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Abstract
Canine forms of osteoarthritis (OA) are very similar to those in humans and represent a welfare problem
in the dog world population. In this study, we investigated the transcriptomic pro�le of peripheral blood in
German Shepherd dogs with OA in order to identify putative diagnosis biomarkers. The bulk RNA-seq
experiment was performed in a cohort of 12 adult dogs, 5 OA-affected and 7 unaffected. Radiographs of
the affected dogs revealed signs of progressive OA in hip, elbow and sti�e joints. The expression analysis
showed 171 differentially expressed genes (DEGs), 113 were upregulated and 58 were downregulated
compared to control dogs P (< 0.01). This pool of genes was functional annotated for signaling
pathways using PANTHER tools. No overrepresented pathways were found. To gain further insights of the
functional role of the DEGs in OA, we set a threshold of log2FoldChange value between -1.5 and 1.5. We
ended up with 24 top up- and downregulated transcripts. Prioritization of these DEGs according to their
known functional knowledge, revealed �ve possible candidates for OA biomarkers. The downregulated
OSCAR gene encodes the osteoclast associated Ig-like receptor, which is involved in osteoclastogenesis
regulation and bone homeostasis. In addition, the upregulated microRNA MIR339-1 and ncRNAs:
LOC106559235 (downregulated), LOC102156762 (downregulated) and LOC111096460 (upregulated) are
regulatory sequences, stable for gene pro�ling assessment in blood and related to OA pathogenesis
regulation. We suggest OSCAR as the more likely candidate biomarker for OA diagnosis in dogs and,
provide evidence of new circulating regulatory sequences differentially expressed in canine OA.

Introduction
Osteoarthritis (OA) is the most common degenerative joint disorder in humans and companion animals
(Mele, 2007; Martel-Pelletier et al., 2016; Cimino Brown, 2017). The Lancet Commission on Osteoarthritis
reported that more than 500 million people worldwide were affected by this complex disease in 2020
(Hunter et al.,2020). The etiology involves metabolic disruption of the articular cartilage, subchondral
bone, ligaments, capsule and synovial membrane leading to articular cartilage loss, subchondral bone
sclerosis, and in�ammation. Progression of these structural alterations leads to joint failure, loss of
mobility, pain, and decreased quality of life (Zheng, 2005; Martel-Pelletier et al., 2016). Risk factors
associated with OA are heterogenic, for instance, age, gender, obesity, joint biomechanics and genetic
background are the most described (Martel-Pelletier et al., 2016; Abramoff and Caldera, 2020). OA
commonly appears secondary to hip dysplasia, knee cruciate ligament rupture and avascular necrosis of
the femoral (Jacobsen and Sonne-Holm, 2005; Kim, 2012; Simon et al., 2015). 

Canine forms of OA are very similar to those in humans and represent a welfare problem in the world dog
population. In the UK, an estimated annual period prevalence of 2.5% for appendicular OA has been
reported, based on primary-care data. This equates to around 200,000 UK affected dogs annually
(Anderson et al., 2018). The most common locations of OA in dogs include the sti�e (cranial cruciate
ligament rupture and medial patellar luxation), hip (hip dysplasia), elbow (fragmentation of the medial
process) and shoulder (osteochondrosis dissecans). While risk factors are similar between owners and
pets, inherited defects related to skeletal conformation of certain dog breeds have been associated with
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OA developing (Anderson et al., 2018). Medium to large breeds such as Border Collie, Bull Mastif, Dogue
de Bordeaux, German Pointer, German Shepherd, Golden Retriever, Labrador Retriever, Old English
Sheepdog, Rottweiler, Scottish Collie and Springer Spaniel have shown higher odds of OA diagnosis than
small and crossbreeds, even in early life (Anderson et al., 2018; O'Neill et al., 2020). 

The diagnosis of OA in human and veterinary medicine is usually made by clinical examination and plain
radiography. In some instances, magnetic resonance imaging (MRI) and computed tomography (CT)
scans are extremely useful to identify early chondral damage and thus predisposing factors to OA, such
as meniscal and cruciate ligament injuries (Abramoff and Caldera, 2020). Different from humans,
diagnosis of OA in dogs cannot be assessed based on patient’s symptoms and usually by the time
owners detect limb movement imbalance and pain in their pets, the disease stage is already advanced
(Cimino Brown, 2017; Meeson et al., 2019). It has been reported that diagnosis of OA was usually made
when dogs were older. In cases with available dates of diagnosis and death, mean proportion of lifespan
affected by OA was 11% (Anderson et al., 2018). Thus, identifying early articular degradation is the most
important challenge in OA research and clinical care. 

During the last decade, the use of biomarkers in the diagnosis of OA has gained interest. The rapid
development of high-throughput sequencing technologies has enabled the identi�cation of gene
expression pro�les and networks correlated with OA etiopathology (Mobasheri and Henrotin, 2010;
Munjal et al., 2019). Interleukins, matrix metalloproteinases, collagen family members, TGF-β pathway-
related genes, long noncoding RNA (lncRNA) and microRNAs (miRNA) are some of the most identi�ed in
OA gene expression analysis (Reynard and Barter,2020). In dogs, patients and experimentally induced OA
have been broadly used to identify OA associated biomarkers. It is di�cult to study patients with
naturally occurring OA since many factors including breed, age, activity level and severity and duration of
the disease are not standardized (de Bakker et al., 2017). However, as ethical regulations in animal
research have become more important, patients represent the most feasible model (The NC3Rs,
https://www.nc3rs.org.uk/). The most used tissues and bio-�uids in OA biomarkers identi�cation are
cartilage, synovial �uid, blood and urine (Munjal et al., 2019). For instance, in synovial �uid, cytokines, C-
reactive protein and matrix metalloproteinase enzymes have been correlated with the early phase of
in�ammation or tissue destruction. Whereas in cartilage, collagen type II synthesis and degradation
products, proteoglycans, hyaluronic acid and cartilage oligomeric matrix protein are associated with long
stage joint damage (de Bakker et al., 2017).  Systemic biomarkers (serum or urine) offer a potential
alternative method of quantifying total body burden of OA (Kraus et al., 2010), being blood the most
suitable due to its easy collection in patients and healthy controls, and role in many of the metabolic
pathways, including osteoclastogenesis and bone resorption (Munjal et al., 2019).

So far, given the heterogeneous nature of the disease and the lack of su�ciently clinical validation, no
single canine OA biomarker stands out as the gold standard (de Bakker et al., 2017). Therefore, there is an
increasing focus on the development of a panel of biomarkers, which could cover a range of patho-
physiological effects, such as cartilage synthesis and degradation, synovitis and in�ammation.
Combining existing biomarkers may improve their prognostic accuracy and help identify at-risk patients
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(Williams, 2009). Thus, identi�cation of biomarkers in peripheral blood, together with the established
diagnostic imaging, would enable a more accurate diagnosis of OA, improving canine welfare and
avoiding economic losses in veterinary medicine. In this study, we investigated the transcriptomic pro�le
of peripheral blood in German Shepherd patients with OA in order to identify new putative OA biomarkers.
 

Materials And Methods
Animal cohort and Diagnostic Imaging

Twelve German Shepherd dogs were included in this study. Radiological examination (GBA-Mobilex 150
HF, Argentina and Fuji�lm FCR PRIMA II Image Reader / FCR PRIMA Console, Japan) was used to
evaluate signs of OA in the dogs. Standard mediolateral radiographs were taken of elbow and sti�e
joints. In addition, extended ventro dorsal view of pelvis was taken to evaluate coxofemoral joints.
Radiographic surveys of multiple joints were performed to record the overall status of the patient (Carrig,
1997). Unspeci�c signs for OA such as enthesophyte and osteophyte formation, pathologic alteration of
subchondral bone (i.e., cyst formation, bone sclerosis and remodeling) and joint spaces varying in
thickness were recorded (Allan and Davies, 2018). According to the radiological diagnosis, the animals
were grouped in cases (N = 5) and controls (N = 7). The age threshold was set above three years old in
control dogs. Body weight, age, sex and neutering status were recorded from each dog by clinical
examination.

RNA isolation and cDNA library construction

RNA was isolated from RNAlater stored blood with the RiboPure™-Blood Kit (Ambion, Life Technologies,
CA, USA) according to the manufacturer instructions. RNA quality control was assessed with a
Bioanalyzer (DEDAE00884, Agilent, Santa Clara, CA, USA). From each sample 1 ug of high quality RNA
(RNA integrity number (RIN) > 8) was used for non-stranded, paired-end cDNA library preparation
(NEBNext Ultra II RNA Library Prep, Illumina). Multiplexed total cDNA libraries were sequenced on one
lane using the NovaSeq 6000 instrument with 2x150 bp paired-end sequencing cycles. The NovaSeq Xp
output �les with base calls and qualities were converted into FASTQ �le format and demultiplexed.
Sequence reads were trimmed using fastp program v0.12.5 (Chen et al., 2018). Quality of sequencing
data was checked and combined in one FASTQ �le using FastQC v0.11.7
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The fastq sequences, processed data
and metadata are available in the Gene Expression Omnibus from the NCBI under the accession number
GSE191273.

Mapping to reference genome

All reads that passed quality control were mapped to the dog reference genome CanFam3.1 and the NCBI
annotation release 105 with HISAT2 aligner v2.1.0 (Kim et al., 2015). Reads were aligned using the
default parameters. The alignment of RNA-seq reads from each sample was summarized by the number
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of uniquely mapped reads per sample including both singleton and both-ends mapped and number of
splice alignments per sample. The HISAT2 output sam format �les were transformed into binary format
bam �les by SAMtools v1.8 (Li et al., 2009). The read abundance was calculated using the featureCounts
algorithm (Liao et al., 2014) as part of the Subread package v2.0.1 (http://subread.sourceforge.net).

Differential expression

DESeq2 package (Love and Huber, 2014) was used to read the featureCounts data. Transcripts with zero
read in all samples were excluded from further analysis.The count data were subjected to a regularized-
logarithm transformation and a principal component analysis (PCA) was performed to visualize the
clustering of the case and control groups. Following PCA analysis, we used DESeq2 v1.26.0 to assess
differential expression between groups. DESeq2 applies a generalized linear model (GLM) to count data
assuming a negative binomial distribution. For each gene, read counts were adjusted to a GLM with
design model (~condition) where condition was the factor of interest with two states: OA affected and
controls. Transcripts were considered to be differentially expressed with a of P (< 0.01).

Pathway analysis

The enrichment analysis was conducted using the Panther Classi�cation System v16 (Mi et al.,2021) and
Gene Ontology (GO) database to detect the over-represented biological networks. The gene annotation is
given into three groups; biological processes (BP), molecular functions (MF), and cellular components
(CC). The gene expression threshold for possible functional role in OA was set for log2FoldChange (< -1.5
and > 1.5) and P (< 0.01) by default.

Results
A cohort of twelve German Shepherd dogs was used in this study, including 5 dogs with OA (1 intact
female, 2 neutered females and 2 intact males; dogs between 1 and 8 years of age) and 7 healthy control
dogs (1 intact female, 1 neutered female, 3 intact males and 2 neutered males; dogs between 3 and 6
years of age). One OA-affected neutered female was overweight; the rest of the dogs were normal body
weight. Radiographic examination demonstrated hip joint involvement in three dogs, elbow and sti�e joint
involvement in one dog and hip and elbow involvement another one. Radiological signs of dogs with
affected hip included joint incongruity such as coxofemoral luxation and subluxation, perichondral
osteophyte formation, remodeling of femoral head and neck, subchondral bone sclerosis, �attening of the
acetabulum and osteophyte formation on the cranial acetabular margin. Dogs with elbow involvement
showed perichondral osteophyte and entesophyte formation, subchondral bone sclerosis and remodeling,
increase opacity and blurring over the medial coronoid process and thinning of the joint space (Fig 1B).
The dog with sti�e OA showed entesophyte formation on the ventral margin of the patella. All of these
�ndings corresponded to severe signs of OA. No records of joint lesions prior to the diagnosis of OA were
found in the medical records. However, we cannot formally exclude the prior existence of early-onset hip
dysplasia.   In contrast, healthy joints showed well de�ned subchondral bone surfaces and articular
margins. The periarticular areas, where ligaments and tendons attach, had a smooth cortical outline. The
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joint space appeared as a radiolucent area between adjacent subchondral bone plate surfaces (Fig. 1A).
The phenotype data and radiological �ndings of all dogs are given in Table S1 and File S1. 

On average, 20.3 and 36.3 million unique and duplicate reads per sample were collected. A total of 23,284
expressed genes were identi�ed, of which 12,837 were presented in all samples. The output raw matrix is
available in File S2.  

Figure 2 shows the clustering of samples based on their expression pro�les. The PCA did not separate
control samples from affected ones. However, assumed that a small set of genes could be differentially
expressed between cases and controls, subsequently we applied the GLM model. 

Using the GLM model approach we identi�ed 171 DEGs P (< 0.01), where 113 genes were upregulated
and 58 were downregulated in dogs with OA (Table S2). To get a comprehensive overview of possible
functional role in OA, we ranked the DEGs according to log2FoldChange (< -1.5 and > 1.5) and P (< 0.01).
Twenty-four transcripts were included in the selected threshold (Table 1, Figure 3). Among them, 16 were
coding protein genes, three were ncRNAs, two were pseudogenes, one was a microRNA and two
(LOC106559672, LOC111094394) were not predicted in the latest reference genome assembly
UU_Cfam_GSD_1.0. Prioritization of these transcripts according to their functional knowledge revealed a
clear candidate gene with potential relevance for OA. OSCAR gene encoding the osteoclast associated Ig-
like receptor, is involved in bone and chondrocyte metabolism in OA pathogenesis. Regulatory sequences
like microRNA and ncRNA could be also involved in OA process (see discussion).  

Table 1 The top 24 up- and downregulated DEGs in peripheral blood of the studied German Shepherd
dogs with OA. Transcripts with potential relevance for OA biomarker are highlighted in bold font. Gene
annotation corresponds to CanFam3.1 genome assembly and the NCBI annotation release 105.
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Genes  BaseMean log2FoldChange P value Accession number

         

LOC106559235 47.556 -1.854 2.646E-06 NC_006591.3

LOC106559672 1786.550 3.343 4.684E-06 *

LRRC3C 23.376 2.474 0.0001 +NC_049230.1

LOC475937 112.957 4.556 0.0001 NW_003726568

APOC1 44.068 -3.239 0.0004 NC_006583.3

LOC608055 10.900 1.975 0.0007 NC_006599.3

LOC111096460 8.380 1.934 0.001 NC_006588.3

MIR339-1 13.544 1.968 0.001 NC_006588.3

LOC611199 10.680 -3.297 0.001 NC_006591.3

LOC111094394 5.713 2.046 0.002 * 

TNNI3 15.414 1.845 0.002 NC_006583.3

LOC100687078 18.885 2.141 0.002 NC_006609.3

LOC100683127 26.701 -1.611 0.002 NC_006601.3

EBI3 9.551 -1.504 0.002 NC_006602.3

ADD2 396.485 2.141 0.003 NC_006592.3

HPD 41.968 2.382 0.004 NC_006608.3

FCER1A 133.570 -2.088 0.006 NC_006620.3

CDH24 214.551 1.958 0.006 NC_006590.3

CPA3 544.115 -3.038 0.006 NC_006605.3

OSCAR 14.586 -2.279 0.007 NC_006583.3

MPP2 710.079 1.938 0.007 NC_006591.3

FFAR3 10.117 -1.923 0.008 NC_006583.3

LOC102156762 27.118 -2.379 0.008 NC_006603.3

LOC608960 11.054 1.501 0.009 NC_006603.3

*This record has been withdrawn by NCBI because the model on which it was based was not predicted in
a later annotation. + Accession number corresponding to CanFam3.1 not available in NCBI, the one
corresponding to the new dog reference genome assembly UU_Cfam_GSD_1.0 is given.
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GO biological process is displayed in Fig 4A. According to the GO categories, the majority of DEGs were
classi�ed into cellular and metabolic processes and biological regulation. Within the GO molecular
function, DEGs involved in biding and catalytic activities were overrepresented (Fig 4B). The enrichment
analysis of the DEGs based on biological pathway is given in Table S3. A total of 44 pathways were
enriched; however, neither of them were overrepresented.

Discussion
In this study, we used RNA-seq data from peripheral blood of affected OA and healthy controls German
Shepherd dogs to detect the gene expression pro�le and identify new putative biomarkers for OA
diagnosis. Blood samples were used considering that circulating peripheral blood cells are a surrogate
tissue containing transcriptional pro�les that correlate with OA pathogenesis (Rockett and Burczynski,
2006). Thus, avoiding more invasive sample collections such as synovial �uid or cartilage biopsy and
following the National Centre for the replacement, re�nement, and reduction of animals in research
guidelines. Gene expression studies in blood have indicated networks of co-expressed transcripts with
different levels of abundance between OA and healthy controls in humans, horses and rats (Kamm et al.,
2013; Ramos et al., 2014; Korostyński et al., 2017; Shi et al., 2019). This evidence supports that blood
expression pro�les may be useful for the evaluation of molecular markers to better diagnose of OA in
dogs.

Principal component analysis showed that cases and control did not separate according to the condition.
This may be due to only a small dataset among the 12,837 expressed transcripts in all samples is
differentially expressed between groups. We identi�ed 171 DEGs, where 113 genes were upregulated and
58 were downregulated in the OA affected German Shepherd dogs. The majority of the DEGs codes for
biding and catalytic activities proteins involved in ubiquitous systemic process like immunity,
reproduction and metabolism. Among the DEGs, 38 are LOC sequences with undetermined function and
orthologs. GO analysis did not show highly enriched pathways, so we assumed that it is more likely to
detect isolated potential biomarkers than OA-related pathways in the peripheral blood transcriptome.
Subsequently, we applied a threshold with log2FoldChange (< -1.5 and > 1.5) and P (<0.01) to disclose the
most up and down regulated transcripts, then ending up with 24 transcripts. We investigated their
possible role in OA pathogenesis according to the known functional knowledge

We considered the OSCAR gene a good OA biomarker candidate. It encodes the osteoclast associated Ig-
like receptor, is conserved among species and plays an important role in bone homeostasis by osteoclast
regulation (Kim et al., 2002; Nemeth et al., 2011). Osteoclast differentiation is induced by the RANKL
cytokine and co-stimulatory signals generated by the transmembrane immunoreceptor tyrosine-based
activation motif (ITAM) adaptors, DNAX-activating protein of 12 kDa (DAP12) and Fc receptor common γ
(FcRγ) (Koga et al., 2004; Mocsai et al., 2004). OSCAR associates with FcRγ and provides co-stimulatory
signals for osteoclast maturation and activation. RANK-RANKL interaction leads to initial induction of
NFATc1, which is ampli�ed through OSCAR/FcRγ-mediated activation of CAMK IV and calcineurin leading
to expression of osteoclast-speci�c proteins. In addition, OSCAR-FcRγ, in association with αvβ3 integrin,
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provides signals for cytoskeletal reorganization and thus osteoclast activation. Furthermore, OSCAR is an
activating receptor for collagen that co-stimulates osteoclast differentiation during bone development
(Barrow et al., 2011; Humphrey and Nakamura, 2016; Nedeva et al., 2021).

Oscar−/− mice experiment revealed a clear link between this gene and OA development. Oscar de�ciency
suppresses OA pathogenesis by downregulating the tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL), and reduced expression of TRAIL in joint tissue inhibits OA cartilage destruction by
blocking an apoptotic signal in chondrocytes (Park et al., 2020).

Expression levels of OSCAR in human and animal models with degenerative joint diseases have been
reported. For instance, enhanced expression of OSCAR was found in peripheral blood monocytes of
rheumatoid arthritis patients as compared with healthy controls (Herman et al., 2008;). Oscar mRNA and
protein levels were markedly elevated during OA pathogenesis in mouse. Similarly, OSCAR was
signi�cantly increased in OA damaged regions of human articular cartilage (Park et al., 2020). Soluble
form of OSCAR has been identi�ed in human serum. In contrast with cartilage and synovial tissue,
discrepancy in serum levels of OSCAR was reported. Values in patients with rheumatoid arthritis ranged
from decreased, higher, to no signi�cant difference compared to healthy individuals (Herman et al., 2008;
Zhao et al., 2011; Crotti et al., 2012; Ndongo-Thiam et al., 2014). In our study, we found downregulation of
OSCAR in blood of OA affected dogs, which partially agree with previous studies. To the best of our
knowledge, there is not available data of OSCAR expression pro�le in dogs with which we can compare
our results. It is unclear whether and how levels of OSCAR in blood and joint tissues correlate. 

Furthermore, we identi�ed overexpression of the microRNA (miRNA) MIR339-1 in OA-affected dogs.
miRNAs comprise one of the more abundant classes of gene regulatory molecules in multicellular
organisms and likely in�uence the output of many protein-coding genes (Bartel, 2004). Previous studies
have shown the key roles of miRNAs in chondrocyte development and cartilage homeostasis by targeting
transcription factors or signaling molecules involved in these processes (Miyaki et al., 2010; Le et al.,
2016; Anderson et al., 2017). microRNAs have shown an increased expression in human osteoarthritic
chondrocytes compared to normal cartilage (Diaz-Prado et al., 2012; Balaskas et al., 2017). Since miRNAs
have been discovered in circulation, their potential role as biomarkers to assess prognosis and/or
progression in OA has become attractive. Microarrays pro�ling together with RT-PCR validation revealed
serum miRNA signatures which correlate with risk and disease severity in OA patients (Kong et al., 2017;
Ntoumou et al., 2017). Similar to humans, miRNAs levels in dogs were found su�ciently stable for gene
pro�ling in serum and plasma (Enelund et al.,2017). For instance, circulating miR-19b and miR-18a were
differentially expressed in dogs with mammary carcinoma (Fish et al., 2020). In dogs with appendicular
osteosarcoma, circulating miR-214 and miR-126 were successfully assessed as potential biomarkers to
predict the outcome of this disease (Heishima et al., 2019). 

In addition, we detected three ncRNAs highly differentially expressed: downregulated LOC106559235 and
LOC102156762 and upregulated LOC111096460. Although, the function of these ncRNAs has not yet
been disclosed, in humans lncRNAs have been correlated with OA pathogenesis. A recent study showed
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that lncRNA CASC2 was up-regulated in plasma and may participate in OA by inducing cell apoptosis and
up-regulating pro-in�ammatory factor IL-17 (Huang T et al., 2019). Similarly, circulating lncRNA DILC was
downregulated in OA patients and showed to be an inhibitor of IL-6, a proin�ammatory cytokine in OA
(Huang J et al., 2019). 

Finally, based on the functional knowledge of the analyzed DEGs we suggest OSCAR as a candidate
biomarker for OA diagnosis and, provide new evidence of circulating miRNAs and ncRNAs in affected OA
dogs. However, since these are preliminary results, we suggest farther validation in larger cohorts of
German Shepherd dogs and other OA-susceptible breeds. As well as RT-PCR support of the DGEs
candidates. Improving quality of sampling and testing, and measuring large numbers of markers
simultaneously in large cohorts would seem likely to identify new clinically applicable biomarkers, which
are still much needed in this disease.

Conclusions
In summary, we reported the transcriptomic pro�le from peripheral blood in OA-affected dogs based on
RNA-seq data. We identi�ed high differential expression of OSCAR gene and the regulatory sequences:
MIR339-1 (microRNA) and ncRNAs LOC106559235, LOC102156762, and LOC111096460. We propose
OSCAR as a candidate biomarker for OA diagnosis in dogs. Our data facilitate panel biomarkers
development for diagnosis of OA and thus improved clinical treatments.
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Figures

Figure 1

Elbow joint radiographs of two German Shepherd dogs. (A) Mediolateral projection of the normal right
elbow joint of a 3 years old male. (B) Mediolateral projection of the right elbow joint of an 8-years old
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male with marked OA. Periarticular new bone formation is observed on the coronoid process and on the
caudal margin of the humeral throclea. Note the thinning of the joint space and the remodeling of the
articular surfaces.

Figure 2

Principal component analysis of the samples in the �rst two component space. Samples are plotted
across the two most variable components (PC1 and PC2); sample clustering is rather based on condition.
Notice that the PCA did not separate control samples from affected ones.
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Figure 3

The Volcano plot of the differentially expressed genes (DEGs) between control and cases. The plot
visualizes the differences between transcripts in both groups sorted by log2FoldChange and –log10 of P
value. Red dots represent the top 24 up- and downregulated DEGs with log2FoldChange (< -1.5 and > 1.5)
and P (< 0.01).

Figure 4

Histograms of the Gene Ontology (GO) classi�cation of differentially expressed genes using the
PANTHER Classi�cation System v16. (A) Functional classi�cation based on biological process shows
overrepresentation of differentially regulated genes involved in cellular and metabolic processes and
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biological regulation. (B) Most of the genes that are differentially regulated within the molecular function
category are implicated in biding and catalytic activities.
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