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Abstract

Arthrofibrosis is an abnormal histopathologic response, debilitating for patients, and poses a
substantial unsolved clinical challenge. This study aims to identify possible molecular pathways
responsible for arthrofibrosis between fibrotic and non-fibrotic human knee tissue. The fibrotic
group encompasses 4 patients undergoing a revision total knee arthroplasty (TKA) for
arthrofibrosis (RTKA-A) while the non-fibrotic group includes 4 patients undergoing primary
TKA for osteoarthritis (PTKA) and 4 patients undergoing revision TKA for non-arthrofibrotic and
non-infectious etiologies (RTKA-NA). RNA-sequencing of posterior capsule revealed distinct
clustering for each patient group by hierarchical clustering, principal component, and correlation
analyses. Multiple differentially expressed genes (DEGS) were defined in RTKA-A versus PTKA
patients (i.e., 2059 up-regulated and 1795 down-regulated genes) and RTKA-A versus RTKA-NA
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patients (i.e., 3255 up-regulated and 3683 down-regulated genes). Our findings define molecular
and pathological markers of arthrofibrosis, as well as novel potential targets for risk profiling,
early diagnosis and pharmacological treatment of patients.
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1. Introduction

Arthrofibrosis is characterized by the production of excessive extracellular matrix (ECM)
proteins in a joint and may occur as a complication after routine total knee arthroplasty
(TKA) [1-2]. Arthrofibrosis reduces the arc of motion, and can impact either extension (i.e.
flexion contracture) or flexion (limited flexion) or a combination of both, which interferes
with patients’ abilities to perform activities of daily living [3]. Hence, there is a compelling
clinical need to prevent or mitigate the occurrence of arthrofibrosis.

Acquired idiopathic stiffness occurs in approximately 4% of patients after a primary TKA
[4-8], with a subset of these patients developing an abnormal histopathologic response, and
thus, true arthrofibrosis. We recently showed that female gender and body mass index (BMI)
>30 kg/m? are risk factors for acquired idiopathic stiffness after primary TKA [8]. As the
volume of primary and revision TKAS is expected to rise in the coming years, the absolute
number of individuals suffering from arthrofibrosis will become increasingly problematic [9,
10].

The current diagnosis of acquired idiopathic stiffness, and thus the subset of patients with
true arthrofibrosis, is based on history and physical examination with a goniometer. While
gentle physical therapy is typically the first line of treatment for arthrofibrosis, it is often not
successful. More invasive approaches such as manipulation under anesthesia (MUA),
arthroscopic or open lysis of adhesions, and revision TKA are used as a second line of
treatment to improve range of motion, but these procedures come with their own
complication profile and are costly [7,9,10]. As such, fundamental understandings of the
cellular and molecular mechanisms that contribute to the disease process are essential to not
only identify at risk patients, but also develop pharmacologic prevention and treatment
modalities.

The clinical etiology of acquired idiopathic stiffness, and thus arthrofibrosis, is multifactorial
[11]. Decreased preoperative knee range of motion, post-traumatic etiologies, history of
prior surgery, and more complex surgery all, increase the risk of arthrofibrosis after TKA.
Additionally, intraoperative factors contributing to arthrofibrosis include poor implant
coronal, sagittal, and rotational alignment, suboptimal implant positioning, and/or
inappropriate sizing, while postoperative factors such as hematoma, periprosthetic joint
infection (PJI), lack of patient mobility and motivation, and poor pain control may also
contribute [9,10,12-14]. Likewise, current smokers have been shown to have an increased
risk of developing arthrofibrosis after TKA [15, 16]. There are limited data regarding
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diabetes status and arthrofibrosis, although a few studies have shown increased rates of
arthrofibrosis in patients with diabetes mellitus [17,18].

While the exact pathophysiology of arthrofibrosis is not completely clear [6], the cellular
response involves coordination of inflammatory cytokine release, endothelialmesenchymal
transition, and growth factor signaling [19]. Disruption of these processes directly affects
joint capsule homeostasis and organization, thus provoking uninhibited mesenchymal cell
proliferation and formation of myofibroblasts [20-23].

ECM components, produced by myofibroblasts, aggressively accumulate in the intercellular
space, stiffen, and generate excessive disorganized and noncompliant fibrotic tissues that
prevent normal joint function through mechanical interference [20,22]. Interventions
directed at potential biological targets that may be causative to the disease process have had
limited success, and therefore it is valuable to explore the molecular mechanisms of
arthrofibrosis to consider potential novel pharmacological therapies that might prevent,
reduce or reverse arthrofibrosis [20,24].

Our group has successfully identified global transcriptome differences between normal and
pathologic tissues using RNA-sequencing (RNA-seq) [19, 25-27]. Identifying differentially
expressed genes (DEGS) in patients with arthrofibrosis after a primary or revision TKA can
reveal specific genes and biological pathways implicated in arthrofibrosis development. This
study evaluated DEGs in intraoperative specimens in three clinically distinct patient groups
undergoing knee arthroplasty to understand the mechanisms mediating knee arthrofibrosis.
Elucidation of these mechanisms will permit more accurate diagnosis and classification of
arthrofibrosis progression, as well as assist in the development of targeted treatment
approaches.

2. Materials & Methods

2.1. Patient enrollment & selection

All patients in this study were verbally-informed and signature consented according to our
approved Institutional Review Board (IRB) protocol (Mayo Clinic Rochester IRB #09-
000115) prior to enrollment. There were 3 distinct groups for RNA-seq. The experimental
group included patients undergoing revision TKAs due to the development of arthrofibrosis
(hereafter referred to RTKA-A). Patients considered eligible for this study met specific
inclusion criteria. Only patients with arthrofibrosis without a history of PJI, malalignment,
implant failure (e.g. aseptic loosening or fractured prosthesis), or history of other fibrotic
diseases and/or neuromuscular disorders were included. We then 1:1 matched these patients
based on age, sex, BMI, smoking status, and diabetes status to the two control groups. The
first control group was assembled from patients undergoing primary TKAs (PTKAs) for
osteoarthritis, and the second control group was from patients undergoing revision TKA for
non-arthrofibrotic and non-infectious etiologies (RTKA-NA) (n = 4 for each group). These
control groups represent patients who have orthopedic implants similar to the RTKA-A
group, but no evidence of excessive development of capsular fibrotic tissue (Figure 1A).
Each of these groups contains at least three nominal patients with an otherwise
unremarkable clinical history based on their medical records. A small subset of patients had
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anecdotal clinical incidents that are unlikely to have a major impact on our conclusions. For
example, two patients experienced, respectively, joint contracture or loosening after an initial
periprosthetic fracture. One patient was unique in having experienced only a unilateral
arthroplasty, while a fourth patient developed a joint contracture that most likely developed
after an initial bacterial infection was treated. Relevant details on the medical history of our
patients are provided in Supplemental Table 1.

Beyond these three patients groups, we validated differentially expressed genes (DEGS)
established by RNA-seq analysis using a second cohort of patients (n = 4 for each group).
These patients were selected based on the same inclusion and exclusion criteria as described
above (i.e., PTKA, RTKA-NA and RTKA-A). For all patients used in our study, the average
time from PTKA to RTKA-A was 5 years (range, 1-10 years), while the average time from
PTKA to RTKA-NA was 7.5 years (range, 5-11 years).

2.2. Tissue Collection and Processing

During primary or revision TKAs, intraoperative tissue was obtained from the posterior
capsule of the knee by the same surgeon, who represents one of nine high-volume revision
surgeons at our institution. Tissues were carefully excised by the operative surgeon using a
scalpel to remove a 2 cm x 2 cm specimen from the posterior capsule (Figure 1B, 1C).
Excised specimens were rinsed in a 50 mL conical tube filled with phosphate buffered saline
(PBS), transferred to RNase/DNase-free containers, immediately frozen in liquid nitrogen,
and stored at —80 °C.

2.3. RNA Isolation

RNA was extracted from frozen tissue using the miRNeasy mini kit (Qiagen, Germantown,
MD) according to the manufacturer’s protocol. RNA concentration and purity were initially
monitored for ultraviolet absorbance by NanoDrop (Thermo Fisher Scientific, Waltham,
MA). Samples with sufficient yield and purity were subjected to additional RNA quality
assessment (Agilent Technologies, Santa Clara, CA) by RNA integrity number (RIN) as a
tool for prioritization of samples. Samples with acceptable ultraviolet absorbance values
(i.e., percentage of RNA fragments>200 nucleotides; DVV200 score) and RIN scores were
selected for RNA-seq by an intramural core facility (Advanced Genomics Technology
Center, Mayo Clinic, Rochester, MN). One sample was excluded from RNA sequencing
because the RNA was of insufficiently quality (e.g., low RIN and DV200; see Supplemental
Table 2).

2.4. Next generation mRNA-sequencing (RNA-seq)

RNA sequencing and following bioinformatics analysis were completed in collaboration
with the Mayo Clinic RNA sequencing and bioinformatics cores [28]. TruSeq Kits were
used for indexing to permit multiplex sample loading on the flow cells. Paired-end
sequencing reads were generated on the Illumina HiSeq 2000 sequencer. Quality control for
concentration and library size distribution was performed using an Agilent Bioanalyzer
DNA 1000 chip and Qubit fluorometry (Invitrogen, Carlsbad, CA). Sequence alignment of
reads and determination of normalized gene counts were performed using the MAP-RSEq.
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(v.1.2.1) workflow, utilizing TopHat [28] and HTSEq [29]. Normalized read counts were
expressed as reads per kilobasepair per million mapped reads (RPKM).

2.5. Computational analysis and statistics

To obtain uniform sampling, we examined all specimens by RNA-seq (postvalidation) using
classical mMRNA biomarkers (e.g., B-hemoglobin/HBB, myoglobin/MB) that can account for
presence of extraneous cells and tissues (e.g., blood, muscle). We excluded samples with
higher than expected expression of these biomarkers (Supplemental Table 2). Genes with
highest levels of expression were identified based on the mean RPKMs of genes in each
patient group after discarding common housekeeping genes curated in the molecular
signatures database (MSigDB). Differential expression analysis was carried out using
edgeR1based on a likelihood ratio test assuming a negative binomial distribution (version
3.20.1). p values were adjusted for multiple hypothesis testing based on the Benjamini-
Hochberg method. DEGs were identified with average expression larger than 1 counts per
million (CPM), absolute log2 fold change larger than 1 and adjusted p value smaller than
0.05. All statistical analysis, including hierarchical clustering, principal component and
correlation analysis, was carried out in R (version 3.4.2) [30]. Pathway analysis of DEGs
was performed based on over-representation based method Enrichr [31]. Pathways with
adjusted p value smaller than 0.05 were identified as significantly perturbed. Protein-protein
interaction networks were generated using STRING Database version 10.5 [32].

2.6. Validation of DEGs

Isolated RNA was transcribed into cDNA using the SuperScript Il First- Strand Synthesis
System (Invitrogen, Carlshad, CA). Gene expression was quantified by using real-time
gPCR reactions performed with 15 ng of cDNA per 10 pl using the QuantiTect SYBR Green
PCR Kit (Qiagen, Hilden, Germany) and CFX384 Real Time System (BioRad, Hercules,
CA). Gene-specific primers are shown in Supplemental Table 3. Gene expression levels were
normalized to the housekeeping gene, GAPDH, and quantified using the 224Ct method.
GraphPad Prism version 7.03 for Windows was used to create graphs.

3. Results

3.1. Posterior capsule specimens from different patient groups have distinct molecular

signatures

From the RNA-seq data of 4 PTKA, 4 RTKA and 4 RTKA-NA samples, hierarchical
clustering (Figure 2A), principal component (Figure 2B) and correlation analyses (Figure
2C) were generated to gain an understanding of how the transcriptomes of the three different
patient groups compared across all expressed genes and patient groups. Each of the three
analyses, which detect global sample similarity and variation, revealed that transcriptomes
for each set of four specimens form distinct clusters according to each patient group.

3.2. Determination of Highest Expressed Genes

To determine molecular signatures for arthrofibrosis, we selected genes with the highest
expression level in all three patient groups. Venn diagrams were generated to identify
common highest expressed genes among three patients groups (Figure 3A). RPKM, fold
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change and p-values of the unique genes for each group are provided in Supplemental Table
4. This analysis revealed five common genes in capsular tissue regardless of tissue origin
(i.e., S100A4, S100A6, TIMP1, CTSD, CRIPI). Of these, two S100genes (S100A4 and
S100A6) have diverse roles in cell growth, differentiation and survival, while the matrix
metalloproteinase inhibitor 7/MP1 and Cathepsin D/CTSD have prominent roles in ECM
remodeling; the function of cysteine-rich intestinal protein (CRIP/CRIP1) is not yet
understood.

STRING analysis of the 20 highest expressed genes in each patient group revealed several
protein-protein interaction networks that reflect expression of programs of genes with shared
functions (Figure 3B). The 20 highest expressed gene set in RTKA-A patients contains
multiple collagens and non-collagenous genes that are abundant in fibrous and fibrotic
tissues (e.g., COL1A1, COL1AZ, COL6AL, COLEAZ FN, SPP1, BGN).

3.3. Definition of genes specific for patients with arthrofibrosis

Comparing RTKA-A versus PTKA and RTKA-A versus RTKA-NA patients separately
demonstrated statistically significant alterations in expression levels in RTKA-A compared
to the PTKA and RTKA-NA control groups. We identified 2059 up-regulated and 1795
down-regulated DEGs in RTKA-A versus PTKA patients (Figure 4A, 4C) and 3255 up-
regulated and 3683 down-regulated DEGs in RTKA-A versus RTKA-NA patients (Figure
4B,4D) (Supplemental Table 5). Detectable differences in the transcriptomes of patient
groups highlight key biological differences among joint capsular tissues at the time of
specimen collection.

3.4. Gene ontology analysis of differentially expressed genes in patients undergoing
primary total knee arthroplasty or revision surgery

Genes differentially expressed in arthrofibrosis patients (compared to control patients)
represent possible diagnostic parameters or molecular targets for intervention at the onset or
progression of arthrofibrosis. Using the up-regulated and down-regulated gene sets identified
in the comparative analysis of the three patient groups (PTKA, RTKA-A and RTKA-NA),
we consulted the pathway analysis which is a repository of previously established gene lists
that are annotated using gene GO terms for different biological, cellular or molecular
characteristics.

2059 up-regulated DEGs in RTKA-A vs PTKA and 3255 up-regulated DEGs in RTKA-A vs
RTKA-NA had both enrichment of GO term extracellular matrix organization (GO:0030198)
(Figure 5A, 5B) (Supplemental Table 6). This finding is consistent with the description of
arthrofibrosis by the production of excessive ECM proteins in a joint. To investigate the
relationships between the proteins encoded by the genes involved in extracellular matrix
organization, STRING network analysis was conducted for RTKA-A vs PTKA (Figure 5C)
and RTKA-A vs RTKA-NA (Figure 5D). This comparison showed a highly interactive
protein-protein interaction network in which most of the genes are members of Collagen and
Integrin families.

To understand which up-regulated extracellular matrix organization DEGs are unique to
arthrofibrosis patients, Venn diagram was utilized to establish the gene intersect (Figure 6A)
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(Supplemental Table 6). This analysis revealed 37 up-regulated extracellular matrix
organization DEGs in common when RTKA-A patients are compared with either PTKA or
RTKA-NA. Similar to our observations above (see Figs. 5C and 5D), STRING network
analysis of these 37 genes also revealed a highly interactive protein network, especially
between Collagen and Integrin family members as well (Figure 6B).

Although, 1795 down-regulated DEGs in RTKA-A vs PTKA and 3683 down-regulated
DEGs in RTKA-A vs RTKA-NA had both enrichment of GO term SRP-dependent co-
translational protein targeting to membrane (GO:0006614) (Supplemental Table 7). In this
study because of potent effects of up-regulated genes on arthrofibrosis development, further
analyses were performed on them.

3.5. Validation of DEGs in another patient set

Determination of extracellular matrix organization genes unique to arthrofibrosis patients
revealed genes especially involved in Collagen and Integrin families. To validate up-
regulated expression of these genes in another patient subset (4 PTKA, 4 RTKA and 4
RTKA-NA) we performed gPCR analysis of COL11A1and /TGA11 representing each gene
family, and also SERPINEI (Figure 7B). Thus, these RNA-seq analysis results corroborate
expression of these genes in another patient subset.

4. Discussion

4.1. Strategy for definition of a specific transcriptome in capsular tissues of
arthrofibrosis patients

This study aimed to define knee arthrofibrosis-specific gene expression signatures by
establishing which genes are selectively up-regulated in knee arthrofibrosis patients
compared to two groups of surgically-appropriate control patients. Ideally, longitudinal
sampling of posterior capsular tissues from the same cohort of patients undergoing knee
arthroplasty and developing arthrofibrosis represents an optimal method for defining the
specific temporal changes that occur during disease progression. However, this sampling
method is clinically unrealistic since it would require repeat procedures at multiple temporal
intervals that would be unethical. In addition, because only a subset of patients develops
arthrofibrosis, the theoretically ideal specimen collection strategy would require removal of
healthy capsular tissue from unaffected patients. Therefore, for pragmatic reasons our study
relied on two different comparisons that accounted for two distinct types of biological
variation after TKA. The first comparison examined patients with primary TKAs with those
who undergo revision TKA due to arthrofibrosis (i.e., PTKA and RTKA-A). This
comparison is a proxy for the ideal longitudinal analysis, but in essence compares
osteoarthritic patients without an implant with arthrofibrosis patients many months to years
after receiving a TKA. The second analysis compared patients undergoing revision TKA due
to arthrofibrosis with others undergoing revision TKA for aseptic, non-fibrotic causes (i.e.,
RTKA-A and RTKA-NA, respectively). The latter analysis examined a similar temporal
relationship to the index procedure in that each group received an implant distant from their
revision. Considering differences in the average time from PTKA to RTKA-A (5 years,
range: 1-10 years) versus PTKA to RTKA-NA (7.5 years, range: 5-11 years), it appears that

Genomics. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bayram et al.

Page 8

gene expression could be affected by the large range of the time points used for tissue
collection. Taken together, the transcriptomes of differentially expressed genes defined in
this study reflect the cellular phenotype of capsular joint tissues in clinically distinct patient
populations undergoing surgery for three distinct indications and provides objective data that
the biologic milieu of each of these patient groups is distinct even when the initial operative
intervention is distant from the development of the disorder. Hierarchical clustering.
principal component and correlation analyses of expressed genes in arthrofibrosis patients
compared to two control groups revealed that expression patterns of all samples within each
patient group are consistent within, but distinct between groups. Thus, transcriptomes of
cells within capsular tissues isolated during primary or revision arthroplasty appear to reflect
clinical differences in the specimens at the time of isolation during surgery.

4.2. Inflammatory gene expression signatures are prevalent in patients with primary total
knee arthroplasty and have subsided in patients with arthrofibrosis

Tissue damage induces inflammation and activates different cell types of the innate and
adaptive immune system depending on the type of injury [33]. Therefore, genes that
modulate the immune system have important roles in the development of fibrosis.
Remarkably, analysis of the 20 highest expressed genes in the three treatment groups
revealed that the innate immune response gene CIQA, which belongs to the CZQ family
(i.e., CIQA, C1QBand C1Q0), is characteristic of PTKA and RTKA-NA patients but not
RTKA-A patients. The CIQA gene plays a critical role in the initiation of the innate immune
response pathways, and is actively expressed by macrophages, dendritic cells and mast cells
[34]. The elevated presence of CIQA in the joints of PTKA or RTKA-NA patients is
consistent with infiltrating macrophages during active inflammation while this inflammatory
response has already subsided in RTKA-A patients. This result is consistent with the clinical
observation that PTKA patients with osteoarthritis have inflamed and painful knees that
require surgery.

4.3. Extracellular matrix organization genes are actively expressed in arthrofibrosis

patients

Beyond our unbiased RNA-seq analysis of genes for characterization of the biological state
of joint capsular tissue, pathway analysis revealed extracellular matrix organization genes in
arthrofibrosis patients (RTKA-A) compared to non-arthrofibrotic patients (PTKA and
RTKA-NA).

Collagen family members were the most remarkable among common extracellular matrix
organization genes. COL1A1, COL3Aland COL6A1 are already known as characteristic
extracellular markers of fibrosis, which were also shown in our study [35-38]. However with
our results it is clear that other collagen types are also involved in arthrofibrosis
development. Several previous studies have shown that other collagen types may also be
involved in fibrosis development. For example, COL2A1 and COL5A3 have been observed
as pathological components in the ECM in liver fibrosis, [39]. In a mice study, lack of
COL8A1 has also been shown to reduce fibrosis [40]. Additionally, COL 7A1 supports
dermal fibroblast migration and is a critical player in physiological wound healing in mouse
models [41]. Previous papers provided ideas about other collagen types in fibrosis

Genomics. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bayram et al.

Page 9

development. However our RNA-seq data provide new evidence showing that multiple
collagens may be involved in fibrosis, specifically in human knee tissues. Identifying all the
genetic markers which contribute to arthrofibrosis will be important when designing
antifibrotic therapies.

Integrins, which are a family of heterodimeric cell surface receptors, were the second
remarkable family among the extracellular matrix organization genes. The role of integrins
in fibrosis has been well established and are still recognized as viable therapeutic targets
[42]. Integrins assist communication between the ECM, fibroblasts, and parenchymal cells,
and as such are directly involved in the initiation and progression of fibrosis [43]. A group of
five integrins, /ITGA1, ITGAZ, ITGA3, ITGA10and /TGA11 have been described as
binding to collagens, with some members also binding to other ECM molecules like laminin
or fibronectin [44,45]. The pathological role of intergrins in arthrofibrisis is also reflected by
results from our studies.

Another noticeable gene involved in our data is LOX; which is an extracellular amine
oxidase that post-translationally modifies collagens and non-collagenous proteins (e.g.,
elastin) in the ECM, thereby catalyzing the covalent crosslinking of fibers [46]. It has also
been shown as a promoter of epithelial to mesenchymal transition during pulmonary fibrosis
[47]. Its potential role in arthrofibrosis development is suggested in our study, but remains to
be further investigated.

SERPINEI also has an important role during wound healing, higher levels of SERPINE1
inhibit uPA/tPA/plasmin and plasmin-dependent MMP activities, and, therefore, help
accelerate wound healing. However, under pathologic conditions, higher SERPINEL levels
contribute to extra accumulation of collagen and other ECM proteins in the wound area, and
thus conserve scarring [48]. Our data demonstrate higher levels of this gene in the RTKA-A
group compared to the non-arthrofibrotic groups (PTKA and RTKA-NA).

The enhanced expression of classical fibrosis related genes affecting ECM formation, cell
signaling and transcriptional control in RTKA-A patients is entirely consistent with the
clinical diagnosis of these patients and the recommended surgery to relieve joint stiffness.
Our data provides a unique overview of the multiplicity fibrotic genes involved in
arthrofibrosis.

4.4. Caveats of RNA-seq analysis for phenotypic characterization of arthrofibrosis

patients

Beyond our clear demonstration that three different patient groups exhibited distinct gene
expression profiles consistent with their distinct clinical diagnoses, there are a number of
limitations to our study. First, RNA-seq analysis is a very effective tool for establishing how
tissues respond to different clinical conditions by elevating protein coding mRNAS.
However, whether mMRNAs produce the encoded proteins depends on translational
mechanisms that are controlled in part by small non-coding RNAs (e.g., microRNAS) that
are beyond the scope of this study. Additionally, we did not measure the specific stability or
localization of proteins in posterior capsule cells; proteins transported to the site of action
(e.g., secretion as ECM protein) would result in a mismatch between RNA-seq data and
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protein levels. Future studies should validate differentially expressed genes by
immunohistochemistry or immunofluorescence microscopy.

Second, the tissues we isolated are not purely fibrotic, but heterogeneous surgical capsule
specimens with blood vessels, adipose components and infiltrating immune cell types.
Hence, RNA sequencing results provide combined information on both the expression of
specific genes within a capsular fibroblastic cell type and the representation of this primary
cell type relative to other non-fibroblastic cell types. Such non-fibroblastic cell types are
either intrinsically associated with capsular tissue (e.g., adipocytes and endothelial cells), or
represent extraneous cells (e.g., monocytes and macrophages) that infiltrated the tissue
during repair or remodeling of the capsular tissue.

Third, sampling variation among surgeons may also have contributed to heterogeneity.
Although orthopedic surgeons were given specific instructions prior to collection to optimize
uniform sampling, subtle differences in anatomical location and harvesting procedures could
affect the tissue distribution and quality of the specimens. To reduce harvesting and analysis
complexities, we only focused on posterior capsule tissue RNA-seq analysis. It remains
uncertain whether other joint tissues (e.g., suprapatellar pouch and quadriceps tendon)
would exhibit molecular changes.

Fourth, there are clear limitations in sample selection, because tissue specimens from
arthrofibrosis patients are rare and it is difficult to find matching samples for gender, age and
co-morbidities. Therefore, it is not realistic to perform a longitudinal analysis of how human
capsular tissues and corresponding gene expression signatures change following primary
arthroplasty in the same individuals.

Regardless of the above limitations, our study on the transcriptomes of multiple
arthrofibrosis patients compared to non-arthrofibrosis patients provided key insights into
molecular phenotypes of joint capsular tissue at the highest level of RNA sequencing
resolution currently available. We conclude that our current study increased our mechanistic
understanding of arthrofibrosis and allowed for molecular phenotyping of arthrofibrosis. It is
becoming increasingly apparent that arthrofibrosis may represent a polygenic disease and
our datasets have identified novel targets for diagnosis and pharmacological treatment for
arthrofibrosis patients that deserve further exploration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Identify molecular phenotypes of joint capsular tissue.
Unique overview of the multiplicity fibrotic genes involved in arthrofibrosis.

Identify novel targets for diagnosis and pharmacological treatment for
arthrofibrosis patients.
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A
Patient Subset n Age Sex BMI Smoking DM
PTKA 4 64 (50-81) 1F-3M 33 (30-37) 4N 4N
RTKA-A 4 62 (45-72) 1F-3M 33(27-37) 3N-1Y 4N
RTKA-NA 4 68 (57-75) 2F-2M 29 (28-34) 4N 4N

Posterior |
capsule

Posterior capsule ‘

Figure 1.
Characteristics of patient subset involved in RNA-seq analysis (A), Sagittal illustration of

the posterior capsule (B), The coronal illustration of the posterior capsule (C).
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Comparative analysis of mMRNA expressions in PTKA, RTKA-A and RTKA-NA via

hierarchical clustering (A), Principal component (B) and correlation (C) analysis.
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Figure 3.
Overlap within the 20 highest expressed genes identified for PTKA, RTKA-A and RTKA-

NA (A), STRING protein-protein interaction network analysis for the top 20 highest
expressed genes of PTKA, RTKA-A and RTKA-NA (B).
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Figure 4.

Volcano plot depicting DEGs in RTKA-A versus PTKA (A) and RTKA-A versus RTKA-NA
(B), Hierarchical clustering analysis of DEGs in RTKA-A versus PTKA (C) and RTKA-A
versus RTKA-NA (D).
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Figure 5.
Pathway analysis of the 2059 up-regulated DEGs identified for RTKA-A versus PTKA (A)

and the 3255 up-regulated DEGs identified for RTKA-A versus RTKA-NA (B), Heatmap of
expression levels for genes related to extracellular matrix organization in patients with
RTKA-A versus PTKA (C) and RTKA-A versus RTKA-NA, as well as STRING protein-
protein interaction network analysis of up-regulated DEGs involved in extracellular matrix
organization in RTKA-A versus PTKA (D) and RTKA-A versus RTKA-NA (E)

Genomics. Author manuscript; available in PMC 2021 July 01.

RTKA-A 20D




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bayram et al.

Page 21

A

RTKA-A vs PTKA RTKA-A vs RTKA-NA

SCUBE3

e

Figure 6.
Overlap of common up-regulated extracellular matrix organization DEGs in RTKA-A versus

PTKA and RTKA-A versus RTKA-NA (A), STRING protein-protein interaction network
analysis of common up-regulated extracellular matrix organization DEGs (B).
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Patient Subset n Age Sex BMI Smoking DM
PTKA 4 63 (47-75) 1F-3M 36 (31-42) 4N 3N-1Y
RTKA-A 4 55 (50-62) 2F-2M 30 (26-35) 4N 4N
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Figure 7.

Characteristics of patient subset involved in DEGs gPCR analysis (A), Expression of
selected up-regulated DEGs by quantitative PCR (gPCR) in another patient subset (B).
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