen activator: Involvement of metalloproteases. Oncogene 18(33), 4718-4725 (1999).

Xu, L. et al. Phospholipase D mediates nutrient input to mammalian target of rapamycin complex 1 (mMTORC1). J. Biol. Chem.
286(29), 25477-25486 (2011).

Martin, T. D. et al. Ral and Rheb GTPase activating proteins integrate mTOR and GTPase signaling in aging, autophagy, and tumor
cell invasion. Mol. Cell. 53(2), 209-220 (2014).

Magin, T. M., Vijayaraj, P. & Leube, R. E. Structural and regulatory functions of keratins. Exp. Cell. Res. 313(10), 2021-2032 (2007).
Kanitakis, J., Bourchany, D., Faure, M. & Claudy, A. Expression of the hair stem cell-specific keratin 15 in pilar tumors of the skin.
Eur. J. Dermatol. 9(5), 363-365 (1999).

Morris, R. J. et al. Capturing and profiling adult hair follicle stem cells. Nat. Biotechnol. 22(4), 411-417 (2004).

€00436 (2017).

Gibson, W. T,, Scott, I. R., Saunders, H. J., Brunskill, J. E. & Harding, C. R. Markers of epidermal differentiation expressed by rat
keratinocytes cultured by a modified feeder layer technique. Eur. J. Cell. Biol. 33(1), 75-83 (1984).

Waseem, A. et al. Keratin 15 expression in stratified epithelia: Downregulation in activated keratinocytes. J. Invest. Dermatol.
112(3), 362-369 (1999).

Fujiwara, H. et al. The basement membrane of hair follicle stem cells is a muscle cell niche. Cell 144(4), 577-589 (2011).

Pelling, J. C., Fischer, S. M., Neades, R., Strawhecker, J. & Schweickert, L. Elevated expression and point mutation of the Ha-ras
proto-oncogene in mouse skin tumors promoted by benzoyl peroxide and other promoting agents. Carcinogenesis 8(10), 1481-1484
(1987).

Beel, S. et al. kB-Ras and Ral GTPases regulate acinar to ductal metaplasia during pancreatic adenocarcinoma development and
pancreatitis. Nat. Commun. 11(1), 3409 (2020).

Leevers, S. J., Paterson, H. F. & Marshall, C. J. Requirement for Ras in Raf activation is overcome by targeting Raf to the plasma
membrane. Nature 369, 411-414 (1994).

Stokoe, D., Macdonald, S. G., Cadwallader, K., Symons, M. & Hancock, J. F. Activation of Raf as a result of recruitment to the
plasma membrane. Science 264, 1463-1467 (1994).

Cellurale, C. et al. Requirement of c-Jun NH(2)-terminal kinase for Ras-initiated tumor formation. Mol. Cell. Biol. 31(7), 1565-1576
(2011).

Gupta, S. et al. Binding of ras to phosphoinositide 3-kinase p110alpha is required for ras-driven tumorigenesis in mice. Cell 129(5),
957-968 (2007).

Sarbassov, D. D., Guertin, D. A., Ali, S. M. & Sabatini, D. M. Phosphorylation and regulation of Akt/PKB by the rictor-mTOR
complex. Science 307(5712), 1098-1101 (2005).

Hresko, R. C. & Mueckler, M. mMTOR-RICTOR is the Ser473 kinase for Akt/protein kinase B in 3T3-L1 adipocytes. J. Biol. Chem.
280(49), 40406-40416 (2005).

Sreepadmanabh, M. & Bhushan, J. T. Investigations into the cancer stem cell niche using in-vitro 3-D tumor models and micro-
fluidics. Biotechnol. Adv. 36(4), 1094-1110 (2018).

White, A. C. et al. Defining the origins of Ras/p53-mediated squamous cell carcinoma. Proc. Natl. Acad. Sci. U. S. A. 108(18),
7425-7430 (2011).

Trempus, C. S. et al. CD34 expression by hair follicle stem cells is required for skin tumor development in mice. Cancer Res. 67(9),
4173-4181 (2007).

Scientific Reports |

(2021) 11:20658 | https://doi.org/10.1038/s41598-021-00200-1 nature portfolio



www.nature.com/scientificreports/

46. Schenkel, J., Weiher, H., Fiirstenberger, G. & Jager, R. Suprabasal BCL-2 expression does not sensitize to chemically-induced skin
cancer in transgenic mice. Anticancer Res. 28(5A), 2825-2829 (2008).

47. de Ruiter, N. D., Wolthuis, R. M., van Dam, H., Burgering, B. M. & Bos, J. L. Ras-dependent regulation of c-Jun phosphorylation
is mediated by the Ral guanine nucleotide exchange factor-Ral pathway. Mol. Cell. Biol. 20(22), 8480-8488 (2000).

48. Essers, M. A. et al. FOXO transcription factor activation by oxidative stress mediated by the small GTPase Ral and JNK. EMBO .
23(24), 4802-4812 (2004).

49. Gan, X, Wang, J., Su, B. & Wu, D. Evidence for direct activation of mMTORC2 kinase activity by phosphatidylinositol 3,4,5-trispho-
sphate. J. Biol. Chem. 286(13), 10998-11002 (2011).

50. Kazyken, D. et al. AMPK directly activates mTORC2 to promote cell survival during acute energetic stress. Sci. Signal. 12(585),
3249 (2019).

51. Miyake, M., Mizutani, S., Koide, H. & Kaziro, Y. Unfarnesylated transforming Ras mutant inhibits the Ras-signaling pathway by
forming a stable Ras-Raf complex in the cytosol. FEBS Lett. 378(1), 15-18 (1996).

52. Yoshida, Y. et al. A geranylgeranyltransferase for rhoA p21 distinct from the farnesyltransferase for ras p21S. Biochem. Biophys.
Res. Commun. 175(2), 720-728 (1991).

Acknowledgements

We thank Dr. Scott Lowe for providing pBabePuro-H-Ras (G12V). We also would like to thank Mrs. Kazue
Onoguchi and Natsue Nakayama for their technical assistance. This work was supported by a Grant-in-Aid for
Scientific Research from the MEXT (20770103 for KT, and 20K17358 for MS).

Author contributions

K.T,, S.0., C.A.O., M.ET. and M.S. performed experiments. T.M. supervised K.T. and C.A.O. in the preparation
of keratinocytes from mice epidermis. Y.M., TW., C.A.O., and TO contributed to the preparation of samples for
immunofluorescence and genotyping. KT, M.K., and J.M. analyzed data. K.T., Y.E, M.O., and K.Y. designed the
experiments. J.Y. and Y.M. contributed to the development of transgenic mice. K.T., M.ET., and K.Y. described
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-00200-1.

Correspondence and requests for materials should be addressed to K.T.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:20658 | https://doi.org/10.1038/s41598-021-00200-1 nature portfolio


https://doi.org/10.1038/s41598-021-00200-1
https://doi.org/10.1038/s41598-021-00200-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	K15 promoter-driven enforced expression of NKIRAS exhibits tumor suppressive activity against the development of DMBATPA-induced skin tumors
	Materials and methods
	Reagents. 
	Generation of transgenic mice. 
	Southern blotting analysis. 
	Preparation of a keratinocyte-enriched cellular fraction. 
	RT-PCR. 
	DMBATPA-induced papilloma formation. 
	Immunofluorescence analysis. 
	Immunohistochemistry. 
	Immunoblotting. 
	Cell culture and retroviral infection. 
	Colony formation assay in soft agar media. 
	Analysis of data. 
	ARRIVE guidelines. 

	Results
	Generation of NKIRAS2 transgenic mice. 
	K15 promoter-driven enforced expression of NKIRAS2 in follicle cells. 
	Effect of K15 promoter-driven NKIRAS2 on the development of skin. 
	Enforced expression of NKIRAS2 in follicle bulges suppresses DMBATPA-induced papilloma formation. 
	Endogenous NKIRAS2 is required for oncogenic Ras-mutant-driven cellular transformation of murine fibroblasts. 
	Functional direction of NKIRAS2 for tumorigenesis is altered by the cellular context and its expression level. 

	Discussion
	Conclusion
	References
	Acknowledgements


