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Abstract

Total hip arthroplasty (THA) alleviates hip pain and improves joint function. Current implant
design permits long-term survivorship of THAs, but certain metal-on-metal (MoM) articulations
can portend catastrophic failure due to adverse local tissue reactions (ALTR). Here, we identified
biological and molecular differences between periacetabular synovial tissues of patients with
MoM THA failure undergoing revision THA compared to patients undergoing primary THA for
routine osteoarthritis (OA) Analysis of tissue biopsies by RNA-sequencing (RNA-seq) revealed
that MoM patient samples exhibit significantly increased expression of immune response genes
but decreased expression of genes related to extracellular matrix (ECM) remodeling. Thus,
interplay between local tissue inflammation and ECM degradation may account for the pathology
and compromised clinical outcomes in select patients with MoM implants. We conclude that
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adverse responses of host tissues to implant materials result in transcriptomic modifications in
patients with MoM implants that permit consideration of strategies that could mitigate ECM

damage.
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INTRODUCTION

Total hip arthroplasty (THA) is widely considered one of the most effective surgical
procedures in modern medicine, transforming the management of patients with end-stage
degenerative hip disease [1, 2]. The annual number of primary THAs is expected to increase
174% by 2030, and the number of revision THAs is projected to double by 2026 [3].
Currently, fewer than 1% of implanted THA constructs have metal-on-metal (MoM)
articulations [4, 5]. However, prior to important discoveries documenting increased rates of
revision due to adverse local tissue reaction (ALTRs) [6-9], MoM implants were common,
and currently constitute roughly 35% of all /n situ THAS in the United States [10, 11].
Historically, MoM wear rates were thought to be 60 times lower than wear rates for other
prostheses and were once believed to have greater implant survivorship [12, 13]. However,
national joint registry data have demonstrated that 20% of MoM THAS need to be revised at
10-13 years, while only 4% of metal-on-polyethylene (MoP) implants require revision at
similar follow-up [4, 5]. This represents a substantial cohort as approximately 1 million
MoM prostheses have been implanted, mostly in the last 15 years [10]. Reasons for THA
failure of MoM implants include chronic pain [14], metallosis [6], pseudotumor formation
[7], aseptic loosening [15], and systemic metal toxicities [16, 17]. Analysis of the biological
and molecular consequences of MoM wear debris on capsular tissues permits assessment of
adverse effects on the joint tissues of patients.

Patients with MoM constructs carry a greater risk of THA failure relative to patients with
other designs, reinforcing the importance of /n vivo implant monitoring. Previous studies
have demonstrated that cobalt-chromium (CoCr) implant wear debris can induce systemic
toxicity leading to catastrophic implant failure [18]. In the absence of patient-reported
symptoms, clinical assessments rely on elevated serum Co or Cr levels, or radiographic
evidence of implant failure. These tests provide limited guidance to the potential onset of
local adverse events while monitoring MoM THAs [19]. While the blood concentrations of
metals are used as a proxy for implant wear and predictors of systemic toxicity, they do not
offer consistent prognostic value for the management of these patients [8, 10, 20, 21].
Furthermore, a clear correlation between systemic metal ion levels and orthopedic implant
wear has not been established [22], in part because patients exhibit a broad range of
tolerances to metal exposure (both locally and systemically) [23, 24]. Accurate identification
of patients at higher risk for the development of complications prior to the onset of
symptoms would significantly improve clinical care for MoM THA patients.
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High-throughput next generation sequencing of mMRNAs (RNA-seq) can enhance the clinical
characterization of ALTR in patients with failed MoM THAs. For example, RNA-seq
provides the basis for the identification of differentially expressed genes in cells and tissues.
Specifically, we have applied RNA-seq to establish molecular differences in pericyte-like
mesenchymal stromal cells, which could have a role in arthrofibrosis, as well as tissues of
patients with total knee arthroplasty instability [25, 26]. Hence, RNA-seq comparison of
periacetabular synovial tissues that surround metal-based prosthetics can be compared to
that of patients with native, otherwise normal tissue. The long-term presence of metal debris
generated by physiologic implant corrosion (i.e., particulate metal and cations derived from
metal oxidation) may influence the surrounding joint tissue’s reactivity to osteolysis, as well
as its ability to regulate peri-capsular tissue repair and remodeling. In particular, MoM
implants are known to generate wear particles and/or the metallic debris that accumulates in
surrounding tissues and visceral organs [16, 17]. In order to maintain metal homeostasis in
the joint space and avoid hypersensitivity reactions and cytotoxicity [21], cytoprotective
proteins such as metallothioneins (MTs) are crucial for the maintenance of cellular functions
after extracellular exposure to metal ions. Previously published studies have shown systemic
upregulation of MTs /n vitro and /n vivo using animal models [27-29]; however, none have
directly assessed in vivo processes in patients with MoM THAs using CoCr articulations.

The goals of our study were to investigate the differential gene expression patterns of
periacetabular synovial tissue in patients with failed CoCr MoM THAS compared to
implant-naive control patients (with primary THAS) by utilizing RNA-sequencing. We
characterized expression patterns of immune cell markers and metal homeostasis proteins in
the local tissue of patients with MoM THASs that may enhance detection strategies to clinical
screening and patient management methods for implant failure.

MATERIALS & METHODS

Patient Enrollment & Tissue Handling

In accordance with our approved IRB protocol (09-000115, Mayo Clinic, Rochester, MN)
all patients were identified, verbally informed, and signature-consented prior to enrolling in
the study. When possible, patient clinical data were screened and matched based on age
(+7.5 years), sex, and body mass index (BMI) (7.5 kg/m?). We collected a total of 32
patient samples; 16 primary THAs (Figure 1A) and 16 revision THA for MoM failure
(Figure 1B). At the time of revision surgery, periacetabular synovial tissue (either revision
MoM THA or control) was carefully dissected by the operative surgeon using a scalpel.
After rinsing with sterile PBS, tissues were placed in RNase/DNase-free polycon containers,
immediately flash-frozen in liquid nitrogen, and stored at —80°C until used for RNA
extraction. To avoid unnecessary risks to patients, capsular tissues were only collected for
research when sufficient quantities of adjacent tissues were removed during the normal
course of surgery and tissue removal was determined to not cause any adverse harm to the
patient (Figure 1C-F).
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MRNA Isolation

Frozen biopsy samples were pulverized into powder using a cold mortar and pestle. Crushed
samples were then placed into Qiazol reagent and homogenized using the TissueLyser LT
(Qiagen, Hilden, Germany). Genomic RNA extractions were performed using the miRNeasy
mini kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s protocol, and eluted
in 50pL total volume. A NanoDropper (Thermo Fisher Scientific, Waltham, MA) was then
used to measure concentrations and purity ratios. Additionally, the Mayo Clinic Gene
Expression Core (Advanced Genomics Technology Center, Mayo Clinic, Rochester, MN)
provided RNA integrity (RIN) scores for prioritization of samples best suited to RNA-seq
data acquisition.

Next Generation mRNA-sequencing (RNA-seq)

RNA sequencing and subsequent bioinformatic analysis were performed in collaboration
with the Mayo Clinic RNA sequencing and bioinformatics cores as previously described [25,
30]. In brief, library preparation was performed using the TruSeq RNA library preparation
kit (Illumina, San Diego, CA). Polyadenylated mRNAs were selected using oligo dT
magnetic beads. 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 (v.1.2.1) workflow, utilizing TopHat 2.0.6[30] and HTSeq
[31]. Normalized read counts were expressed as reads per kilobasepair per million mapped
reads (RPKM). Count data for these samples has been made available under GEO Accession
Number GSE119331.

Computational Analysis and Statistics

Normalized read counts in the form of RPKM were used for all subsequent bioinformatics
analyses. Genes with RPKM values < 0.3 in both samples were excluded from the dataset.
Principal component analysis was conducted using the ClustVis online tool (cited below).
Hierarchical clustering was performed using Morpheus matrix visualization and analysis
software (Broad Institute) after a Log2 adjustment was made for each gene row. Discovery
of differentially expressed genes (MoM vs. controls) was conducted using Microsoft Excel
2010. A differential expression plot was generated using GraphPad Prism version 7.03 for
Windows. Protein-protein interaction networks were generated using STRING Database
version 10.5[32, 33].

RESULTS

We collected 16 samples of MoM THASs with CoCr articulations being revised for ALTR
(Figure 1B). During each procedure, we collected periacetabular synovial tissue at the time
of surgery for laboratory analysis (Figure 1C-F). During the same timeframe of this study,
we also collected periacetabular synovial tissue from patients undergoing primary THA for
end-stage degenerative osteoarthritis (Figure 1A). It is important to note that control patients
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had never received a CoCr hip implant, and for the intent of this study were therefore
considered CoCr implant-naive patients.

We isolated mMRNA from all periacetabular synovial tissues that were collected and chose 3
primary THAs and 3 revision THAs specifically revised for MoM THAs to be analyzed by
RNA-Seq (Figure 1A-B, bold). We first assessed whether or not the two groups (primary
THA or MoM) displayed distinct gene expression profiles. Unsupervised principal
component analysis was performed using all genes with expression values RPKM value >
0.3 (Figure 2A). We note distinct clustering of the MoM and primary THA samples.
Additionally, unsupervised hierarchical clustering was performed using the same gene sets
(Figure 2B), which displayed distinct branching between the two groups. To better
understand the gene signatures driving this differential clustering, we performed a
comparative analysis of MoM vs primary THAs to generate an MA plot of average RPKM
vs. log2FC (Figure 2C). In doing so, we generated lists of genes that were upregulated
(n=1212) or downregulated (n=667) greater than 1.5 fold in MoM samples compared to
primary THA samples (Figure 2D, Supplemental Table 1). Together, these data demonstrate
that the MoM patient samples possess a unique gene expression profile distinct from the
primary THA controls.

To better understand the biological significance of genes upregulated in MoM samples
(Figure 2D), we utilized the gene set enrichment analysis (GSEA) molecular signatures
database (MSigDB) to compute the overlap of our gene list (n=1212) with all gene ontology
(GO) gene sets. Results of this analysis demonstrated significant enrichment for GO terms
associated with immune response such as “Inflammatory Response” and “Cytokine
Mediated Signaling Pathway” (Figure 3A). The “Inflammatory Response” gene list had the
greatest overlap with our gene set (23%). Therefore, we filtered our gene expression matrix
for these genes (Supplemental Table 2) and performed hierarchical clustering (Figure 3B).
We note distinct clustering of the primary THA and MoM samples when assed over the
“Inflammatory Response” genes suggesting a unique immune reaction signature in the MoM
patients. General immune response genes (CD4, CD8A, CD8B, KLRBI1, ITGBZ, and
ITGAX) all demonstrate significant upregulation in the MoM patients (Figure 3C).
Additionally, we note an increase in M1 macrophage markers (CD80, CD3D, and HLA-
DRBI) in the MoM samples (Figure 3D). Together, these findings indicate that the
upregulated gene set that distinguishes the MoM samples from the primary THA samples is
largely comprised of immune response genes.

To evaluate the set of downregulated genes identified in the MoM samples (Figure 2D), we
again utilized the GSEA MSigDB to compute the overlap of the downregulated gene list
(n=667) with all GO gene sets. Interestingly, gene lists with the most overlap included GO
terms associated with ECM and tissue development (Figure 4A). As ECM appeared in
several of the enriched gene lists, we selected the gene 1D’s within the “Extracellular
Matrix” gene list (overlap=14%) for further analysis. Genes encoding structural ECM
proteins and ECM remodeling enzymes (i.e. Collagens and Matrix Metalloproteinases) were
selected from this list and used for STRING protein-protein interaction analysis (Figure 4B).
We note a distinct node of collagens within the interaction matrix. Using these collagen
genes, we filtered our gene expression matrix and performed hierarchical clustering (Figure
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4C). A significant reduction of these collagen genes in the MoM samples suggest decreased
ECM deposition and compromised local tissue integrity in the periarticular tissue.

Heavy metal exposure may induce expression of metal ion detoxifying enzymes, including a
family of distinct MT proteins. Therefore, we examined the expression levels of these genes
in our patient samples that received CoCr implants (Figure 5A-B). Interestingly, we observe
decreased expression of the MTs in the MoM patients. We also assessed expression levels of
the ferritin protein subunits (FTH1 and FTL) as independent indicators of cobalt toxicity and
find a significant increase in both FTH1 and FTL expression in the MoM patients (Figure
5C).

The results of our analyses indicate that the synovial samples collected from MoM patients
demonstrate a unique gene expression profile. Specifically, these tissues have an increase in
immune response genes and a decrease in ECM structural and maintenance genes. Using
RNA sequencing, we identified augmented expression of several immune and inflammatory
signaling markers, metallothioneins, collagens and extracellular matrix remodeling enzymes,
and heavy metal stress markers responsible for metal homeostasis in our analyzed MoM
tissue samples.

DISCUSSION

This study indicates that the underlying pathology of failed MoM THAs in patients with
CoCr articulation incites an inflammatory response. This response activates a positive
feedback like-mechanism provoking the destruction of surrounding connective tissue which,
in turn, invokes further inflammation and tissue degradation. If left untreated, patients with
CoCr implants will likely experience the clinical symptoms characteristic of ALTR and
require revision THA.

All metals implanted in the body undergo corrosion and liberate ions which activate natural
protective cellular mechanisms[21]. Metals commonly found in implants can induce a Type
IV, or ‘delayed type’ hypersensitivity reaction in 10-15% of the population[34]. The
majority of immune mediators in this cell-mediated process are macrophages or T-cells
primed by circulating antigen presenting cells; only 5% are antigen-specific T-cells[35]. T-
cell, myelocyte, leukocyte, and lymphocyte suppression can also lead to serum Co and Cr
levels five-fold higher than the upper limits of normal [36-39]. Systemic metal toxicity,
defined differently for each type of metal, leads to a host of issues including ALTRs,
commonly referred to as hypersensitivity reactions. As our results demonstrate, the
significant upregulation of gene families involved in inflammatory responses, cytokine
mediated signaling pathways, and immune system responses suggests there is a substantial
immunological process initiated by the failure to adequately remove metal ions from the
periarticular extracellular environment of the hip joint. Hence, our results provide an
important advance in our knowledge, by identifying which genes are specifically involved in
the clinical pathology of MoM THA.

It has been proposed that particulate debris released from CoCr implants activates
macrophages, causing the release of IL-1 and other immune mediators promoting the
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phagocytosis of the metal debris [40]. Over time, the physiologic corrosion of metal
produces metal ion debris and its subsequent uptake by macrophages can result in grey/black
discoloration of the surrounding tissue, which is referred to as ‘metallosis’ (Figure 1E-F)
[41, 42]. The aforementioned complications arise from binding of metal debris to albumin
and other proteins, decreases in myeloid and lymphoid cell lines, and aberrant immune
system activation[43]. Complications associated with metal toxicity affect almost every
organ system including the nervous system[44, 45], musculoskeletal system, ocular,
auditory[46], renal, hepatic, and many others[47, 48]. Not only does metallic debris affect
organisms on a systemic level, but cytotoxicity, carcinogenesis and mutagenesis, are also
well documented effects of metal exposure on the cellular level [49, 50].

Previous publications have demonstrated that metal implants lead to debris accumulation
and increased expression of metallothioneins, particularly MT1 and MT2A in surrounding
local tissue, peripheral blood, and visceral organs, regardless of wear pattern[21, 27, 29].
Remarkably, our RNA-seq data show that the metallothioneins were significantly
downregulated in the MoM patients, suggesting that decreased gene expression of key MTs
may preclude an effective endogenous response to mitigate the presence of non-
physiological levels of metal ions. The role of MTs, specifically the MT1 family, in
protecting the body against free metal ions and damage from reactive oxygen species, has
been previously described [28]. In the absence of MTs, cells exposed to metal debris
respond similarly to those exposed to low-dose radiation treatment [51]. This may be the
etiology in the MoM THA failures described here, as downregulated gene expressions of
MTs may compromise cytoprotective mechanisms and contribute to the pathological onset
of metallosis. In support of this hypothesis, MT1/2-null mice have been shown to be more
susceptible to CdCI2 bone injury [52].

Studies have shown that MoM implants generate 1012-1014 alloy particles per year, far more
than MoP THA implants [29, 53]. Additional literature has demonstrated the metal debris
generated by MoM constructs falls within the nanometer size range, much smaller than MoP
and other THA systems [35]. This smaller size decreases the potential for osteolysis and
aseptic loosening, but increases the spread of metal particles via the lymphatic circulation,
where metals consumed by macrophages tend to accrue in the reticulo-endothelial system
(liver, spleen, bone marrow) and lymph nodes [16, 17, 35, 54]. It is for this reason that MoM
THA patients often present with pseudotumor, reactive skin changes and pain rather than
aseptic loosening of the joint [41, 42].

A substantial number of collagen genes and MMPs were also demonstrated to be
significantly lower in the MoM patients. These proteins are critical for ECM structural
integrity and remodeling as well as wound healing and the stimulation of osteoblast growth
and proliferation. Impaired function of local reduction of these proteins may impair
regeneration of the injured joint tissue [55, 56]. Further, a compromised ECM may reduce
the capacity for the local synovial tissue to cope with metal ion toxicity created by the MoM
implant. Together, this contributes to an unstable soft-tissue environment prone to aseptic
loosening and painful degradation of the joint tissue.
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Current guidelines for management recommend monitoring asymptomatic MoM THA
recipients with sequential assessments of serum metal ion levels [42, 57]. For patients who
develop symptoms, advanced imaging studies are often indicated to evaluate the state of
soft-tissues and assess pseudotumor formation [42, 57]. The results from our study provide a
framework for the categorization of MoM THA patients into subgroups that reflects their
overall risk of developing a symptomatic THA failure. Our transcriptomic data highlight key
differences between patients with failed CoCr MoM implants and “CoCr naive” patients, it
may be possible to provide patients with an opportunity to monitor their THA using a
personalized approach and precision medicine management. For example, determining to
what extent elevated immune response or heavy metal stress gene expression is correlated to
a tissue metallosis or pseudotumor formation severity, synovial fluid markers, or
inflammatory markers such as CRP and ESR values would be useful. Further studies that
categorize MoM failure mechanisms (radiographic evidence of aseptic loosening, or MRI
detection of pseudotumor fluid collection) and assess their relative heavy metal response
levels, may provide additional information about this relationship. Our approach using
periacetabular tissue biopsy depicts the local tissue response and could aid in the detection
of ALTRs before blood metal levels are detected as abnormal or toxic.

While metallothioneins were initially thought to play a predominant role in the physiologic
reaction to metal debris, our present investigation reveals a critical role of the immunologic
response to metal debris and its subsequent initiation of extracellular matrix deposition and
maintenance. Interestingly, as indicated by our present findings, the genes encoding the
subunits of the ferritin protein complex may be better indicators of CoCr toxicity in affected
MoM patients. Future studies on the epigenetic regulation of bone or capsular tissue
response to metal exposure may provide information on how metal ion or nanoparticles
interfere with DNA-methylation or affect histone-modification and contribute to the failure
process /n vitro and /n vivo studies. Understanding the role of the host immune system and
the individual genetic variations therein will help predict which patients are at an increased
risk of developing adverse reactions to MoM THAs.

Research assessing the long-term risks of metal wear debris from implants in joint
replacement has translational application in other medical disciplines [51]. Devices made of
metals, plastics, and other composite materials have long been used in many medical
procedures, including orthopedic surgery, cardiology, and dentistry. The long-term
monitoring of the biocompatibility of these devices is often difficult, requiring a longitudinal
study of the complications and failure patterns that is rarely known. Development of
diagnostic tools to monitor these implants prior to the overt detection of symptoms is
relevant to MoM THA where the risk of complication is well described [6-8]. This
information may be helpful in identifying patients at risk for ALTR prior to the onset of
clinical symptoms, as many metal-on-polyethylene arthroplasty constructs in use today
contain CoCr femoral heads, which have been demonstrated to release metal ions into the
joint space, causing periprosthetic hypersensitivity reactions and metal toxicity [58-60]. As
precision medicine trends toward customized modular approaches, the classification of
MoM THA patients into molecular sub-classes that indicate relative risk of THA
complication would revolutionize our ability to treat these patients while ensuring
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appropriate use of clinical resources (e.g., relevant tests) that directly align with the needs of
a patient.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Tissues exposed to CoCr debris exhibit a distinct gene expression profile

. CoCr exposure increased expression of genes involved in inflammatory
response

. Gene expression of ECM proteins is reduced in the presence of CoCr debris

. CoCr presence results in elevated expression of genes encoding Ferratin
subunits

. Gene expression analysis may provide a diagnostic tool to monitor metallic
implants

Genomics. Author manuscript; available in PMC 2020 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Salib et al.

A

5B
9B
10B
14B
15B
16B
17B
18B
19B
20B
21B
22B
23B
24B

25B

Page 14

B
Primary THA Revision THA (MoM failure)

MoM Age BMI Primary THA Age BMI
Sample ID | (years) (kg/m?) Sample ID (years) (kg/m?)
3B 58 M 4A 72 E 30.7

30.3

64 M 29 21A 78 M 31.7
63 F 37 22A 88 M 27

59 F 20.9 23A 54 M 374
70 F 223 26A 87 [ 30.8
66 M 28.1 27A 76 M 26.5
52 F 24.7 28A 67 M 42.3
82 F 29.3 29A 70 B 30.1
61 E 22.8 30A 67 [ 23.9
73 F 17.9 33A 78 M 28.1
74 F 23 34A 51 M 29.7
59 F 22.8 38A 77 M 30.6
71 E 33.7 39A 70 F 895
52 M 36.8 40A 72 M 30

71 M 27 42A 46 M 34.9
50 M 2515 43A 61 B 26

Figure 1.

Overview of the patient cohort and tissue biopsies used for RNA-seq (samples analyzed by
RNA-seq are presented in bold font) (A-B). Surgical photograph of periacetabular tissue
sampling in diseased patient (C) and surgical photograph of removed tissue sent for tissue
processing and RNA-seq analysis (D). Intraoperative photograph of metal corrosion from
metal-on-metal cobalt-chromium implant from acetabular component (E) and from
explanted femoral head component (F) at the time of revision THA.
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Figure 2.
Synovial tissue derived from metallosis patients has a distinct gene expression profile.

Unsupervised principal component analysis (A) and hierarchical clustering (B) was
performed using expression profiles of genes expressed > 0.3 RPKM (n= 15,158) across all
six specimens. Comparative analysis of expression data in metallosis patients (n=3) versus
normal control (n=3) yields sets of upregulated (red) and downregulated (blue) genes (C) as
summarized in (D).

Genomics. Author manuscript; available in PMC 2020 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Salib et al.

Page 16

A GO Term FDR g-value
Inflammatory Response ] 2.85E-65
Cytokine Mediated Signaling Pathway ] 1.80E-151
Regulation of Cell Activation ] 8.45E-108
Immune Response ] 1.37E-70
Positive Regulation of Immune System Response ] 1.48E-108
Defense Response ] 1.38E-78
Regulation of Immune Response ] 4.53E-130
Regulation of Immune Sytem Response ] 7.62E-62
Immune System Response ] 1.36E-60
Positive Regulation of Response to Stimulus 9.37E-66
o 5 10 15 20 25
% Overlap
B C Cl Cl D C
D4 D8A D80
60 - * 4 4 * 2 A
p=.08
2 2
I_:—l & 30 A 2 A & 11
4 o
38 23 33 14 9 20 0 4 0 4 0 -
 pTHA  [NIGNIEN
—— Row Max 4 & CDBB* 20 - KLRB1 40 - CDSE)*
8 s ** s
8 £ 2 10 - £ 20 -
. 4 4
?
15 0 0 - 0
@
Q
4
5
© ITGB2 ITGAX HLA-DRB1
£ 300 w60 bt 3000
g E § *%
c
= £ 150 30 £ 1500
= Row min © &
0 0 0
¥ y oY
é‘?‘ @0 é‘?‘ @0 é‘«?‘ ®0

Figure 3.
Inflammatory and immune response genes are upregulated in tissue derived from metallosis

patients. Gene set enrichment analysis was performed on the 1,212 upregulated genes
identified in Fig. 1D. Overlap of this gene set with curated gene sets was calculated and the
10 most enriched gene lists are displayed with false discover rate (FDR) g-value shown (A).
Hierarchical clustering was performed using the RPKM values for the genes associated with
the “Inflammatory Response” gene set (=454 genes) (B). Average RPKM value (n=3) for
control (pTHA) and metallosis (MoM) tissues for general inflammatory response genes (C)
and specific M1 macrophage markers (D). Statistical significance of MoM compared to
pTHA is indicated when appropriate (*: p<0.05, **: p<0.01, ***: p<0.001, n.s.: not
significant).
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Figure 4 A-C.

Metallosis patients demonstrate downregulation of extracellular matrix proteins and
maintenance enzymes. Gene set enrichment analysis was performed on the 667
downregulated genes identified in Fig. 1D. Overlap of this gene set with curated gene sets
was calculated and the 10 most enriched gene lists are displayed with false discover rate
(FDR) g-value shown (A). STRING protein-protein interaction analysis was conducted with
a subset of genes (n=69) associated with the “Extracellular Matrix” gene list (B). All
collagen genes within this gene list were extracted, and hierarchical clustering was
performed using the RPKM values for these genes after a log2 adjustment (C).
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MRNA expression levels of the metallothionein (MT) proteins determined by RNA-Seq (A).
Box and whisker plot of the mRNA expression levels for the four MTs with the highest
RPKM value for each sample (n=3 in each group) (B). Box and whisker plot of the mRNA
expression levels for ferritin heavy chain 1 (FTH1) and ferritin light chain (FTL) for each
sample (n=3 in each group) (C). Statistical significance of MoM compared to pTHA is
indicated when appropriate (*: p<0.05, **: p<0.01, ***: p<0.001)
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