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Abstract

Osteosarcoma is a highly aggressive malignancy for which treatment has remained essentially 

unchanged for years. Our previous studies found that the F-box protein SKP2 is overexpressed 

in osteosarcoma, acting as a protooncogene; p27Kip1 (p27) is an inhibitor of cyclin-dependent 
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kinases and a downstream substrate of SKP2-mediated ubiquitination. Overexpression of SKP2 

and underexpression of p27 are common characteristics of cancer cells. The SCFSKP2 E3 ligase 

ubiquitinates Thr187-phosphorylated p27 for proteasome degradation, which can be abolished by 

a Thr187Ala knock-in (p27T187A KI) mutation. RB1 and TP53 are two major tumor suppressors 

commonly coinactivated in osteosarcoma. We generated a mouse model with a double knockout 

(DKO) of Rb1 and Trp53 within cells of the osteoblastic lineage, which developed osteosarcoma 

with full penetrance. When p27T187A KI mice were crossed on to the DKO background, 

p27T187A protein was found to accumulate in osteosarcoma tumor tissues. Furthermore, p27T187A 

promoted apoptosis in DKO tumors, slowed disease progression, and significantly prolonged 

overall survival. RNA sequencing analysis also linked the SCFSKP2–p27T187A axis to potentially 

reduced cancer stemness. Given that RB1 and TP53 loss or coinactivation is common in human 

osteosarcoma, our study suggests that inhibiting the SKP2–p27 axis may represent a desirable 

therapeutic strategy for this cancer.
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Introduction

Osteosarcoma (OS) is the most common primary bone malignancy in children and 

adolescents, with a high propensity for local growth and distant dissemination. Despite 

comprehensive treatment including multiagent cytotoxic chemotherapy and aggressive 

oncologic surgery, the long-term survival of patients with localized disease remains 

around 70%.1 Patients who present with overt metastatic disease or who relapse attain 

a 5-year survival rate of less than 30%, illustrating the inadequacy of the existing 

treatment approach.2 Unfortunately, efforts for over three decades to modify or intensify the 

current three-drug regimen have failed to improve outcomes.3 Newer strategies, including 

immunotherapeutic approaches, have also been disappointing to date.4 At present, the 

treatment options for patients with either metastatic disease at presentation or for patients 

who relapse are extremely limited. Historically, targeted therapy for OS has been met 

with skepticism, in part, owing to the tumor’s high level of genomic heterogeneity and 

instability, coupled with its lack of a defining fusion product or gene mutation.5 However, 

recent in-depth next-generation sequencing studies have suggested that OS tumors share 

certain genetic alterations and can be classified according to their genomic landscape. 

While a single solution is unlikely, this finding offers new hope for a targeted, genome­

informed approach.6 Given that RB1 and TP53 are the two most common inactivated tumor 

suppressors in OS, it is likely that the loss of function of these genes is central to the 

development and perseverance of OS and that the loss of RB1 and TP53 supervision is a 

critical failure of the antitumor mechanism in this cancer.

The F-box protein SKP2, a downstream repression target of pRB, is commonly 

overexpressed in OS.7 SKP2 overexpression has been correlated with a decreased p27 

level, caused by increased ubiquitination and degradation.7–11 The SKP1–Cullin-1–F-box 

containing the SKP2 (SCFSKP2) ubiquitin complex can ubiquitinate the cyclin-dependent 
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kinase (CDK) inhibitors p27 and p21 for proteasome degradation and, in turn, promote 

cell cycle progression.10,12 In the context of Rb1 and Trp53 coinactivation, a deletion of 

Skp2 has revealed that p27 serves a protective role by inhibiting cell division and blocking 

tumorigenesis in mouse models of prostate and small cell lung cancer.13,14

In OS, however, the precise mechanisms by which SKP2 promotes tumorigenesis are not 

fully understood. One of the most target-specific steps in SKP2-mediated ubiquitination 

is the interaction between SCFSKP2 and p27.15 Specifically, the phosphorylation of p27 at 

position Thr187 (T187) by CDK triggers p27 ubiquitination by SCFSKP2 (see Refs. 10 and 

12). Replacing T187 with alanine (p27T187A) renders this position unphosphorylated and 

prevents SCFSKP2 from binding and ubiquitinating p27.16,17 Meanwhile, this replacement 

does not affect other intrinsic functions of p27. Zhao et al. recently found that p27T187A 

prevents Rb1-inactivated pituitary tumorigenesis.18 In addition, Rb1/Trp53 coinactivation 

is also a cellular context in which SKP2-mediated degradation of p27 promotes prostate 

tumorigenesis.15 In OS, much work is still required to elucidate the cellular context and the 

precise mechanisms by which SKP2 interacts with p27 to promote tumorigenesis.

OS has been characterized as a stem cell malignancy, containing a subpopulation of 

tumor-initiating cells that are associated with chemoresistance and clinical relapse.19,20 

Therefore, targeting the stem-like features of OS may improve the response to cytotoxic 

chemotherapy and reduce the risk of recurrent disease. Work from our group recently 

showed that SKP2 acts to maintain the mesenchymal state and tumor-initiating properties 

of synovial sarcoma.21 Furthermore, SKP2 inhibitors have been found to restrict cancer 

stemness and potentiate the sensitivity to chemotherapy in other tumor models.22 At present, 

the involvement of the SKP2–p27 axis in OS tumorigenesis and stemness is still largely 

unknown.

In this study, we generated a genetically engineered mouse model (GEMM) with a 

double knockout (DKO) of Rb1 and Trp53 within cells of the osteoblastic lineage by 

using Osterix1-Cre (Osx1-Cre;Rb1lox/lox;p53lox/lox). This DKO model, first described by 

Walkley and colleagues,23 develops OS tumors with full penetrance and recapitulates many 

defining features of human OS. To test the hypothesis that SKP2-mediated degradation 

of p27 promotes OS tumorigenesis, we generated a new mouse strain called DKOAA 

(Osx1-Cre;Rb1lox/lox;Trp53lox/lox;p27T187A/T187A) by crossing the p27T187A knock-in (KI) 

mutation into the DKO background. The DKOAA genotype results in disruption of the 

interaction between SKP2 and p27T187A. The effects of p27T187A stabilization on cellular 

proliferation and apoptosis were assessed both in vitro and in vivo. Finally, an RNA 

sequencing (RNA-seq) analysis was performed to examine the transcriptomic difference 

between DKO and DKOAA tumors and corresponding pathway alterations.

Materials and methods

Gene expression analysis using online databases of human OS

Patient data were obtained from the cBioPortal analysis and visualization platform (https://

www.cbioportal.org/). Raw expression data of 79 OS patients were retrieved from the MSK­

IMPACT Clinical Sequencing Cohort (MSKCC, 2017) and the Pediatric Preclinical Testing 

Wang et al. Page 3

Ann N Y Acad Sci. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cbioportal.org/
https://www.cbioportal.org/


Consortium (Maris, 2019).24,25 The tendency for the co-occurrence of paired genes was 

analyzed by the log odds ratio. The significance of co-occurrence tendency was analyzed by 

the Fisher exact test. P < 0.05 was considered statistically significant.

Animal models

Osx1-Cre mice were purchased from the Jackson Laboratory (006361) (Bar Harbor, 

ME). Rb1lox/lox mice,26 Trp53lox/lox mice,27 and p27T187A/T187A mice were described 

previously.15,28 All mice used for experiments are on the FVB, C57BL/6J, and 129Sv 

hybrid backgrounds. First, Rb1lox/lox mice were crossed with Trp53lox/lox mice to generate 

Trp53;lox/lox Rb1,lox/lox mice, which were then crossed with Osx1-Cre mice to generate 

Osx1-Cre; Trp53,lox/lox Rb1lox/lox mice. The p27T187A mice were crossed with the 

Osx1-Cre; Trp53;lox/lox Rb1;lox/lox mice to generate Osxl-Cre; Rb1lox/lox Trp5;3lox/lox 

p27T187A/T187A mice. The genotyping results of each crossing step are shown in Figure 

S2 (online only), and the correct genotypes were selected in a stepwise manner. Using 

RNA-seq, the deletion of exons 2–10 in Trp53, the deletion of exon 3 in Rb1, and 

the missense mutation of T187A in p27 (Cdkn1b) were all confirmed in our transgenic 

model (Fig. S4, online only). Animals were maintained under pathogen-free conditions in 

the Albert Einstein College of Medicine animal facility. Animal experimental protocols 

were reviewed and approved by the Albert Einstein Animal Care and Use Committee 

(#20180401), conforming to accepted standards of humane animal care. Tumor diameter 

was measured using a calliper every 3 days, and the relative tumor volume was calculated by 

the following formula: (length × width2) × 0.526. Mice were allocated into two groups based 

on their genotype and anatomic location of the tumors. The growth of jaw and limb tumors 

was assessed when the tumor volume reached approximately 400 and 700 mm3, respectively.

Immunohistochemistry, immunofluorescence, and TUNEL assay

Tissue sections and staining have been described previously.15 For immunohistochemistry 

(IHC) staining, the following antibodies were used: Ki67 (Vector Labs, SP6), p27 (BD 

Biosciences, #610242), cleaved caspase-3 (Cell Signaling Technology, #9661), anti-alkaline 

phosphatase (ALP) (Abcam, ab354), and anti-osteocalcin (Abcam, ab13420). TUNEL 

staining was performed with the Apoptosis Detection Kit (Millipore, S7100). Images were 

visualized with the EVOS® FL Auto Imaging System (AMC1000, ThermoFisher). For 

staining quantification, pictures were taken under 60× magnification. Approximately 300 

cells in each image and three images from each animal were counted. Data are presented as 

means of three animals in each group.

Cell culture, cell proliferation, sphere formation, and extreme limiting dilution analysis

Primary OS cells were prepared from 0.3 cm × 0.3 cm tumor tissues, which were 

minced and dissociated with collagenase II in EMEM for 30–60 min at 37 °C. All 

cells were cultured at 37 °C in a humidified incubator with 5% CO2. Proliferation and 

sphere formation assays were performed as previously described.7,21 C1 and flavokawain 

A (FKA) were prepared as previously described.21 C25 was purchased from Millipore­

Sigma (#5063050001), and pevonedistat was from MedChemExpress (#HY-70062). Cells 

were plated overnight and treated with each compound for the indicated duration and 

concentration. Extreme limiting dilution analysis (ELDA) was performed and analyzed 
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based on the protocol from Hu et al.29 Cells were harvested, counted, seeded in ultra-low 

attachment 96-well plates at decreasing densities (at 20, 10, 5, and 1 cells/well, 24 duplicates 

per density), and cultured for 12 days. Each well was monitored for signs of spheroid 

formation from day 3, with the criterion of containing one or more spheres greater than~50 

μm diameter.

Western blot analysis, cycloheximide and MG132 treatments, and qRT-PCR

Western blot, cycloheximide (CHX), MG132, and qRT-PCR experiments were performed as 

described.7 Antibodies for western blots included p27 (BD Bioscience, #610242), cleaved 

caspase-3 (Cell Signaling Technology, #9661), Skp2 (Protein-tech, #15010–1-AP), p21 

(Santa Cruz, #SC-397), and α-tubulin (Cell Signaling Technology, #2125). PCR primers 

are shown in Table S2 (online only).

Flow cytometry for apoptosis and ALDH activity assay

The Annexin V-APC/7-AAD Apoptosis Kit (Abnova, #KA3808) was used for the apoptosis 

analysis by flow cytometry. Cells were harvested, counted, and washed in the binding 

buffer. Cells were then stained with annexin V-APC and 7-ADD, and analyzed by a flow 

cytometer (BD Biosciences, San Jose, CA) as recommended by the manufacturer. Results 

were analyzed by the FlowJo software (version 10.1, Ashland, OR). ALDH assays were 

performed as described previously.21 All experiments were performed in triplicate.

RNA sequencing

Mouse tumor tissues from DKO or DKOAA animals were harvested and processed for 

RNA-seq. Approximately 100 mg of fresh tumor tissue was collected and processed using 

the RNeasy Mini Kit (#74104 Qiagen) for RNA extraction following the manufacturer’s 

protocol. Samples were first quantified and then evaluated for RNA integrity, degradation, 

and contamination. Next, the rRNA-depleted RNA sample was enriched using oligo(dT) 

beads and randomly fragmented. This was then followed by cDNA synthesis using random 

hexamers and reverse transcriptase. After first-strand synthesis, a custom second-strand 

synthesis buffer (Illumina) was added with dNTPs, RNase H, and E. coli polymerase I 

to generate the second strand by nick translation. The final cDNA library was completed 

following a round of purification, terminal repair, A-tailing, ligation of sequencing adapters, 

size selection, and PCR enrichment. The library concentration was quantified using a 

Qubit 2.0 fluorometer (Life Technologies). The insert size was checked by an Agilent 

2100 Bioanalyzer and then further quantified by qPCR. Libraries were then sequenced 

using an Illumina HiSeq platform. Raw data were processed by the Illumina pipeline, 

and the resulting RNA-seq reads were mapped to the mouse reference genome (mm10) 

using the STAR software (v2.6.1).30 Downstream analysis was performed using R (v3.6.3). 

Exploratory data analysis revealed intragenotype variance driven by some genes highly 

expressed in only one of the three (DKO) or four (DKOAA) replicates. To limit this, we 

excluded extreme outlier genes with 5× higher expression in one sample than all the other 

replicates in each genotype, many of which were noncoding. Read counts for the filtered 

protein-coding genes were then used for differential expression analysis by the DESeq2 R 

package (v1.26.0),31 with adjusted P (padj) <0.05 for statistical significance. Genes ranked 

by –log10 (P values) multiplied by the sign of the log2(fold-change) computed by DESeq2 
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were used for gene set enrichment analysis using the FGSEA package (1.12.0). Enrichment 

plots were made with the GSEA Java app in PreRanked mode (v4.1.0).

Statistical analyses

Survival curves were estimated by the Kaplan–Meier method and compared between groups 

by log-rank tests. Differences between groups were assessed using the Student’s t-test for 

continuous variables and the Fisher’s exact test for categorical variables. Differences in 

proliferation, viability, and drug inhibition assays were analyzed by two-way ANOVA. All 

statistical analyses were performed using SPSS version 22 (IBM, Armonk, NY). All tests 

were two-sided. P values of 0.05 or less were considered statistically significant.

Results

The co-occurrence of RB1 and TP53 inactivation is statistically significant in human OS

To determine the frequency of RB1 and TP53 coinactivation in human OS, we queried 

these tumor suppressors’ genetic status in accessible databases from cBioPortal (Table 1). 

Two datasets were identified, with available information from 79 OS patients. The rate of 

inactivation of RB1 and TP53 is 14.89% and 40.42%, respectively, in the MSKCC dataset 

and 37.56% and 68.75%, respectively, in the Pediatric Preclinical Testing Consortium 

dataset. To determine the tendency for pairwise co-occurrence of genetic alterations, the 

statuses of five additional OS drivers (PTEN, ATRX, NF1, FLCN, and MYC) were queried. 

Overall, the inactivation of RB1 and TP53 was the only pair of genetic alterations that 

co-occurred with statistical significance in both datasets (P = 0.011 and P = 0.012). The 

alterations of RB1 and TP53 occur by deletion, followed by gene fusion and missense 

mutation (Fig. S1, online only). When a literature review was performed and studies 

with RB1 and TP53 expression data in OS were included, the rate of RB1 and TP53 
coinactivation was approximately 20–64%, suggesting that the loss of function of these 

tumor suppressors is a common event in OS (Table S1, online only).

p27T187A KI delays the progression of OS tumorigenesis

DKO tumorigenesis is invasive, metastatic, and lethal within 20–35 weeks. DKOAA mice 

were fertile without evidence of delayed or stunted growth. DKO and DKOAA mice 

developed OS tumors with full penetrance at an average of 154.65 ± 29.08 and 169 ± 

43.69 days, respectively (P = 0.052; Fig. 1A). The histological features of primary tumors 

(Fig. 1A) and metastatic lung nodules (Fig. S3A, online only) from each genotype were 

determined by IHC staining for ALP and osteocalcin. Using Kaplan–Meier analysis, the 

overall survival of the DKOAA mice was significantly longer than that of the DKO mice 

(P < 0.0001) (Fig. 1B). The anatomic distribution of DKO and DKOAA tumors was very 

similar, including the jaw (42.9% versus 40.7%), the limb (38.8% versus 39%), the spine 

and sacrum (8.2% versus 10.2%), and the trunk (10.2% versus 10.2%) (Fig. S3D, online 

only). To examine whether the anatomic site affects survival, we compared the survival of 

DKO and DKOAA cohorts separately for animals with jaw and limb tumors. We found that 

DKOAA animals survived longer than DKO animals, regardless of whether tumors were 

located in the jaw (P = 0.0014) or the limb (P < 0.001) (Fig. S3B and C, online only).
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In vivo tumor growth was also compared between the DKO and DKOAA groups and 

analyzed separately by anatomic sites (jaw and limb). Mice with measurable jaw tumors (n 
= 20) and limb tumors (n = 21) were randomly selected from each group. Tumor volume 

was measured in animals of the same age and compared between groups Tumors from the 

DKO group were significantly larger compared with those from the DKOAA group in both 

the limb (1915.01 ± 728.62 mm3 versus 1316.14 ± 623.16 mm3, P = 0.039) (Fig. 1C) and 

jaw (1096.86 ± 267.04 mm3 versus 804.11 ± 203.36 mm3, P = 0.003) (Fig. 1D). In addition, 

the growth rate of DKOAA tumors was significantly slower than that of the DKO cohort (P 
< 0.0001), regardless of the limb and jaw anatomic site (Fig. 1E and F). In vitro, DKOAA 

primary culture cells proliferated significantly less than DKO cells (Fig. 1G), consistent with 

the in vivo results. These findings collectively support the notion that p27T187A KI delays 

the progression and proliferation of DKO tumors and significantly extends the survival of 

DKO mice.

p27T187A accumulates in DKO tumors

Previously, p27T187A KI has been shown to stabilize p27 in a transgenic prostate cancer 

model.15 To determine whether p27T187A leads to an accumulation of p27 in Rb1/Trp53 
double-knockout OS, IHC staining was used, and it showed that p27T187A levels were 

markedly elevated in DKOAA compared with those in DKO tumors (Fig. 2A). Similarly, 

western blots of tumor lysates from three individual animals showed elevated p27 protein 

levels, with similar SKP2 expression (Fig. 2B). To assess p27 protein stability, we treated 

early passage cells from DKO and DKOAA tumors with the protein synthesis inhibitor 

CHX and the proteasome inhibitor MG132. After MG132 treatment, p27T187A protein levels 

were upregulated significantly in DKO (6.22-fold) compared with a more moderate change 

in DKOAA (1.38-fold), suggesting that p27 in DKOAA has been stabilized previously 

and was less affected by proteasome degradation compared with that in DKO (Fig. 2C). 

After CHX treatment, p27 protein levels decreased markedly in DKO in the time-course 

analysis compared with a modest change in DKOAA, suggesting that p27 protein levels in 

DKOAA are more durable after protein synthesis inhibition than DKO (Fig. 2D). Together, 

the MG132 and CHX treatment experiments showed that the stability of p27T187A protein 

was enhanced in DKOAA over DKO cells. Quantitative RT-PCR experiments demonstrated 

no significant difference in p27 mRNA levels between DKO and DKOAA cells (Fig. 

2E), suggesting that p27T187A accumulation in DKOAA tumors was not due to increased 

transcription.

p27T187A promotes apoptosis in DKO tumors

As previously reported, both genetic deletion and pharmacological inhibition of SKP2 led to 

elevated levels of p27 and a concomitant increase in apoptosis.7 To assess whether p27T187A 

contributes to apoptosis, IHC analyses were performed in DKO and DKOAA tumors. 

TUNEL and cleaved caspase-3 immunostaining suggested that DKOAA tumors underwent 

increased apoptosis compared with DKO tumors (Fig. 3A), which was also confirmed 

by western blotting that showed a variable increase of cleaved caspase-3 (Fig. 2B). The 

quantification of TUNEL-positive and -negative staining showed that the DKOAA cohort 

exhibited increased apoptosis (P < 0.001) (Fig. 3B). Furthermore, flow cytometry using 

annexin V/7-AAD staining showed a significant increase in the early apoptotic population 
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(P = 0.023) (Fig. 3C). Both DKO and DKOAA tumors were further analyzed by RNA-seq. 

To better compare molecular pathway changes in the two groups of tumors, we carried out 

gene set enrichment analysis (GSEA) using the Molecular Signatures Database hallmark 

gene set collection.32 This demonstrated that genes involved in cell cycling and immune 

response were significantly enriched among the genes expressed higher in DKOAA, while 

gene sets associated with myogenesis and oxidative phosphorylation were more active in the 

DKO (Fig. 3D). One example was that E2F target genes were found enriched after p27T187A 

stabilization in the DKOAA group. As an important transcription regulation factor, E2F1 is 

responsible for the transcription initiation of many apoptosis-related genes and was found to 

be activated in our previous transgenic model of p27 stabilization.15 We further examined 

genes involved in apoptosis and found that they were more active in the DKOAA in an 

apoptosis-related gene set (Fig. 3E). Additionally, we found that genes associated with cell 

cycle arrest and the G2/M checkpoint were significantly upregulated in DKOAA (Fig. 3F). 

Together, these data suggest that p27T187A promotes a proapoptotic and less proliferative 

environment in OS tumors in the absence of p53 and pRb.

p27T187A reduces tumor-initiating properties in DKO tumors

Differential expression analysis with RNA-seq comparing DKOAA versus DKO tumors 

found that 376 and 498 genes were up- and downregulated, respectively, at a multiple 

test-adjusted P < 0.05. Aldh3a1 and multiple genes in the Hox loci were among the most 

significant ones (Fig. 4A). The altered genes were enriched for functions related to cell 

cycling, DNA damage repair, development, and various metabolic processes, including 

oxidative phosphorylation (Fig. S5, online only). Interestingly, when we applied GSEA to 

a previously annotated set of stemness genes, we found that they were enriched among the 

downregulated genes in DKOAA (Fig. 4B). Among them were known OS stemness markers, 

including KIT, ALDH7A1, ALDH1A1, ALDH2, and CD133. This was further validated 

with more RNA samples from independent DKO and DKOAA tumors by quantitative 

RT-PCR (Fig. 4C). In order to determine whether overexpressed stemness markers correlated 

with a stemness phenotype, an ALDH activity assay was performed and revealed a much 

lower portion of cells expressing a high level of ALDH (ALDHBR) in DKOAA (P < 0.001; 

Fig. 4E). DKOAA tumor cells also exhibited less sphere-forming capacity (P = 0.009; Fig. 

4D). Furthermore, ELDA demonstrated lower stem cell frequency and less self-renewal 

ability (P < 0.001) of DKOAA compared with DKO cells (Fig. 4F). Overall, these data 

indicate that p27T187A reduces the tumor-initiating properties of OS and provides insights 

into the role of the SKP2–p27 axis in cancer stemness.

SCFSKP2 inhibitors reduce the proliferation of DKO cells

To investigate the efficacy of SCFSKP2 inhibitors on OS proliferation, we performed MTT 

assays on DKO cells using the following known SKP2 inhibitors: C1; pevonedistat and 

FKA, which are neddylation inhibitors;33,34 and C25, which is a SKP1-SKP2 pocket 

inhibitor.22 Our results indicated that all four drugs exerted antiproliferative effects on 

DKO cells, among which pevonedistat and C1 exerted more potent effects than FKA or 

C25 (Fig. 5A). Confirmed by in silico screening and in vitro assays, the compound C1 

has been shown to bind to the SKP2/CKS1 pocket, thereby preventing the binding of 

p27 to the SCFSKP2 complex.35 Next, we tested the specificity of C1 and pevonedistat by 
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using DKOAA cells, in which the SCFSKP2–p27 interaction has already been disrupted 

and, therefore, should be less responsive to C1. As expected, C1 (at 2 μM) reduced the 

cell proliferation of DKO and DKOAA by 45.9% and 20.3%, respectively, relative to 

DMSO (vehicle control). The selectivity of C1 for DKO cells continued to be observed at 

both low and high concentrations (Fig. 5B). Pevonedistat also exerted a similar selective 

antiproliferative effect on DKO over DKOAA cells (Fig. 5C). By immunoblotting, we found 

that both C1 and pevonedistat increased p27 (Fig. 5D and E). C1 treatment also stabilized 

p27 more efficiently in DKO than DKOAA cells, corresponding to the selectivity in the 

previous drug proliferation assay (Fig. 5D). Additionally, C1 treatment also increased p21 

levels, which is consistent with the structural design and specificity of C1. Together, these 

findings suggest that anti-SKP2 drugs have efficacy in pRB/p53 double-deficient OS, and 

that the SCFSKP2–p27 axis is susceptible to selective inhibitors. The difference in drug 

activity of C1 and pevonedistat in DKO over DKOAA cells suggests that these two agents 

have a degree of selectivity as SKP2 inhibitors.

Discussion

OS development is increasingly linked to the inactivation of TP53, often potentiated by the 

loss of function of RB1. 6,23 Although the exact cellular origin of OS has remained elusive, 

Nakashima et al. have suggested that OS arises from cells that are at or beyond the Osterix 

expression stage of osteoblast differentiation.36 By recreating the loss of Rb1 and Trp53 
within the osteoblast lineage, the DKO GEMM serves to recapitulate common genetic and 

clinical features of human OS and permits an in-depth inquiry into the role of the SCFSKP2–

p27 axis in OS tumorigenesis. In this study, when we queried a cohort of human OS 

specimens from cBioPortal in which the inactivation of both RB1 and TP53 is frequent, they 

co-occurred with statistical significance. In our mouse models, we have shown that p27T187A 

promotes apoptosis and significantly delays the progression of Rb1/Trp53 double-knockout 

OS to lethality. Our results indicate that p27 accumulates to a higher level in DKOAA 

tumors compared with DKO tumors. Furthermore, small-molecule inhibitors of the SCFSKP2 

complex, including C1 and pevonedistat, exert a dose-dependent antiproliferative effect on 

DKO tumor cells. Finally, RNA sequencing and subsequent analyses revealed that p27T187A 

reduces biomarkers of cancer stem cells (CSCs), suggesting that inhibitors of the SKP2–p27 

axis may have a role in targeting stemness plasticity and chemoresistance in OS.

In the current study, reduced levels of p27 were found in the setting of Trp53/Rb1 
codeletion. SCFSKP2-mediated ubiquitination and degradation of p27 have been shown 

as the principal mechanism that impedes the function of p27 as a cell cycle regulator. 

As a tumor suppressor, pRb suppresses SKP2 through multiple pathways, involving both 

transcriptional and posttranslational mechanisms.37,38 pRb has been shown to bind directly 

to the N-terminus of SKP2 and stabilize p27 by repressing SKP2 ligase activity.37 In 

addition, pRb is known to promote SKP2 protein degradation through CDH1 and repress 

SKP2 mRNA expression via E2F.38,39 Therefore, the loss of pRb in our DKO model 

leads to overactivated SKP2, thus promoting the degradation of p27. The p27T187A KI 

mutation is designed to abolish T187 phosphorylation, which is indispensable for the 

binding of SCFSKP2 to p27 and for the latter’s subsequent ubiquitination and degradation. 

Consistent with this mechanism, we observed that p27 is stabilized and accumulates in 
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DKOAA tumor cells, resulting in increased apoptosis and decreased cellular proliferation. 

Interestingly, although multiple lines of evidence confirmed the apoptotic status in DKOAA, 

an increased cleaved caspase-3 level was not precisely correlated with an increased level of 

p27. RNA-seq revealed that DKOAA induces enriched expression of genes related to cell 

cycle arrest, the G2/M checkpoint, and the mitotic spindle. It is possible that DKOAA may 

cause aberrant mitotic regulation, leading to apoptosis that is independent from caspase; 

further studies are, therefore, warranted to test this hypothesis.40,41

Genetic and pharmacological inactivation of SKP2 has been shown to reduce the CSC 

population in prostate cancer.22 In OS, the stemness marker CD133 has been linked to 

an increase in metastatic potential and a poor prognosis.20,42,43 Similarly, the CSC marker 

CD117 has been shown to be preferentially expressed in tumorspheres and chemoresistant 

OS cells.44 In adenoid carcinoma, the subpopulation of CD133+ cells has been shown to 

express reduced levels of p27.45 Recently, Meyer et al. found that restoring p27 suppresses 

a stem cell signature and induces cell death by a miRNA-mediated pathway in leukemia.46 

In our study, RNA sequencing and subsequent analyses revealed that CD133, CD117, and 

other stemness markers are markedly reduced in DKOAA tumors compared with those in 

the DKO cohort. Similarly, other stem-like properties, such as ALDH activity, stem-cell 

frequency, and self-renewal ability, are also suppressed in DKOAA tumor cells. Together, 

these data suggest that blocking SCFSKP2-mediated degradation of p27 may reduce tumor­

initiating properties and should be explored further as a therapeutic strategy to reduce 

chemoresistance in OS. Although bulk RNA sequencing has uncovered a potential role for 

p27 in regulating OS stemness, a more in-depth analysis using single-cell transcriptome 

analysis may elucidate the complex cell–cell interaction responsible for this regulation.

Although p27T187A extended the survival of DKO animals, this mutation delays disease 

progression but does not block tumorigenesis entirely. In addition to p27, it is conceivable 

that the ubiquitination of p21 by SCFSKP2 may also play a role in tumor progression. 

However, given that p53 is inactivated in our models, and p21 is a known downstream 

effector of p53, one may argue that the contribution of p21 may be less consequential in 

DKO tumors. In the future, generating a transgenic model that disrupts the binding of SKP2 

to p21 may be desirable for examining the role of p21 ubiquitination in the pathobiology of 

OS.47 Another interesting finding from RNA-seq was that genes from the Hox locus, such as 

HoxA9, were overexpressed in DKOAA samples. Hox family transcription factors have been 

reported as either oncogenes or tumor suppressor genes in different cancer types.48 Since 

there is minimal data regarding Hox genes in sarcoma, it would be meaningful to proceed 

with further studies focusing on the role of Hox family genes in OS tumorigenesis.

In our study, the clear survival advantage of DKOAA mice suggests that targeting the 

SKP2–p27 axis may have clinical relevance. As such, drugs that block the SCFSKP2­

mediated degradation of p27 should be investigated as a complementary strategy to the 

current standard-of-care chemotherapy for OS. SKP2 gene knockout has been shown to 

lastingly block tumorigenesis in pRb/p53 double-knockout prostate cancer,13 suggesting that 

inhibiting SKP2 may act as a synthetic lethal and exert a stronger tumor-suppressive effect 

than p27T187A. Interestingly, ongoing experiments in our laboratory also show that crossing 

mice harboring an SKP2 deletion into the Osx1-Cre;Rb1lox/lox; Trp53lox/lox background 
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leads to a significant delay in tumorigenesis, consistent with the notion that SCFSKP2 is 

essential for OS progression. Our findings that pevonedistat and C1 are more effective 

in DKO than DKOAA cells suggest that these compounds have a degree of selectivity 

for the SKP2–p27 axis. Among the tested compounds, pevonedistat is known to block 

the neddylation of SCFSKP2 and is the only anti-SKP2 drug currently in human clinical 

trials.33,49 In the future, preclinical studies using OS transgenic models and patient-derived 

xenografts are needed to determine the efficacy of SKP2 inhibitors, either alone or in 

combination with standard chemotherapy, to reduce OS progression.

Although our GEMM OS model largely mimics the genetic and phenotypical features of 

human OS, a few limitations exist. One of them is that the model may not reflect the entire 

range of human OS heterogeneity. Although loss of Rb1 and Trp53 has been widely found, 

other driver mutations, including in PTEN, ATRX, and BCRA, have also been shown to play 

a role in OS tumorigenesis.6 Hence, secondary mutations in addition to Rb1/Trp53 loss of 

function may also contribute to resistant oncogenic features. Transgenic models designed for 

specific oncogenic drivers combined with genetic sequencing techniques would be one way 

to elucidate this question and warrant further research.

Conclusion

Our study identifies the SCFSKP2–p27 axis as a potential therapeutic target for OS, which 

frequently harbors gene loss or mutation of two major tumor suppressors, RB1 and 

TP53. Our findings revealed that blocking the interaction of SKP2 and p27 promotes 

apoptosis and cell cycle arrest, and inhibits cancer stemness. These data support the 

notion that conventional chemotherapies may not prevent relapses in OS if the CSC 

subpopulation is not appropriately targeted. Specifically, disrupting the interaction between 

SKP2 and its substrate p27 may lead to strategies to overcome the stemness plasticity and 

chemoresistance of OS. As such, combination trials of SCFSKP2 inhibitors and conventional 

chemotherapeutic drugs in OS may be desirable. In the future, efforts to decipher the 

interaction of different components within the SCF complex will undoubtedly lead to better­

targeted approaches to improve OS survival.
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Figure 1. 
The progression of DKO osteosarcoma tumorigenesis is inhibited in p27T187A/T187A mice. 

(A) Representative H&E, alkaline phosphatase (ALP), and osteocalcin staining of OS tissue 

of the indicated genotype and age. Scale bars = 200 μ m (a, c, e, g, i, and k) and 100 μ m 

(b, d, f, h, j, and l). (B) Kaplan–Meier survival analysis comparing the DKO and DKOAA 

cohorts of mice undergoing tumorigenesis. P value is by a log-rank test. Mice at the same 

age with measurable limb tumors (n = 20 per group) (C) and jaw tumors (n = 21 per 

group) (D) were randomly selected from each group, and tumor volume was measured and 

compared among two groups at the same age (P = 0.039 and P = 0.003). Mice with limb (E) 

(n = 8 per group) or jaw (F) (n = 8 per group) tumors were randomly selected from each 

group once the tumor reached a similar volume, and tumor measurement was carried out 

every 3 days. The tumor growth rate was plotted and compared among the two groups (P 
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< 0.001 and P < 0.001). (G) Graphs showing the proliferation of DKO and DKOAA tumor 

cells in monolayer cultures. Error bars are SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 2. 
p27T187A/T187A mice accumulate p27T187A protein in DKO osteosarcoma. (A) 

Representative photographs (10 mice of each genotype) of H&E and p27 immunostaining 

of tissue sections of each genotype as marked. Scale bars = 200 μ m (a, c, e,and g) and 

100 μ m (b, d, f, and h). (B) Protein levels were determined by western blotting of OS 

tissues from the indicated genotypes. (C and D) DKO and DKOAA cells were treated with 

MG132 and CHX, and western blots were used to determine p27 protein stability compared 

with α-tubulin. (E) DKO and DKOAA cells were subject to qRT-PCR to determine levels 

of p27 mRNA relative to GAPDH. Error bars indicate SEM of the means of three samples. 

CDKN1B is the official gene name for p27.
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Figure 3. 
p27T187A increases apoptosis in DKO osteosarcoma. (A) Consecutive OS tumor sections of 

each genotype, as indicated, stained with H&E, TUNEL, and cleaved caspase-3. Scale bars 

= 200 μ m (a, c, e, g, i, and k) and 100 μ m (b, d, f, h, j, and l). (B) Quantification of 

apoptosis by TUNEL staining. Arrows demonstrate how total apoptosis was quantified. The 

bar graph was based on the average quantification of apoptosis from three mice. (C) 7-AAD 

and annexin V staining of tumor cells of the indicated genotypes. Flow cytometry was used 

to detect and quantify apoptosis in the sub-G1 population. Error bars are SEM *P < 0.05. 

(D) GSEA for the hallmark gene sets. Circle sizes indicate gene numbers, while orange and 

blue colors represent enrichment or depletion of a set, respectively, in the DKOAA (left) 
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or DKO (right) group. (E) GSEA plot showing enrichment of apoptosis genes in DKOAA. 

The y-axis is the enrichment score, and the lines in the x-axis indicate genes ranked by 

their expression difference between DKOAA and DKO. The right heatmap displays average 

expression of the leading edge genes in DKO (left) and DKOAA (right), with orange for 

high and blue for low expression and cleaved caspase. NES, normalized enrichment score. 

(F) GSEA plot showing the enrichment of cell cycle arrest genes in DKOAA.
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Figure 4. 
p27T187A inhibits stemness in DKO osteosarcoma. (A) Volcano plot for genes differentially 

expressed between the DKOAA and DKO tumors. (B) GSEA plot showing the enrichment 

of stemness genes in DKO. The y-axis is the enrichment score, and the lines on the x-axis 

indicate genes ranked by their expression difference between DKOAA and DKO. The right 

heatmap displays average expression of the leading edge genes in DKO (left) and DKOAA 

(right), with orange for high and blue for low expression. NES, normalized enrichment 

score. (C) Cells of each indicated genotype were subject to RT-qPCR validation to determine 

levels of CD133, CD117, ALDH7A1, ALDH1A1, and ALDH2 mRNA relative to GAPDH 

mRNA. Differential expression changes, including fold changes and adjusted P value from 

RNA-seq, are listed below. (D) Sphere formation assay of tumor cells of the indicated 

genotypes. (E) ALDH activity staining of tumor cells of indicated genotypes. FACS 

(representative of three experiments) was used to detect and quantify the subpopulation that 

expresses a high level of ALDH (ALDHBR). (F) Extreme limiting dilution analysis (ELDA) 
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for the assessment of stem-like cell self-renewal ability. Representative figures show a 

cell cluster but not sphere formation (upper left), a cluster of differentiated and apoptotic 

cells showing no indication of sphere formation (upper middle), and a single sphere that 

was scored as “positive” (upper right). Scale bars = 25 μ m. The lower left figure shows 

sphere-forming capacity output using the previously described algorithm. The graph in the 

lower right shows the reciprocal of the calculated stem cell frequency. Error bars are SEM. 

*P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 5. 
Inhibitors of SCFSKP2 selectively inhibit DKO tumor cells. (A) Graphs showing DKO cell 

viability following treatment with serial dilutions of SCFSKP2 inhibitors. (B and C) Graphs 

showing the cell viability of DKO and DKOAA cells treated with C1 (B) or pevonedistat 

(C) at indicated concentrations. The cell viability is calculated relative to the treatment 

with DMSO (vehicle control). Cells were treated for 72 h, and a representative of three 

independent experiments is shown. Cell proliferation was determined by the MTT method. 

Error bars are SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. (D) Western blots of DKO 

and DKOAA cells following treatment with C1 (5 μ M) for 72 hours. (E) Western blots of 

DKO cells following treatment with several SCFSKP2 inhibitors at indicated concentrations 

for 72 hours.
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