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Identification of eight genes associated
with recurrent patellar dislocation

Zijie Xu,2,3,9 Siyuan Huang,4,9 Yifan Song,1 Chao Xu,5 Hongyu Yan,6 Ouyang Linkun,4 Bo Lv,7 Fuzhen Yuan,2,3

Bingbing Xu,2,3 Haijun Wang,2,3,* Ruibin Xi,8,* and Jia-Kuo Yu1,10,*
SUMMARY

The inheritance of recurrent patellar dislocation (RPD) is known, but the susceptible gene remains uniden-
tified. Here, we performed the first whole exome sequencing (WES) cohort study to identify the suscep-
tible genes. The results showed eight genes were associated with this disease. Notably, the carboxypep-
tidase D (CPD) gene showed the highest relevance based on its gene function and tissue expression.
Single-cell sequencing results indicate that the CPD gene is involved in the pathophysiological process
of RPD through granulocytes. Implicated pathways include nuclear factor kappa B (NF-kB), mitogen-acti-
vated protein kinase (MAPK), andWnt/b-catenin signaling, potentially influencing CPD’s role in RPD path-
ogenesis. This study identified the susceptible gene and investigates the potential pathogenesis of RPD,
which provided a new prospect for the understanding of RPD. Besides, it would offer the theoretical basis
for disease prevention and genetic counseling.

INTRODUCTION

Recurrent patellar dislocation (RPD; MIM: 169000) is a knee joint disorder with an annual incidence of 77–108 per 100,000 persons.1,2 It is char-

acterized by the patella pathologically disarticulating out from the patellofemoral joint, which results in the fracture of cartilage and rupture of

ligaments.3,4 RPD is a well-known risk factor for osteoarthritis (OA) of the knee joint.5 Therefore, understanding the etiology and pathogenesis

of RPD is of paramount importance to the prevention of OA.

The observation of a high proportion of femoral trochlea dysplasia (>90%) and sex differences in incidence (female: male ratio, 2:1) sug-

gests the possibility of heritability in RPD.6 Additionally, RPD is a known symptom in several syndromic diseases, such as Down syndrome and

Kabuki syndrome.7 Autosomal inheritance of RPD has been reported in familial cases.8 Several genes, such as TBC1D7 and ACAN, have been

identified as potentially associated genes in case report studies.9–11 However, none of these reported genes has been replicated inmore than

two families or a sporadic disease cohort. Immune responses and inflammation signaling have also been implicated in the pathophysiology of

RPD.12,13 Xu et al.12 identified the involvement of JAK/STAT signaling in the pathogenesis of RPD through bulk RNA-seq, but single-cell RNA

sequencing (scRNA-seq) has not yet been employed in RPD molecular mechanism investigation. Therefore, further studies are necessary to

identify candidate genes and elucidate the molecular mechanism underlying RPD.

In this study, we conducted a study with a cohort of 533 RPD patients to investigate the inherited tendency and identify susceptible genes.

Whole-exome sequencing (WES) was conducted on both familial and sporadic cases. A total of eight RPD-associated genes were identified.

An increased mutation burden of these genes was detected in the RPD cohort. Patients with rare disruptive variants in these genes exhibited

more severe skeletal deformity. Furthermore, we employed scRNA-seq on RPD patients to evaluate the specific expression pattern of the

identified genes and reveal potential mechanisms at the single-cell resolution.

RESULTS

The basic characteristics of recurrent patellar dislocation

Between March 2019 and March 2021, 400 RPD patients were recruited prospectively to evaluate the clinical characteristics of RPD. The

average onset age was 18.2 G 7.3 years, with females comprising 66.5% of the cohort and 10.5% of them experiencing bilateral dislocation.
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Table 1. Clinical features of recruited recurrent patellar dislocation patients

FPD patients (n = 33) SPD patients (n = 100) p value

Age at onset, y 14.12 G 4.24 16.68 G 6.23 0.02

Sex, n 0.20

Male 6 33

Female 27 67

Affect side, n 0.41

Unilateral 26 85

Bilateral 7 15

Courses, n 0.19

Daily activity 23 36

Sports activity 10 59

Direct force 0 5

Joint hypermobility, n 13 34 0.57

Trochlear dysplasia 33 90 0.06

Daily activities include walking, and squatting; the direct force includes slip and car accidence.

FPD, familial recurrent patellar dislocation; SPD, sporadic recurrent patellar dislocation.
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Trochlear dysplasia was present in 92.5% of cases, while only 5.5% of cases were attributed to direct forces. A total of 34.3% of patients had

joint hypermobility.14 There were 10 cases in this cohort with a family history of RPD, and 90% of them were female. No cases had known

chromosomal anomalies or molecularly diagnosed syndromes. Detailed patient phenotypes for this cohort are available in the supplement

(Table S1). These results show gender disparity, skeletal and ligamentous deformities, and familial onset characteristics in RPD patients.
Familial RPD patients have an earlier onset age than the sporadic cases

The clinical data andperipheral blood samples of RPDpatients were collected betweenApril 2021 andMay 2022. A total of 133 individuals with

RPDwereparticipants in this study, including33 familial and100 sporadicRPDcases. The clinical dataandbiological sampleswere collected for

further analysis (Figure 1). Each familial case has at least one familymemberwith diagnosedRPD. The familial cases showed anearlier onset age

than the SPD cases (14.12 vs. 16.68, p = 0.02). Female patients predominated in both the FPD and SPD cases (67.0%–81.8%). Bilateral patellar

dislocation was present in 15–21%of the includedpatients. All the FPDpatients and 95%of SPDpatients dislocated their patella without direct

forces. Thirteen FPD patients (39.4%) and 34 SPD patients (34%) had joint hypermobility. Although the percentage of trochlear dysplasia was

higher in FPD patients than in SPD patients, there was no statistical difference between the two groups (100% vs. 90%, p = 0.06). The detailed

comparisons of clinical phenotypes were presented in Table 1. WES was performed in this cohort to identify candidate genes for RPD.
Enrichment analysis of rare genetic variants in RPD cohort

We investigated the biological processes and significant pathways that might associate with RPD. The sequenced data were processed ac-

cording to the aforementioned criteria outlined in the STARmethods section. A total of 849 genes with amutation frequency of more than 5%

in RPD patients and less than 1% in the gnomADdatabase were identified. All thesemutated genes were included in gene ontology (GO) and

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. The mutated genes were significantly enriched in GO terms such as cell adhe-

sion, cell proliferation, andMAPK cascade. The results of KEGG analysis showed these genes were enriched in endocytosis and retinol meta-

bolism pathways (Figure S1 in the Supplement). Alterations in cell adhesion and proliferation functions are closely associated with a variety of

autoimmune diseases, such as OA.15,16 RPD has clinical characteristics of bone deformities, and joint hypermobility, and is also a contributor

to OA. The results of GO and KEGG analysis indicate abnormal autoimmune may involve in the potential mechanism of RPD.
The identification and prioritization of RPD-associated variants

We defined the familial cases as the discovery cohort, and to establish a suitable control group, we utilized the East Asia individuals from

gnomAD v2.1.1 database17 (n = 9,977). To identify the candidate genes of RPD, we employed the aforementioned criteria, based on allele

frequency, and predicted impact on protein function.Our analysis detected ten variants (Figure 2A) that were enriched in the discovery cohort

when compared to the general population (gnomAD-East Asia, p< 0.05). In order to validate the association between these variants and RPD,

we compared their frequencies between 100 patients with sporadic RPD (validation cohort) and controls without RPD (ChinaMap18 = 10,588,

Gnomad v3.1.1-East Asian = 2,604). Among these ten variants, eight of them (CATSPER2, CPD, SETX, OTOGL, SRCAP, FHAD1, SFMBT2, and

DDX28) were also significant in the validation cohort (Table 2; Table S2). Therefore, we considered these eight variants as candidates asso-

ciated with an increased risk of RPD.
2 iScience 27, 109697, May 17, 2024



Figure 1. The study design and participants of this study

(A) The study participants of this study.

(B) The clinical data analysis of the participants.

(C) Whole exome sequencing to identify the susceptible genes of this disease.

(D) Single-cell sequencing to investigate the molecular mechanisms of this disease.
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Through comparison of the frequency of the identified variants between familial and sporadic cases, we observed a higher proportion of

familial cases carrying each of the eight variants, suggesting their potential role in the inheritance of RPD (Figure 2B). Notably, thesemissense

mutations were predicted to have deleterious effects on protein function, as presented in Table S3, with the altered surface charge and struc-

ture of the proteins shown in Figure S2. To further explore the relevance of these candidate genes to RPD, we evaluated their expression in the

threemost relevant tissues, namely bonemarrow, skeletalmuscle, and cartilage.Our results showed that carboxypeptidaseD (CPD) was high-

ly expressed in all three tissues, indicating its potential involvement in RPD pathophysiological processes (Figures 2C–2E).
Increased mutation burden of RPD-associated genes in the disease cohort

A burden test of rare variants was conducted to evaluate the impact of the identified genes on RPD risk. LoF variants and missense mutations

with a CADD score>15 were included in the analysis, and we compared themutation burden of these genes in the RPD cohort of 133 cases to

141,565 controls from the gnomAD database (Table S4). Separate analyses were performed for the familial cohort, sporadic cohort, and total

cohort. The results revealed that all eight genes exhibited a significantly increased mutation burden in the RPD cohort (p < 0.001, Figure 3;

Table S6). Furthermore, the proportion of individuals carrying disruptive variants of the identified genes was higher in the familial RPD cohort,

and the odds ratio of the burden test was greater than that of the sporadic cohort (Figures 3A and 3B). Notably, individuals with the identified

disruptive variants had a higher risk of RPD incidence (Figure 3C).
More severe skeletal deformities in RPD patients with identified disruptive variants

To investigate which phenotypemay be associatedwith RPD-associated genes, we divided the 133 RPD patients into theMut group and non-

Mut group based on whether they carried the variants of RPD-associated genes. Given that RPD patients often exhibit various skeletal and

ligament-related phenotypes, we sought to determine whether specific phenotypes were associated with the RPD-associated genes.
iScience 27, 109697, May 17, 2024 3



Figure 2. The identification and prioritization of RPD-associated genes

(A) The flowchart for susceptible gene identification.

(B) The proportion of cases carried the identified variants.

(C–E) The expression level of identified genes in bone marrow, skeletal muscle, and cartilage.
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The onset age, gender distribution, and the proportion of joint hypermobility did not show significant differences between Mut and non-

Mut groups (Figure S3 in the Supplement). However, we observed more severe skeletal deformities in the Mut group compared to the non-

Mut group (Figure 4). Specifically, the Mut group exhibited a shallower trochlear groove compared to the non-Mut group (Figure 4A,

p < 0.001), indicating more severe trochlear dysplasia. In addition, the Mut group displayed greater tibial tubercle lateralization (Figure 4B,
4 iScience 27, 109697, May 17, 2024



Table 2. Variants enriched in familial RPD and observed in sporadic RPD

Variant Gene

Discovery cohort vs. controls

(33 vs. 9,977)

Validation cohort vs. controls

(100 vs. 13,192) Overall (133 vs. 23,169)

Frequencies OR P Frequencies OR P Frequencies OR P

15:43632222:C:T CATSPER2 6/63 31.53 1.04E-7 16/32 71.50 1.05E-22 22/95 43.83 3.83E-27

17:30379096:C:T CPD 4/238 5.34 8.36E-3 9/550 2.21 0.04 13/788 2.97 7.83E-4

9:132330094:G:A SETX 3/12 78.89 1.51E-5 2/9 29.58 2.9E-3 5/21 42.22 3.48E-7

12:80302754:A:T OTOGL 3/30 31.58 1.74E-4 3/93 4.30 0.03 6/123 8.67 1.03E-4

16:30704076:G:A SRCAP 3/28 33.87 1.44E-4 3/99 4.04 0.04 6/127 8.40 1.22E-4

1:15382087:T:C FHAD1 3/27 35.09 1.30E-4 3/14 28.67 2.6E-4 6/41 26.07 2.88E-7

10:7171974:C:T SFMBT2 3/9 105.21 7.37E-6 3/73 5.49 0.02 6/82 13.01 1.20E-5

16:68022758:C:A DDX28 3/55 17.21 9.28E-4 4/126 4.25 0.02 7/181 6.89 1.12E-4

RPD, recurrent patellar dislocation.
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p < 0.007), suggesting more severe tibia development and muscle trajectory abnormalities. Therefore, patients carrying the identified risk

genes exhibited more severe clinical phenotypes, and the dysfunction of these genes may contribute to the onset of disease by affecting

bone development.

We conducted a more detailed phenotypic analysis in patients carrying two or more mutated genes, and a total of 15 patients were

included. None of these patients experienced patellar dislocation due to direct force, with most of the injuries resulting from daily activities.

Cartilage damage was observed in all surgical patients, and 75% of these patients had severe cartilage damage (level>III). For patients who

underwent bilateral knee radiological examinations, all of them had bilateral trochlear dysplasia, while 75% had bilateral patellar tilt and tibial

tubercle lateralization (Table S6). A representative image of a patient with unilateral RPD was provided in Figure S4 in the Supplement.
Enrichment of CPD and other risk genes in human bone marrow

To gain insight into the biological role of the RPD-associated genes, we performed scRNA-seq analysis of bone marrow obtained from knee

joints of three RPD patients and compared the results with the bone marrow scRNA-seq data from three non-RPD donors. We obtained

38,337 high-quality single cells which were clustered into 17 distinct cell clusters, including three T cell subsets (c0, c1, c4), two NK cell subsets

(c2, c3), three granulocyte subsets (c5, c11, c15), three B cell subsets (c6, c7, c10), two osteoblast subset (c14, c16), one endotheliocyte subset

(c8), one macrophage subset (c9), one erythroblast subset (c12), and one dendritic cell subset (c13) (Figure S5 in the Supplement).

We used marker genes to identify a total of 9 cell types (Figure 5A; Table S7; Figure S5B). CPD was significantly enriched in c5 (p = 0) and

c11 (p = 2.12 3 10�31), which were identified as granulocyte (Figures 5A; Table S7). The enrichment of other RPD-associated genes was dis-

played in Figure S6. The expression of CPDwas highest in granulocytes (Figure 5B), and the proportion of cells expressing CPDwas highest in

granulocytes compared to the other cell types (Figure 5C).

To further investigate the potential involvement of granulocytes in RPD, we compared the proportion of granulocytes between RPD pa-

tients and controls. We found that the proportion of granulocytes was 2-fold higher in RPD patients compared to controls (Figure 5D). These

findings suggest that granulocytes may play a role in the development of RPD, and CPD may be involved in this process.
The molecular mechanism of CPD gene in the pathogenesis of RPD in single-cell resolution

As the CPD gene is most relevant to the pathogenesis of RPD according to the aforementioned results, more in-depth molecular mechanism

investigations in the single-cell resolution were conducted focusing on this gene. The analysis focused on granulocytes, and a total of 3,090

cells belonging to granulocyte clusters were selected for further study. Eight clusters were identified, and the CPD gene was found to be en-

riched in cluster 0 (c0), which was annotated as CD14+neutrophil (p = 2.91 3 10�34; Figure S7B).

To further investigate the molecular mechanisms underlying CPD gene involvement in RPD pathogenesis, we performed a correlation

analysis on 3,090 granulocyte cells, revealing 1,608 positively correlated and 503 negatively correlated genes with CPD expression

(p< 0.05). GOenrichment analysis revealed that the positively correlated genes weremainly associated with skeletal development processes,

including bone resorption, osteoclast differentiation, osteoblast differentiation, and ossification (Figure 5E). In contrast, negatively correlated

genes were mainly involved in immune response and fibroblast proliferation (Figure S8A), indicating that CPD may regulate the immune

response and skeletal development processes during RPD pathogenesis. Furthermore, KEGG pathway analysis revealed significant enrich-

ments in the NF-kB signaling pathway and the MAPK signaling pathway (Figure 5F), both of which have been implicated in the pathogenesis

of RPD.13,19 Although the role of MAPK signaling pathway in RPD pathogenesis remains unknown, its regulation of the inflammatory micro-

environment may impact chondrocyte metabolism and contribute to joint degeneration.20 Therefore, our findings suggest that CPD gene

involvement in RPD pathogenesis may occur through these signaling pathways.
iScience 27, 109697, May 17, 2024 5



Figure 3. Frequency of deleterious variants in disease cohort versus controls

(A) The proportion of patients that carried the deleterious variants in the familial cohort (n = 33).

(B) The proportion of patients that carried the deleterious variants in the sporadic cohort (n = 100).

(C) The proportion of patients that carried the deleterious variants in the total cohort (n = 133). All the candidate genes were significantly enrichment in the

disease cohort. The Odds ratio of the burden test was presented in the forest plot. The value of the Odds ratio was log2 scale to normalize.
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DISCUSSION

Here, we present, to the best of our knowledge, the first WES study of a cohort of individuals with RPD. We identified eight novel genes that

are associated with RPD and observed a significantly higher mutation rate and mutation burden of these genes in the RPD cohort compared

to the controls. Moreover, patients who carried these RPD-associated genes exhibited more severe skeletal dysplasia phenotypes. In addi-

tion, we conducted scRNA-seq analysis of bone marrow samples from individuals with RPD, which revealed that CPD, one of the RPD-asso-

ciated genes, was significantly enriched in the granulocytes. Our findings suggest that CPD influences the pathogenesis of RPD by regulating

the immune response and skeletal development. Notably, the scRNA-seq results provide insights into the potential biological processes and

signaling pathways that the CPD gene may be involved in.

The identification of candidate genes for RPD has been a long-standing challenge despite previous reports of the disease’s heritability.

Miller et al.21 reported the first case of 12 individuals with RPD in 3 generations of a family with an autosomal dominant pattern in 1978.

Although there have been sporadic studies reporting the genetic susceptibility of RPD,10,11,22 no study has conductedWES in an RPD disease
Figure 4. Skeletal deformities comparison between Mut group and non-Mut group

(A) The femoral trochlea development comparison. Normal trochlea shows a deeper trochlear groove; however, the dysplasia trochlea is flatter than normal

(white star). The Mut group shows a shallower trochlear depth (TD, p < 0.001), greater sulcus angle (SA, p < 0.001), and smaller lateral trochlear inclination

(LTI, p < 0.001), indicating more severe trochlea dysplasia.

(B) The tibial tubercle malposition evaluation. The Mut group shows greater tibial tubercle-trochlear groove (TT-TG) distance (p = 0.007) and tibial tubercle-

Roman arch (TT-RA) distance (p < 0.001), indicating abnormal tibia development. ** indicates p < 0.001.

6 iScience 27, 109697, May 17, 2024



Figure 5. The single-cell landscape of bone marrow in RPD patients and the role of CPD gene in the pathogenesis

(A) Uniform manifold approximation and projection (UMAP) visualization of the clusters identified in the human bone marrow.

(B) Projection of CPD gene expression. Granulocyte clusters are outlined with a red pane.

(C) Percentage of CPD-expression cells and CPD expression levels.

(D) The difference in the granulocyte proportion between RPD patients and controls.

(E) The GO analysis of genes positively associated with the CPD expression.

(F) The KEGG pathway analysis of genes positively associated with the CPD expression.
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cohort. Consequently, no convincing susceptibility genes or loci associated with RPD have been identified to date. To identify a convincing

RPD-associated gene, we conducted a two-stage study. We first identified potentially associated variants in 33 cases with familial RPD and

subsequently validated these variants in 100 sporadic cases. Our analysis identified eight variants with high confidence. The severe trochlear

dysplasia phenotype inmutation gene carriers and the highermutation burden of the corresponding genes in the RPD cohort than in controls

supports the causality of the identified genes.

Our study also revealed the most relevant gene (CPD) with the RPD pathophysiology. Although RPD is known to affect bone, ligaments,

and muscle,23–25 it remains unclear which of these tissues is most closely related to the disease. To address this question, we assessed the

expression of the identified genes in the three most relevant tissues (bone marrow, skeletal muscle, and cartilage) to determine the most

relevant gene to RPD pathophysiology. Our analysis revealed that the CPD gene is the most relevant gene, with high expression in all three

tissues. CPD belongs to the metallocarboxypeptidase family, and dysregulation of this family has been associated with various skeletal
iScience 27, 109697, May 17, 2024 7
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phenotypes. For instance, inhibition of carboxypeptidase A can induce chondrocyte differentiation,26 while carboxypeptidase E (CPE) is a

modulator of osteoclasts, and CPE knockoutmice exhibit decreased bonemineral density.27,28 However, the role of CPD in skeletal disorders

has yet to be investigated.

To the best of our knowledge, the use of scRNA-seq has not been previously reported in investigating the pathogenesis of RPD.

Compared to traditional bulk RNA-seq, scRNA-seq offers higher sensitivity and specificity in identifying molecular alterations and allows

for the evaluation of molecular mechanisms at a single-cell resolution.29–31 Bone marrow provides a spatial environment for osteolineage

cells, stromal cells, and immune cells,32–34 and disruption of bone marrow physiology can impact osteogenic differentiation and mineraliza-

tion.35,36 Furthermore, bone marrow lesions are associated with abnormal hyperosteogeny, leading to OA.37,38 Therefore, the bone marrow

may play a significant role in the pathophysiology of RPD. Interestingly, our results suggest that the granulocyte may be a critical cell type

involved in RPD pathogenesis through the CPD gene, which is highly expressed in bone marrow.

In conclusion, this study highlights the significant role of genetic factors in the development of RPD and provides novel insights into its

etiology. The identification of the RPD-associated genes, especially the eight novel genes identified in this study, may provide crucial infor-

mation for disease mechanisms understanding, genetic counseling, and precision medicine.

Limitations of the study

There are several limitations to this study. Firstly, the sample size of patients who underwentWES is relatively small, and all the patients were of

Chinese population. Although the use of familial cases can identify disease-associated genes with higher effect sizes, further studies with

larger sample sizes and diverse populations are still needed to identify more RPD-associated genes and validate the findings of this study.

Moreover, animal experiments such as gene knockout models can provide more robust evidence of the association between the identified

genes and RPD pathogenesis.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Study design and participants

d METHODS DETAILS

B Joints hypermobility examination

B Radiological examinations

B Whole-exome sequencing and analysis

B Functional enrichment analysis

B Expression analysis

B ScRNA-seq of human bone marrow

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2024.109697.

ACKNOWLEDGMENTS

This work was supported byMinisterial Commission of Science and Technology: Special Project of Patellar Dislocation (JK-2022-07), National

Natural Science Foundation of China (51920105006, 82002298), and Natural Science Foundation of Xinjiang Uygur Autonomous Region

(2022D01C263). Part of the analysis was performed on the Computing Platform of the Center for Life Sciences of Peking University and sup-

ported by the High-Performance Computing Platform of Peking University.

AUTHOR CONTRIBUTIONS

Conceptualization, Z.X., J.Y., R.X., and J.Y.;methodology, Z.X., S.H., Y.F., R.X., H.W., and J.Y.; software programming, Z.X., S.H., O.L., and R.X.;

validation, Z.X., S.H., H.W., R.X., and J.Y.; formal analysis, Z.X., S.W., Y.S., H.W., R.X., and J.Y.; investigation, Z.X., S.W., Y.S., C.X., H.Y., O.L.,

B.L., F.Y., B.X., H.W., R.X., and J.Y.; resources, C.X., H.Y., O.L., B.L., F.Y., B.X., H.W., R.X., and J.Y.; data curation, Z.X., S.W., H.W., R.X., and J.Y.;

writing – original draft, Z.X. and S.H.; writing – review & editing, Z.X., S.W., Y.S., H.W., R.X., and J.Y.; visualization, Z.X., S.W., Y.S., C.X., H.Y.,

R.X., and J.Y.; supervision, H.W., R.X., and J.Y.; project administration, Z.X., S.H., Y.F., R.X., H.W., and J.Y.; funding acquisition, C.X., B.X., H.W.,

R.X., and J.Y.
8 iScience 27, 109697, May 17, 2024

https://doi.org/10.1016/j.isci.2024.109697


ll
OPEN ACCESS

iScience
Article
DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 18, 2023

Revised: February 5, 2024

Accepted: April 5, 2024

Published: April 8, 2024
REFERENCES

1. Lyons, J.G., Hudson, T.L., and Krishnamurthy,

A.B. (2024). Epidemiology of patellar
dislocations in the United States from 2001 to
2020: results of a national emergency
department database. Physician Sportsmed.
52, 26–35. https://doi.org/10.1080/00913847.
2022.2156765.

2. Gravesen, K.S., Kallemose, T., Blønd, L.,
Troelsen, A., and Barfod, K.W. (2018). High
incidence of acute and recurrent patellar
dislocations: a retrospective nationwide
epidemiological study involving 24.154
primary dislocations. Knee Surg. Sports
Traumatol. Arthrosc. 26, 1204–1209. https://
doi.org/10.1007/s00167-017-4594-7.

3. Bhashyam, A.R., and Weaver, M.J. (2018).
Knee pain after a fall. Br. Med. J. 360, k775.
https://doi.org/10.1136/bmj.k775.

4. Grant, C., Fick, C.N., Welsh, J., McConnell, J.,
and Sheehan, F.T. (2021). A Word of Caution
for Future Studies in Patellofemoral Pain: A
Systematic ReviewWith Meta-analysis. Am. J.
Sports Med. 49, 538–551. https://doi.org/10.
1177/0363546520926448.

5. Whittaker, J.L., Losciale, J.M., Juhl, C.B.,
Thorlund, J.B., Lundberg, M., Truong, L.K.,
Miciak, M., van Meer, B.L., Culvenor, A.G.,
Crossley, K.M., et al. (2022). Risk factors for
knee osteoarthritis after traumatic knee
injury: a systematic review and meta-analysis
of randomised controlled trials and cohort
studies for the OPTIKNEE Consensus. Br. J.
Sports Med. 56, 1406–1421. https://doi.org/
10.1136/bjsports-2022-105496.

6. Fithian, D.C., Paxton, E.W., Stone, M.L., Silva,
P., Davis, D.K., Elias, D.A., and White, L.M.
(2004). Epidemiology and natural history of
acute patellar dislocation. Am. J. Sports Med.
32, 1114–1121. https://doi.org/10.1177/
0363546503260788.

7. Danielsen, O., Poulsen, T.A., Eysturoy, N.H.,
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Peripheral blood of patients Cohort sample in article N/A

Bone marrow of patients Cohort sample in article N/A
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Santa Clara, CA, USA
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Deposited data

Bone marrow single-cell RNA sequencing data This paper Geo: GSE244724

Bone marrow and skeletal muscle expression data Human Protein Atlas database https://www.proteinatlas.org/

gnomAD Genome Aggregation Database https://gnomad.broadinstitute.org/

ChinaMAP mBiobank http://www.mbiobank.com/

Software and algorithms

R 4.1.0 R project https://www.r-project.org/

BWA version 0.7.12 Heng Li https://github.com/lh3/bwa

SnpEff software version 4.3.1 Github https://pcingola.github.io/SnpEff/

CADD version 1.6 Combined Annotation

Dependent Depletion

https://cadd.gs.washington.edu/

SIFT Pauline C Ng http://blocks.fhcrc.org/sift/SIFT.html

PolyPhen2 Ivan Adzhubei http://genetics.bwh.harvard.edu/pph2/

ClusterProfiler package Github https://guangchuangyu.github.io/

software/clusterProfiler/

Hisat2 version 2.2.1 Github https://daehwankimlab.github.io/hisat2/

Stringtie version 2.2.1 Github https://github.com/gpertea/stringtie

Cell Ranger 6.0.1 10x genomics https://www.10xgenomics.com/

support/software/cell-ranger/latest

Seurat v4.0.6 satijalab https://github.com/satijalab/seurat

Harmony (v1.0) Github https://github.com/immunogenomics/

harmony

Nebulosa R package (v1.0.0) Bioconductor https://www.bioconductor.org/

packages/release/bioc/html/

Nebulosa.html
RESOURCE AVAILABILITY

Lead contact

Further information and requests for raw data and codes should be directed to and fulfilled upon reasonable request by the Lead contact Jia-

Kuo Yu (yujiakuo@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� The generated RNA-sequencing data has been deposited in GEO database and are publicly available as of the date of publication.

Accession identifications are listed in the key resources table. This study (NCT04997538) has been registered in https://clinicaltrials.

gov/.
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� This study did not generate any original code.
� The raw whole exome sequencing data and any additional information are available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and participants

This prospective cohort study enrolled 533 consecutive Han Chinese patients with a diagnosis of RPD between March 2019 and May 2022 at

the Sports Medicine Department of Peking University Third Hospital. Clinical information, including onset age, family history, and physical

examination, was recorded prospectively. The study population was divided into two groups: the first group comprised 400 RPD patients

enrolled between March 2019 and March 2021, and the second group comprised 133 patients enrolled between April 2021 and May

2022. The first group only collected clinical information to evaluate the potential hereditable tendency of the disease, while the second group

provided both clinical information and peripheral blood samples for genetic analysis. Single-cell sequencing was performed on bonemarrow

from RPD patients to explore the molecular mechanism of this disease in the single-cell resolution. This has been registered on ClinicalTrial.

gov (ID: NCT04997538). The study design was presented in Figure 1.

METHODS DETAILS

Joints hypermobility examination

Joint hypermobility was evaluated using the Beighton score,14 which involves five tests: first-finger opposition, fifth-finger extension, elbow

extension, knee extension, and forward bending. Patients with Beighton scores of 4 or greater were identified as having joint hypermobility.

Radiological examinations

The imaging modalities used in this study included X-ray, computerized tomography (CT), and magnetic resonance imaging (MRI), which

were performed routinely. The data of examination was stored in the Electronic Medical Systems. Trochlear dysplasia was evaluated by

measuring Dejour classification, trochlear depth, sulcus angle, and lateral trochlear inclination (LTI).39 The tibial tubercle lateralization was

evaluated by measuring the tibial tubercle-trochlear groove (TT-TG) distance and the tibial tubercle-Roman arch (TT-RA) distance.40

Whole-exome sequencing and analysis

Whole-exome sequencing was performed on a total of 133 patients, including 33 familial RPD patients in the discovery cohort and 100 spo-

radic RPD patients in the validation cohort. Genomic DNA was extracted from peripheral blood samples using standard protocols, and after

quality control, the DNA was fragmented by Covaris and captured using the SureSelect Human All Exon kit V6 (Agilent Technologies, Santa

Clara, CA, USA). Sequencing was performed on the Illumina Novaseq 6000 platform. The sequence reads were mapped to the human refer-

ence genome (GRCh38) using Burrows-Wheeler Aligner (BWA version 0.7.12),41 and the variants were called using GATK pipline.42 Annota-

tion of the variants was performed using SnpEff software (version 4.3.1).43 The population allele frequency data were derived fromgnomAD.17

The deleteriousness of the variants on protein structure was predicted using SIFT,44 PolyPhen2,45 and Combined Annotation-Dependent

Depletion score (CADD version 1.6).46

We identify the candidate genes with the variants inherited dominantly. Based on the prevalence of RPD, we used the following criteria to

identify candidate variants. (1) variants with allele frequency less than 0.01 in gnomAD and (2) nonsynonymous variants with CADD Phred

score R15.

Functional enrichment analysis

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed using the clusterProfiler

package.47 For the WES data, variants with a frequency greater than 5% in RPD patients (at least 7 carriers) and less than 1% in the gnomAD

database were included in the analysis. Enrichment analysis results with adjusted p values less than 0.05 were considered statistically

significant.

Expression analysis

The expression of the candidate genes in skeletal muscle and bone marrow was obtained from the Human Protein Atlas database (https://

www.proteinatlas.org/), while the expression of genes in cartilage was obtained from in-house bulk RNA-seq data. Cartilage samples were

harvested fromfive four-week-oldmale C57BL/6mice, and total RNAwas extracted using theQiagen RNeasymini kit (Qiagen,Germany). The

cDNA libraries were sequenced on a BGIseq-500 sequencer (BGI-Shenzhen, China), and the raw data were processed by removing reads

containing adapters, reads containing poly-N, and low-quality reads. The clean reads were aligned to the reference genome using Hisat2

(version 2.2.1). Finally, the expression of genes was quantified using Stringtie software (version 2.2.1) and normalized to transcript per million

(TPM).
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ScRNA-seq of human bone marrow

Bone marrow samples were aspirated from the distal femur of three RPD patients recruited at Peking University Third Hospital. The bone

marrow scRNA-seq data of three non-RPD controls were obtained from the previously published study.48 The bone marrow samples were

collected into heparin tubes and density gradient centrifugation was used to isolate bone marrow cells. The single-cell RNA libraries were

prepared using Chromium Single Cell 50 Library and Gel Bead Kit. The sequence reads were mapped to the GRCH38 human reference

genome using Cell Ranger 6.0.1 (10x Genomics).

After quality control, we performed downstream data analysis using the R package Seurat (v4.0.6) for dimensionality reduction, clustering,

differential expression analysis, and visualization.49 We log-normalized the data with a scale factor of 10,000 and identified highly variable

features using the FindVariableFeature function with nfeatures = 2,000. We then used principal component analysis on the scaled data

and integrateddata fromdifferent patients using the R packageHarmony (v1.0).50 For dimensionality reduction, we used the uniformmanifold

approximation and projection (UMAP)51 and annotated cell clusters based on the expression of canonical marker genes (e.g., CD3D for

T cells, GNLY for NK cells, CD79A for B cells, etc.). To clarify the cell-type-specific expression of RPD-associated genes, we generated

gene-weighted density plots using the Nebulosa R package (v1.0.0).52 Additionally, we used Pearson correlation coefficient to measure

the expression correlation between genes, and the functional enrichment analysis was performed using genes that showed a significant cor-

relation with the identified genes (p < 0.05).
QUANTIFICATION AND STATISTICAL ANALYSIS

Fisher’s exact test was conducted to compare the frequency of variants between RPDpatients and the East Asia individuals without RPD in the

gnomAD17 database, andChinese individuals from theChinaMAP18 database. Student’s t test orMann-Whitney U test is used to compare the

quantitative data, such as age and tibial tubercle lateralization, between different groups. The chi-square test is used to compare the qual-

itative data, such as gender and the proportion of trochlear dysplasia, between groups. Odds ratios (ORs) and 95% confidence intervals (CIs)

are calculated and a two-tailed p value less than 0.05 is considered statistically significant.
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