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Abstract

Nonmelanoma skin cancer (NMSC) such as cutaneous squamous cell carcinoma (cSCC) is caused 

by solar ultraviolet (SUV) exposure and is the most common cancer in the United States. T-LAK 

cell-originated protein kinase (TOPK), a serine-threonine kinase is activated by SUV irradiation 

and involved in skin carcinogenesis. Strategies with research focusing on the TOPK signaling 

pathway and targeted therapy in skin carcinogenesis may helpful for the discovery of additional 

treatments against skin cancer. In this study, we found that TOPK can directly bind to and 

phosphorylate c-Jun (as one of the core member of AP-1) at Ser63 and Ser73 after SSL exposure 

in a JNKs-independent manner. TOPK knocking down, or HI-TOPK-032 (TOPK specific 

inhibitor) attenuated colony formation and cell proliferation of skin cancer cells. Phosphorylated 

levels of c-Jun were overexpressed in human AK and cSCC compared with normal skin tissues, 

and HI-TOPK-032 inhibited the phosphorylation of c-Jun in SCC cell line in a dose-dependent 

manner. Furthermore, HI-TOPK-032 decreased SSL-induced AP-1 transactivation activity. 

Moreover, acute SSL-induced inflammation was attenuated by the topical application of HI-

TOPK-032 in SKH1 hairless mice. Importantly, HI-TOPK-032 suppressed chronic SSL-induced 

skin carcinogenesis and c-Jun phosphorylation levels in SKH1 hairless mice. Our results 

demonstrate that TOPK can phosphorylate and activate c-Jun at Ser63 and Ser73 in the process of 
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skin carcinogenesis and HI-TOPK-032 could be used as a potential chemopreventive drug against 

cSCC development.

Introduction

Skin cancer is the most common malignancy in the United States. Each year there are more 

new cases of skin cancer than the combined incidence of cancers of the breast, prostate, 

lung, and colon [1]. Nonmelanoma skin cancers (NMSC), which include basal cell 

carcinomas and squamous cell carcinomas (SCC) [2], are the most common skin cancers 

and about 90% of NMSC are associated with exposure to solar ultraviolet (SUV) radiation 

from the sun [3]. Therefore, understanding the mechanisms of SUV-induced skin 

carcinogenesis and finding effective strategies for preventing skin cancer is important.

Signaling cascades that lead to the activation of mitogen-activated protein kinases (MAPK) 

play an important role in UV-induced cutaneous SCC (cSCC) [4]. Serine-threonine kinase T-

LAK cell-originated protein kinase (TOPK/PBK) is a member of the MAPK kinase family, 

which is involved in tumor development, cancer growth, apoptosis, and inflammation [5]. 

Only a few papers have been published about molecular mechanisms of TOPK on skin 

carcinogenesis. Previous studies suggested that TOPK contributed to p38 activation and the 

phosphorylation of JNKs during the UV-induced DNA damage response [6, 7]. Our recent 

study demonstrated that TOPK is an oncogenic factor in skin carcinogenesis. Furthermore, 

our recent clinical data showed that acute SUV irradiation increased epidermal thickness as 

a feature of inflammation and enhanced total protein and phosphorylation levels of TOPK in 

human skin tissues [8]. This suggests that TOPK plays an important role in SUV-induced 

skin carcinogenesis and can be a potential target for skin cancer prevention and therapy.

The activator protein 1 (AP-1) family of transcription factors has been generally 

characterized as a dominant promoter of skin cancer. Activated in SCC, the c-Jun is one of 

the core member of AP-1 which is a critical contributor to transformation and tumorigenesis. 

Co-expression of c-Jun with oncogenic Ras was sufficient to transform primary human 

epidermal cells into malignant cells in a regenerated human skin grafting model [9]. The 

previous study showed that TOPK promoted lung cancer resistance to EGFR tyrosine kinase 

inhibitors by phosphorylating and activating c-Jun, which consequently activated the 

transcription of AP-1 target genes [10]. However, the relationship between these two 

oncoproteins in mediating skin carcinogenesis is still unclear.

HI-TOPK-032 is a TOPK specific inhibitor, which is reported to inhibit TOPK kinase 

activity and effectively suppress colon cancer cell growth as well as increase colon cancer 

cell apoptosis. Administration of HI-TOPK-032 suppressed tumor growth in a colon cancer 

xenograft model [11].

Here, we elucidated TOPK’s regulation of c-Jun to better illustrate the mechanism of skin 

carcinogenesis. Moreover, we demonstrated that HI-TOPK-032 can suppress SUV-induced 

skin carcinogenesis through the TOPK-c-Jun axis.
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Results

TOPK directly phosphorylates c-Jun at serine 63 and 73

To find the direct downstream target of TOPK on the AP-1 activation-associated signaling 

pathway in solar UV-induced skin carcinogenesis, we screened the potential candidate 

proteins including p38α, ATF2, and c-Jun by an in vitro kinase assay (Supplementary Fig. 

1). Our in vitro kinase assay result indicated that TOPK can directly phosphorylate c-Jun 

(Fig. 1a). We next evaluated whether TOPK could phosphorylate serine residues within the 

N-terminal transactivation domain of the c-Jun protein at residues Ser63 and Ser73. 

Interestingly, TOPK can directly phosphorylate c-Jun at Ser63 and Ser73 (Fig. 1b). Next, we 

purified the mutant c-Jun proteins that both serine 63 and 73 residues were replaced with 

alanine (S63A and S73A) from BL21 competent Escherichia coli. In vitro kinase assay 

results indicated that TOPK phosphorylated wild-type (wt) c-Jun at Ser63 and Ser73 but 

could not phosphorylate mutant c-Jun (S63A and S73A) proteins (Fig. 1c). Our result 

indicated that TOPK could phosphorylate the serine residues within the N-terminal 

transactivation domain of the c-Jun protein at residues Ser63 and Ser73.

Our previous study showed that TOPK phosphorylation in HaCaT cells was increased by 

solar simulated light (SSL) irradiation in a dose- and time-dependent manner [8]. We then 

investigated the phosphorylation levels of c-Jun at Ser63 and Ser73 in SSL-stimulated 

HaCaT cells. SSL irradiation induced the phosphorylation of TOPK very early at 15–45 min 

[8] followed by the later phosphorylation of c-Jun at 60–120 min (Supplementary Fig. 2). 

We also examine the endogenous binding activity between TOPK and c-Jun in SSL-

stimulated human precancerous HaCaT keratinocytes. SSL irradiation induced the protein 

interaction between TOPK and c-Jun in human precancerous HaCaT keratinocytes (Fig. 1d, 

e). To investigate whether c-Jun phosphorylation is dependent on the TOPK protein in SSL-

stimulated cells, we isolated mouse embryonic fibroblasts (MEFs) from TOPK wt (TOPK
+/+) or TOPK knockout (TOPK−/−)-SKH1 (Crl:SKH1-Hrhr) hairless mice. Phosphorylation 

of c-Jun at Ser63 and Ser73 was markedly increased after SSL irradiation in TOPK+/+ cells 

(Fig. 1f). However, although phosphorylation of c-Jun in TOPK−/− cells was slightly 

increased by SSL irradiation, the level of phosphorylated forms was extremely less than that 

observed in TOPK+/+ cells at the time point 180 min (Fig. 1f). Our results indicate that 

TOPK can directly phosphorylate c-Jun at Ser63 and Ser73 and the phosphorylation levels 

of c-Jun are dependent on the TOPK protein.

TOPK activates c-Jun independent of JNKs activation

According to a previous study, when activated by a MAPK cascade, JNKs specifically 

phosphorylate serine residues within the N-terminal transactivation domain of Jun at 

residues Ser63 and Ser73 and thereby enhances its transactivation activity [7, 12–14]. 

Therefore, to examine whether TOPK could phosphorylate the c-Jun on JNK1 absence, we 

used MEFs isolated from JNK1 knockout (JNK1−/−)-SKH1 hairless mice. To isolate the 

activate form of endogenous TOPK protein, the JNK1−/− cells were stimulated with solar 

stimulated light (SSL) and then subjected to an immunoprecipitation (IP)-kinase assay with 

a TOPK antibody. Purified His-c-Jun proteins as a substrate were reacted with the TOPK–
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bead complex. Our results showed that SSL-activated TOPK can phosphorylate the c-Jun at 

Ser63 and Ser73 in JNK1−/− cells (Fig. 2a).

To prove the requirement of TOPK kinase activity for c-Jun phosphorylation, we performed 

IP-kinase assay using the lysates isolated from the TOPK wild-type (TOPK+/+) or TOPK 

knockout (TOPK−/−)-SKH1 (Crl:SKH1-Hrhr) hairless mice. Briefly, we isolated the 

epidermal keratinocytes from TOPK+/+ or TOPK−/−-SKH1 hairless mice. And then, to 

isolate the active form of the endogenous TOPK protein, SSL (60 kJ/m2 UVA and 2.9 kJ/m2 

UVB) was treated, and cells were incubated for 60 min at 37 °C. Then, cell extracts were 

incubated with an anti-TOPK antibody and Protein G Sepharose 4 Fast Flow (GE 

Healthcare). The purified His-c-Jun protein was used as a substrate of TOPK for the in vitro 

kinase assay. Phosphorylation levels of p-c-Jun at Ser63 or Ser73 were detected by western 

blot analysis. Our data showed that SSL-activated TOPK can phosphorylate the c-Jun at 

Ser63 and Ser73 (Fig. 2b).

Furthermore, we next investigated the effect of TOPK absence on c-Jun phosphorylation in 

JNK1−/− or JNK2−/− cells. We transfected shMock or shTOPK into JNK1−/− or JNK2−/− 

MEFs, and then cells were stimulated with SSL irradiation. The results indicated that 

phosphorylation of TOPK and c-Jun at Ser63 and Ser73 was increased in shMock-

transfected wt cells, JNK1−/− (Fig. 2c, left panel) or JNK2−/− (Fig. 2c, right panel) MEFs 

stimulated with SSL irradiation. The wt cells expressing shTOPK decreased the 

phosphorylation of c-Jun at Ser63 and Ser73. Furthermore, SSL-induced c-Jun 

phosphorylation was decreased in JNK1−/−and JNK2−/− cells expressing shTOPK (Fig. 2c). 

Interestingly, all our results indicate that SSL irradiation-activated TOPK can directly 

phosphorylate c-Jun at both Ser63 and Ser73 through the JNK-independent mechanism.

TOPK inhibition attenuates colony formation and cell proliferation of skin cancer cells

Anchorage-independent growth is a frequent characteristic of transformed cells that 

correlates with tumorigenic potentials such as migration, colonization, and tumor growth in 

vivo [15]. Thus, to examine the effect of TOPK on colony formation and cell proliferation of 

human skin SCC cells, we established the SCC cell lines (A431 and SCC12) that TOPK is 

knocking down (Fig. 3a). Interestingly, the knocking down of TOPK decreased the 

anchorage-independent colony formation of both human skin epidermoid carcinoma A431 

and human skin squamous cell carcinoma SCC12 cells (Fig. 3b). We then examined the 

effect of HI-TOPK-032 as a specific TOPK inhibitor on the anchorage-independent colony 

formation. HI-TOPK-032 significantly inhibited the epidermal growth factor (EGF)-induced 

colony formation in normal mouse skin epidermal JB6 Cl 41 cells (JB6) and immortal 

human precancerous HaCaT keratinocytes in a dose-dependent manner (Fig. 3c, d). 

Furthermore, HI-TOPK-032 attenuated the anchorage-independent colony formation of 

human skin SCC cell lines such as A431 (Fig. 3e) and SCC12 (Fig. 3f). Moreover, the 

TOPK absence suppressed the anchorage-dependent cell proliferation of A431 (Fig. 3g, left 

panel) and SCC12 (Fig. 3g, right panel). We confirmed that TOPK inhibition by treatment of 

HI-TOPK-032 can suppress the anchorage-dependent cell proliferation of A431 (Fig. 3h, left 

panel) and SCC12 (Fig. 3h, right panel) in a dose-dependent manner. Our results indicated 
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that TOPK inhibition can attenuate colony formation and cell proliferation in skin cancer 

cells.

Phosphorylated c-Jun levels are highly regulated in human AK and SCC

Next, we examined the protein levels of phosphorylated c-Jun at Ser63 and Ser73 in human 

cutaneous actinic keratosis (AK) and SCC. Normal skin, AK and SCC skin tissues in 

humans were supplied by the University of Arizona Cancer Center (Tucson, AZ) for 

immunofluorescence staining to check the phosphorylated c-Jun levels. Our data showed 

that phosphorylated c-Jun at Ser63 (Fig. 4a) and Ser73 (Fig. 4b) had levels that were 

markedly higher in AKs and SCCs from patients as compared with normal skin. We next 

asked whether TOPK inhibition by the TOPK specific inhibitor, HI-TOPK-032, can regulate 

the phosphorylation of c-Jun in human SCC cells. Thus, we treated HI-TOPK-032 to the 

human skin SCC cell line (A431) and examined the protein levels of phosphorylated c-Jun. 

Our results showed that TOPK inhibition attenuated the phosphorylation of c-Jun at both 

Ser63 and Ser73 (Fig. 4c).

Activated by a MAPK cascade, the JNKs translocated to the nucleus, where they 

phosphorylated Jun within its N-terminal transactivation domain including residues Ser63 

and Ser73, thereby enhancing its transactivation potential [12]. Thus, we next asked whether 

TOPK inhibition can downregulate the AP-1 transactivation. HI-TOPK-032 decreased SSL-

induced AP-1 transactivation activity (Fig. 4d). These results indicated that TOPK inhibition 

can downregulate the phosphorylation of c-Jun in SCC cells and SSL-induced AP-1 

transactivation.

Potential preventive value of HI-TOPK-032 in chronic SSL-induced skin carcinogenesis

We next examined whether HI-TOPK-032 could have the preventive potential against SSL-

induced skin carcinogenesis. Our previous study showed that chronic SSL irradiation 

induced the formation of cSCC and papilloma on SKH1 hairless mice [8, 16]. We used this 

cSCC mouse model as described in “Materials and methods”. We created an oil-in-water 

emulsion cream (patent pending) containing 0.1% or 1% (w/w) HI-TOPK-032, and then 

cream or HI-TOPK-032 cream was applied to the dorsal area of the SKH1 hairless mouse 

skin 1 h before SSL irradiation exposure on the same day. The time schedule of the cream 

treatment or SSL irradiation was illustrated in Supplementary Fig. 3. There are no studies 

that have examined gender differences in skin carcinogenesis following exposure to SSL in 

mouse models. Thus, we used both female and male mice and compared tumor volume and 

numbers. Topical application of 0.1% HI-TOPK-032 dramatically decreased tumor volume 

(Fig. 5a, left panel) and numbers (Fig. 5a, right panel) in chronic SSL-exposed skin in 

female SKH1 hairless mice (Fig. 5a, b). We also examine the efficacy of HI-TOPK-032 on 

chronic SSL-induced skin cancer development in male mice. Male mice showed a much 

larger volume and number of tumors by irradiation of chronic SSL (Fig. 5c, d) as compared 

with female mice. In fact, according to previous research, the overall estimated incidence 

rate in males was higher than in females in humans [17]. Topical application of HI-

TOPK-032 decreased tumor volume (Fig. 5c, left panel) and numbers (Fig. 5c, right panel) 

that were induced by chronic SSL irradiation in male SKH1 hairless mice (Fig. 5c, d). We 

also examine the endogenous binding activity between TOPK and c-Jun in chronic SSL-
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stimulated SKH1 hairless mice. Protein binding activity between TOPK and c-Jun in chronic 

SSL-cSCC samples was increased by chronic SSL irradiation (Fig. 5e). Hematoxylin and 

eosin (H&E) staining results showed that chronic SSL irradiation induced large epidermal 

changes, dermal invasion, and the formation of abundant large keratin pearls as the 

histological features of SCC (Fig. 5f). Furthermore, the levels of phosphorylated c-Jun at 

Ser63 and Ser73 were decreased by TOPK inhibition in chronic SSL-exposed SKH1 hairless 

mouse skin (Fig. 5f). Our chronic SSL-exposed mouse models indicated that cSCC and 

papilloma development was prevented by blocking TOPK activity.

In addition, we examined the mutation levels of p53 protein in chronic SSL-exposed SKH1 

hairless mice. Mutations of the p53 gene are usually detected in cSCC and solar UV 

irradiation is a pivotal factor to cause the mutation of p53 [18, 19]. Thus, we examined the 

mutation levels of p53 in chronic SSL-exposed mouse skin tissues. Importantly, chronic SSL 

irradiation increased the mutation of p53 (Fig. 6a, b). We observed the tissues with HI-

TOPK-032 treatment and malignant lesions were not detected in mice treated with HI-

TOPK-032. Notably, HI-TOPK-032 treatment groups showed less mutation of p53 on 

chronic SSL-stimulated female mouse skin tissues (Fig. 6a, b).

Downregulation of phosphorylated c-Jun by inhibiting TOPK on acute SSL-exposed mouse 
skin

Increased epidermal thickness is a characteristic of solar UV-induced skin inflammation [20, 

21]. Our previous clinical data with acute exposure of human skin to SSL supported the 

importance of the TOPK signaling pathway in solar UV-mediated inflammatory responses 

[8]. We next examined the effect of HI-TOPK-032 on epidermal thickness as an 

inflammation feature and c-Jun phosphorylation induced by acute SSL irradiation. Our 

results showed that the mouse skin exhibited increased epidermal thickness and this increase 

was attenuated by the topical application of HI-TOPK-032 cream in acute SSL-exposed 

SKH1 hairless mice (Fig. 7a). Furthermore, HI-TOPK-032 inhibited the protein levels of 

phosphorylated c-Jun at Ser63 and Ser73 (Fig. 7b).

The upregulated TOPK/c-Jun axis facilitates keratinocytes transformation

Next, to examine the effect of the TOPK/c-Jun axis during keratinocytes transformation, we 

used the pLVX-IRES-puro (pLVX) vector which is an HIV-1-based, lentiviral expression 

vector that allows the simultaneous expression of interest protein. Wt TOPK, wt c-Jun, or 

mutant c-Jun (S63A/S73A) gene was sub-cloned into the pLVX-IRES-puro vector. To 

establish the stable cell lines, the plasmids such as pLVX only, pLVX-TOPK, pLVX-c-Jun, 

pLVX-mutant c-Jun, pLVX-TOPK plus pLVX-c-Jun, or pLVX-TOPK plus pLVX-mutant c-
Jun (S63A/S73A) were transfected into the human keratinocytes such as human 

precancerous HaCaT keratinocytes and human epidermal keratinocyte (HEKa). And then, 

keratinocytes transformation assay was performed with the treatment of 100 ng/ml human 

epidermal growth factor (hEGF) in HEKa or without hEGF in HaCaT. Colony 

transformation was successfully established from the single cell of human keratinocytes 

such as HaCaT and HEKa after 10 days and 3 weeks, respectively. The c-Jun overexpressing 

cells (pLVX-c-Jun) increased colony transformation in both human HaCaT keratinocytes 

(Fig. 8a, b) and HEKa (Fig. 8c, d). Interestingly, mutant c-Jun significantly increased colony 
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transformation than wt c-Jun-overexpressing cells. Furthermore, TOPK overexpressing cells 

(pLVX-TOPK-transfected) contributed more high levels of colony transformation than wt c-

Jun overexpressing cells (pLVX-c-Jun-transfected). Once both TOPK and c-Jun are 

overexpressed in HaCaT and HEKa, colony transformation was upregulated. Notably, TOPK 

and mutant c-Jun (S63A/S73A) overexpressing cells significantly upregulated keratinocytes 

transformation to the colony formation in both human HaCaT keratinocytes (Fig. 8a, b) and 

HEKa (Fig. 8c, d). Furthermore, both TOPK and wt c-Jun or mutant c-Jun overexpressing 

cells showed large colony formation in both human keratinocytes. Our data demonstrated 

that TOPK/c-Jun axis can contribute to the transformation of primary HEKa induced by 

EGF and human precancerous HaCaT keratinocytes.

Our previous study indicated that solar UV irradiation increased TOPK activation to induce 

skin carcinogenesis [8]. Therefore, understanding the TOPK molecular mechanism and 

identifying binding partners of TOPK that can help prevent skin carcinogenesis is an 

important task. In this study, we demonstrated that TOPK directly can bind and 

phosphorylate the c-Jun at Ser63 and Ser73 in a JNK-independent manner (representative 

TOPK-c-Jun pathway in skin carcinogenesis was illustrated in Supplementary Fig. 4). 

Furthermore, TOPK inhibition by HI-TOPK-032 as a TOPK specific inhibitor suppressed 

SSL-induced skin carcinogenesis and thus could be an effective clinical approach to prevent 

papilloma and cSCC development.

Discussion

The MAPKs belong to the family of serine/threonine protein kinases including JNKs, 

ERK1/2, and p38 MAPK to promote the various cellular processes including adaptation to 

stress, proliferation, differentiation, or apoptosis [22–25]. The TOPK could have an 

oncogenic potential by continuously maintaining the phosphorylation of oncogenic 

substrates [26]. In our recent study, we showed that TOPK could be a potential 

chemopreventive or therapeutic target against SUV-induced skin inflammation and 

carcinogenesis [8]. Thus, focusing on the inhibition of the promising TOPK protein could be 

a new potential strategy to prevent skin carcinogenesis. But, only a few potential TOPK 

inhibitors have been discovered and reported against SUV-induced skin inflammation and 

carcinogenesis [27–29]. Furthermore, although there are few studies about TOPK being 

highly overexpressed in solar dermatitis and melanoma, only one potential direct substrate of 

TOPK in skin carcinogenesis has been reported. Our previous paper showed that TOPK can 

directly bind and phosphorylate the p53-related protein kinase in skin carcinogenesis [8]. 

Thus, more research is necessary to identify potential downstream targets of TOPK and their 

specific phosphorylation site(s) associated with skin carcinogenesis.

JNKs are members of the MAPK superfamily and phosphorylate serine residues within the 

N-terminal transactivation domain of the Jun protein (as one of the core members of AP-1) 

at residues Ser63 and Ser73 [12, 30]. JNKs phosphorylate the c-Jun which is a central player 

for cell-cycle regulation and cell proliferation of fibroblasts and keratinocytes [31, 32]. 

Furthermore, the AP-1 family of transcription factors has been generally characterized as a 

dominant promoter of skin cancer. In the previous study, we provided evidence showing that 

TOPK could phosphorylate JNK1 and TOPK regulation of JNK1 activity enhanced the 
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ability of JNKs to mediate H-Ras-induced cell transformation [7]. Interestingly, in the 

present study, our data indicated that TOPK directly can phosphorylate the c-Jun in a JNK-

independent manner. Furthermore, the protein levels of phosphorylated c-Jun at Ser63 and 

Ser73 are higher in human cutaneous AK and cSCC compared with normal skin. Our 

finding could contribute to the additional strategies about the TOPK signaling mechanism. 

Thus, we expect that TOPK is a pivotal target that could control solar UV-induced skin 

carcinogenesis. Another paper showed that TOPK phosphorylated ERK2 in vitro and their 

interaction increased tumorigenesis of HCT116 colorectal cancer cells [26]. These studies 

clearly indicate that the TOPK is a potential central player of the MAPK cascade mechanism 

to regulate cell proliferation, colony formation, and cancer development.

A high-risk feature of cSCC includes immunosuppression and chronic SUV irradiation that 

induces immunosuppression by regulating interferon-γ, interleukin-12, and prostaglandin 

E2 (PGE2) [33–36]. The function of TOPK immunosuppression was not examined in the 

present study. Therefore, additional studies should be addressed to determine whether TOPK 

associates with SSL-induced immunosuppression in the future.

In conclusion, we demonstrated that TOPK can directly bind and phosphorylate the c-Jun at 

Ser63 and Ser73 on chronic SSL-exposed skin cells. Furthermore, HI-TOPK-032 as a 

specific TOPK inhibitor significantly attenuated the development of cSCC and papillomas 

by downregulating the TOPK-c-Jun pathway. Moreover, HI-TOPK-032 decreased the 

epidermal thickness and phosphorylation of c-Jun on acute SSL-stimulated mouse skin 

tissues. Thus, we propose that c-Jun is a new downstream target of TOPK in skin 

carcinogenesis and molecular targeting the TOPK-c-Jun axis could be an additional strategy 

to approach the clinical trials against skin cancer, especially cSCC.

Materials and methods

Human skin tissues

Normal tissues (eight human subjects), AKs (three human subjects) and SCCs (five human 

subjects) in humans were supplied by the University of Arizona Cancer Center (Tucson, 

AZ). The University of Arizona Institutional Review Board approved the study (the 

University of Arizona Human Subjects Protection Program) and written informed consent 

was obtained from all study participants. Methods were conducted in accordance with 

relevant regulations and guidelines from the University of Arizona Cancer Center Scientific 

Review Committee.

Animal care and maintenance

SKH1 (Crl:SKH1-Hrhr) hairless mice (strain code 477, Charles River Laboratories, 

Burlington, MA) were maintained in The Hormel Institute animal facilities according to the 

guidelines approved by the University of Minnesota Institutional Animal Care and Use 

Committee (IACUC). Mice were randomly grouped by age and body weight, and 10–15 

mice per group are typically used and treated for criteria achievement of statistical 

significance without investigator blinding.
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Solar simulated light (SSL) source for experiments

The SSL source comprised of UVA-340 lamps were purchased from Q-Lab Corporation 

(Cleveland, OH). This system of SSL irradiation mimics natural sunlight including both 

UVA and UVB. The UVA-340 lamps provide the best possible simulation of sunlight in the 

critical short wavelength region from 365 nm down to the solar cutoff of 295 nm, with peak 

emission at 340 nm. The percentage of UVA and UVB emitted from the UVA-340 lamps 

was measured by a UV radiometer and was 94.5% and 5.5%, respectively.

Generation of SKH1 (Crl:SKH1-Hrhr) TOPK knockout (TOPK−/−) mice

TOPK (PKB) heterozygous (TOPK+/−) female and male mice harboring the C57BL/6 × 

DBA hybrid genetic background were purchased from Texas Institute for Genomic Medicine 

(College Station, TX), and homozygous TOPK knockout (TOPK−/−) mice were produced by 

mating TOPK+/− female and male mice. The genetic background of homozygous TOPK−/− 

mice was filtered to the SKH1 (Crl: SKH1-Hrhr) hairless mouse (Charles River; Burlington, 

MA) background as described previously [8]. Mice were maintained in the animal facilities 

of The Hormel Institute following the University of Minnesota Animal Care and Use 

Committee (IACUC) guidelines.

Chronic SSL-induced skin carcinogenesis model in SKH1 hairless mice (prevention model)

Female and male SKH1 (Crl:SKH1-Hrhr) hairless mice (5–6 weeks old, body weight 22–24 

g) were purchased from Charles River (Burlington, MA) and the mice were maintained in 

The Hormel Institute vivarium under ‘specific pathogen-free’ conditions following the 

University of Minnesota Animal Care and Use Committee (IACUC) guidelines. To establish 

the criteria for achieving statistical significance, 20 female and 20 male mice were randomly 

grouped. We created an oil-in-water emulsion cream (patent pending) containing 0.1% or 

1% (w/w) of HI-TOPK-032 and the cream was applied to the dorsal area of the SKH1 

(Crl:SKH1-Hrhr) hairless mice skin without investigator blinding, 1 h before SSL irradiation 

exposure on the same day. During week 1, the SSL dose was 37 kJ/m2 UVA and 1.8 kJ/m2 

UVB applied three times per week. The doses of SSL irradiation were gradually increased 

by 10% each week. At week 6, the SSL dose was 60 kJ/m2 UVA and 2.9 kJ/m2 UVB and 

these doses were maintained until week 15. Only cream or cream containing HI-TOPK-032 

was applied for 27 weeks and SSL irradiation was continued for 15 weeks as described in 

Supporting Information Fig. S3.

Statistical analyses

The GraphPad Prism 5.0 software (GraphPad Software; La Jolla, CA) was used for all the 

statistical analyses. To compare the statistical significance between three or more groups, 

one-way ANOVA was used, and the student’s t test was used to compare two groups. 

Statistical p values (*p < 0.05 or **p < 0.01) were statistically significant between groups.

Additional experimental procedures used in this study can be found in Supplementary 

Materials and Methods online.
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Data availability

All data generated or analyzed during this study are included in this published article [and its 

supplementary information files].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The c-Jun is a substrate of TOPK.
a Kinase assay results with active TOPK and a purified His-tagged c-Jun protein detected by 

autoradiography. b Kinase assay results using active TOPK or JNKs and a purified His-

tagged c-Jun protein detected by western blot analysis. Active JNK was used as a positive 

control. c Kinase assay results using active TOPK and purified GST-tagged c-Jun wild-type 

(wt) or mutant c-Jun (mut) detected by western blot analysis. Endogenous binding activity 

between TOPK and c-Jun in human precancerous HaCaT keratinocytes treated with SSL (60 

kJ/m2 UVA and 2.9 kJ/m2 UVB). d Immunoprecipitation (IP) with TOPK or e p-c-Jun 
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(Ser63) antibody and Protein G Sepharose 4 Fast Flow was performed and then TOPK, p-c-

Jun (Ser63) or c-Jun was detected by western blot (WB) analysis. f Phosphorylated c-Jun 

levels in wild-type (TOPK+/+) control or TOPK knockout (TOPK−/−) SKH1 (Crl:SKH1-

Hrhr) MEFs are stimulated by SSL (60 kJ/m2 UVA and 2.9 kJ/m2 UVB) in a time-dependent 

manner.
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Fig. 2. TOPK can phosphorylate c-Jun in the JNK-independent pathway.
a Immunoprecipitation (IP)-kinase assay results from lysates of JNK1−/− murine embryonic 

fibroblasts (MEFs) treated or not treated with SSL (60 kJ/m2 UVA and 2.9 kJ/m2 UVB) 

visualized by western blot analysis. b Immunoprecipitation (IP)-kinase assay results using 

the epidermal keratinocytes isolated from TOPK wild-type (TOPK+/+) or TOPK knockout 

(TOPK−/−)-SKH1 (Crl:SKH1-Hrhr) hairless mice. c Phosphorylation of c-Jun in wild-type 

(wt) and JNK1−/− (left panel), or JNK2−/− (right panel) MEFs transfected with shTOPK or 

shMock and treated or not treated with SSL irradiation.
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Fig. 3. TOPK inhibition suppresses anchorage-independent and -dependent growth of skin 
cancer cells.
a Human skin SCC cell lines (A431 and SCC12) expressing shMock or shTOPK. b The 

effect of shTOPK on anchorage-independent cell growth of A431 and SCC12. HI-

TOPK-032 and EGF were treated in c JB6 Cl 41 or d HaCaT cells. HI-TOPK-032 was 

treated in e A431 and f SCC12 for colony formation assay. MTS assay was performed in g 
shTOPK-expressing or h HI-TOPK-032-treated A431 and SCC12 cells. Data represent mean 
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values ± S.D. of three independent experiments. *P < 0.05 or **P < 0.01 vs. shMock (b, g), 
EGF only (c, d), or media only (e–h) group. #P < 0.01 vs. no EGF group (c, d).
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Fig. 4. Effect of HI-TOPK-032 on c-Jun phosphorylation and AP-1 transactivation activity.
Immunofluorescence staining to check the phosphorylated c-Jun at a Ser63 or b Ser73 in 

human AKs (9 samples from 3 human subjects) and SCCs (15 samples from 5 human 

subjects) compared with normal skin (24 samples from 8 human subjects). Phosphorylated 

c-Jun levels are presented as the sum of relative intensity units. **P < 0.01 vs. normal tissue. 

Scale bar = 100 μm. c A431 cells were treated with HI-TOPK-032 for 24 h and analyzed by 

Western blot analysis. d AP-1 and β-galactosidase-transfected HaCaT cells were incubated 

with HI-TOPK-032 and then SSL (60 kJ/m2 UVA and 2.9 kJ/m2 UVB) were treated. AP-1 

Roh et al. Page 18

Oncogene. Author manuscript; available in PMC 2021 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



luciferase activity was measured and normalized against the β-galactosidase activity. #P < 

0.01 vs. vehicle alone (without SSL). *P < 0.05 or **P < 0.01 vs. SSL alone (with vehicle).
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Fig. 5. The effect of HI-TOPK-032 as a TOPK inhibitor on chronic SSL-induced skin 
carcinogenesis in SKH1 (Crl:SKH1-Hrhr) hairless mice.
a Tumor volume and numbers and b skin photography at week 27 in female SKH1 hairless 

mice. c Tumor volume and numbers and d skin photography at week 27 in male SKH1 

hairless mice. Data are shown as mean values ± S.D. Significant differences were 

determined by one-way ANOVA. The asterisk (*) indicates a significant (p < 0.1) difference 

compared with the groups treated with only SSL (with the vehicle). e Endogenous binding 

activity between TOPK and c-Jun in chronic SSL-treated SKH1 hairless mouse skin. 
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Immunoprecipitation (IP) with TOPK antibody and Protein G Sepharose 4 Fast Flow was 

performed and then TOPK, p-c-Jun (Ser63) or c-Jun was detected by western blot (WB) 

analysis. f At week 27, tissues were collected for H&E staining (×25 and ×100 

magnification) and IHC to detect phosphorylated c-Jun (Ser63 and Ser73). Scale bars = 

1100 μm.
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Fig. 6. The effect of HI-TOPK-032 on chronic SSL-induced p53 mutations in SKH1 hairless 
mice.
a Chronic SSL (60 kJ/m2 UVA and 2.9 kJ/m2 UVB) was irradiated to SKH1 hairless mice 

for 15 weeks and induced cSCC development. To examine the mutation of p53, the skin 

tissues from female mice were collected and IHC was performed. Scale bars = 1100 μm. b 
Mutant p53 levels are presented as the sum of integrated optical density (IOD) values. #P < 

0.01 vs. vehicle only (without SSL). **P < 0.01 vs. SSL only (with vehicle).
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Fig. 7. Effects of HI-TOPK-032 on acute SSL-induced inflammation in SKH1 hairless mice.
a At 24 h after SSL irradiation, mouse skin tissues were prepared for H&E staining to 

compare the epidermal thickness. b IHC was conducted to examine the effect of HI-

TOPK-032 as a TOPK specific inhibitor on phosphorylated c-Jun levels in acute SSL-

stimulated SKH1 hairless mouse skin. Phosphorylated c-Jun (Ser63 and Ser73) levels are 

presented as the sum of IOD values. #P < 0.01 vs. vehicle only (without SSL). **P < 0.01 

vs. SSL only (with vehicle). Scale bar = 1100 μm.
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Fig. 8. The effect of the TOPK/c-Jun axis during keratinocytes transformation.
TOPK, c-Jun, or mutant c-Jun (S63A/S73A) gene was sub-cloned to the pLVX-IRES-puro 
(pLVX) vector which is a lentiviral vector for bicistronic expression of a gene together with 

a puromycin-resistance marker. Stable cell lines that express the TOPK, c-Jun, mutant c-Jun 

(S63A/S73A), TOPK plus c-Jun, and TOPK plus mutant c-Jun (S63A/S73A) in human 

keratinocytes such as a, b HaCaT and c, d HEKa were established. And then, keratinocytes 

transformation assay was performed without human epidermal growth factor (hEGF) in 

HaCaT or with 100 ng/mL hEGF in HEKa. Colonies were observed and analyzed using a 
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LEICA DM IRB microscope after 10 days (for HaCaT) or 3 weeks (for HEKa). Data 

represent mean values ± S.D. of three independent experiments. #P < 0.01 vs. pLVX vector 

only. *P < 0.05 or **P < 0.01 vs. pLVX-TOPK or pLVX-c-Jun.
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