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Abstract

The intron retention (IR) is a phenomenon utilized by cells to allow diverse fates at

the same mRNA, leading to a different pattern of synthesis of the same protein. In

this study, we analyzed the modulation of phosphoinositide‐specific phospholipase

C (PI‐PLC) enzymes by Harpagophytum procumbens extract (HPE) in synoviocytes

from joins of osteoarthritis (OA) patients. In some samples, the PI‐PLC γ1 isoform

mature mRNA showed the IR and, in these synoviocytes, the HPE treatment

increased the phenomenon. Moreover, we highlighted that as a consequence of IR, a

lower amount of PI‐PLC γ1 was produced. The decrease of PI‐PLC γ1 was

associated with the decrease of metalloprotease‐3 (MMP‐3), and MMP‐13, and

ADAMTS‐5 after HPE treatment. The altered expression of MMPs is a hallmark of

the onset and progression of OA, thus substances able to decrease their expression

are very desirable. The interesting outcomes of this study are that 35% of analyzed

synovial tissues showed the IR phenomenon in the PI‐PLC γ1 mRNA and that the

HPE treatment increased this phenomenon. For the first time, we found that the

decrease of PI‐PLC γ1 protein in synoviocytes interferes with MMP production, thus

affecting the pathways involved in the MMP expression. This finding was validated

by the silencing of PI‐PLC γ1 in synoviocytes where the IR phenomenon was not

present. Our results shed new light on the biochemical mechanisms involved in the

degrading enzyme production in the joint of OA patients, suggesting a new

therapeutic target and highlighting the importance of personalized medicine.

K E YWORD S

Harpagophytum procumbens, intron retention, metalloproteases, osteoarthritis, personalysed
medicine, phosphatidylinositol‐phospholipase C γ1

1 | INTRODUCTION

Intron retention (IR) is one of the forms of alternative splicing, the

mechanism that allows to get more protein isoforms from the same

gene.1 For several years, the IR has been considered a misfunction-

ing of spliceosome machine, for this reason it has been barely

considered in mammalian systems.2 In the last years, several studies

showed that IR is one of the mechanisms utilized by cells to allow

diverse fates at the same mRNA and consequently at the protein

codified by that mRNA.1 Many introns contain stop codons in frame

with the sequence presents in the exon, in this case the IR leads to

the production of a mRNA that can be degraded in some ways
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resulting in non‐expression of that protein.3–5 Alternatively, the

intron‐retained transcript can be transported into cytoplasm and

transcribed giving proteins with novel biological functions, thus the

mechanism is part of regulated gene expression program diffused

among living organisms including plants and mammals.6,7 Recently, a

study carried out on 2500 human mRNAs showed that the IR

phenomenon is ubiquitous and can affect up to 80% of the

transcript,8 emphasizing its biological significance. To date, increas-

ing body of evidence indicates that regulated IR is involved in cell

development, cell differentiation and in response to stress stim-

uli.9–11 Prolonged stress stimuli can lead to inflammation which in

turn can become chronic giving several types of disease.12 Impaired

splicing machines or aberrant IR have been described to be involved

in inflammatory diseases, spanning from rheumatoid arthritis to

many kinds of cancers, where it affects the expression of tumor‐

suppressor genes.13,14 Our model of study is the osteoarthritis (OA),

which is characterized by chronic low‐grade inflammation.15 OA is a

degenerative joint disease involving all the components of the joint,

synovial membrane, subchondral bone, and cartilage. The inflamma-

tory stimuli start from fibroblast‐like synoviocytes (FLSs), one of the

two cell types present in the synovial membrane,16 involving in turn

also chondrocytes, where the secretion of specific enzymes play the

pivotal role in the homeostasis of extracellular matrix (ECM)

components leading to joint cartilage destruction. The chondro-

cytes, the only cell type present in adult health cartilage, are

quiescent and ensure little turnover of the cartilage matrix, whereas,

in OA, they are characterized by proliferation activity, cluster

formation, and high production of both matrix proteins and matrix‐

degrading enzymes. All these phenomena lead to inappropriate

matrix remodeling, chondrocyte hypertrophy, and cartilage calcifi-

cation.17 The matrix‐degrading enzymes involved in OA, produced

by both chondrocytes and synoviocytes, include, among others,

aggrecanases and collagenases, which belong to the metallopro-

tease (MMP) family.

The progression of OA, alongside the activation of inflamma-

tory pathways, is also characterized by joint pain, and it is treated

with analgesic agents, nonsteroidal anti‐inflammatory, and pain-

killer drugs, with the aim to alleviate the symptoms. Nutraceuti-

cals are also used to treat OA, with the dual purpose of delaying

cartilage degradation and alleviating the symptoms. Among the

most widely used nutraceuticals, compositions containing gluco-

samine, chondroitin sulfate, and Harpagophytum procumbens

extract are administered. H. procumbens is an ethnomedicinal

herb traditionally used for joint pain associated with OA.

Previously, we studied the effects of H. procumbens extract in

human primary synoviocytes isolated from OA patients who

underwent prosthesis surgery.18 Initially, in that study, the

synovial tissues were characterized for the presence of cannabi-

noid receptors, CB1 and CB2, and for phosphoinositide‐specific

phospholipase C (PI‐PLC) isoforms, with the aim to analyze

intracellular targets involved in the pain pathways. We compared

OA and non‐OA synovial tissues, finding that, regarding the PI‐

PLC β isoforms, they were differentially expressed in those

tissues, in particular PI‐PLC β2 was more expressed in OA and at

lesser degree in non‐OA tissues.18 Moreover, we studied the

effectiveness of H. procumbens extract to modulate the MMP

production, paying particular attention to MMP‐13, a collagenase

which is considered a hallmark of OA, involved in the degradation

of collagen type II, typical of cartilage, finding a good effective-

ness of the extract.19

In the present manuscript, we analyzed in more depth the

expression of all the PI‐PLC isoforms in human synoviocytes, and

the effects of H. procumbens extract treatment on phospholipase

expression. Moreover, we go through the IR phenomenon in the

PI‐PLC γ1 isoform, looking for an association between PI‐PLC γ1 and

some MMPs, such as MMP‐3, ‐13, and ADAMTS‐5 production.

2 | MATERIALS AND METHODS

2.1 | Human primary cell isolation

Human primary FLSs were isolated from synovial membranes

obtained from OA patients that underwent total knee arthroplasty

surgery. Full ethical consent was obtained from all donors, and the

Research Ethics Committee, ASL Lazio 2 (#005605/2019, March 3,

2019) approved the study. In brief, the synovial membrane fragments

were minced and treated with 1mg/mL collagenase type IV and

0.25% trypsin for 2 h at 37°C in agitation. Then, cells were grown to

80% confluence in Dulbecco's Modified Eagle Medium (DMEM)

(HyClone) supplemented with L‐glutamine, penicillin/streptomycin

(Sigma‐Aldrich), and 10% fetal bovine serum (FBS) and cultured at

37°C and 5% CO2. All experiments were carried out with

synoviocytes at first passage (p1), isolated from at least three differ-

ent donors.

Significant Statement

This manuscript focuses on the modulation of

phosphoinositide‐specific phospholipase C (PI‐PLC) γ1 in

human primary fibroblast‐like synoviocytes, which leads to

the modulation of metalloprotease‐3 (MMP‐3), MMP‐13,

and ADAMTS‐5, involved in the degradation of extracel-

lular matrix in degenerative joint diseases. We found that in

some synoviocyte samples, the PI‐PLC γ1 mRNA incurs in

the intron retention (IR) phenomenon, which results in an

unsuccessful translation of the proteins associated with the

decrease of MMP enzymes. Moreover, IR is increased after

cell treatment with Harpagophytum procumbens extract

(HPE), traditionally used to treat osteoarthritis. Considering

that HPE results are effective in modulating MMPs only in

synoviocyte samples where the IR phenomenon is present,

it is necessary to evaluate individual variability in the

personalized medicine field.
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2.2 | Cell treatment

Cells were left untreated (CTL) or treated for required times with

0.1 mg/mL of Harpagophytum procumbens extract (HPE) dissolved in

DMSO (HPEDMSO). The standardized dried HPE, containing 1.2%

harpagoside, was provided by ACEF S.p.a., and the HPEDMSO was

previously characterized as reported in Mariano et al.18 Solvent alone

was tested, too. Experiments were independently repeated at least

three times.

2.3 | RNA extraction and reverse‐transcription

Total RNA was extracted from untreated and treated FLSs, with

Blood/Tissues Total RNA extraction kit (Fisher Molecular Biology),

and the reverse transcription was performed according to the

manufacturers' instructions by OneScript Hot Reverse Transcriptase

(Applied Biological Materials Inc.).

2.4 | Semiquantitative‐PCR

PCR was used to study the modulation of PI‐PLC enzymes in

HPEDMSO‐treated FLSs in comparison with the untreated ones. PCR

reactions were performed with MyTaq DNA Polymerase (Bioline)

following manufacturers' instructions. Cycling conditions were

performed with a 95°C initial denaturation step for 1 min, followed

by 30 cycles consisting of 95°C denaturation (30 s), annealing (30 s) at

56°C and 72°C extension (1min) in MastercyclerTM (Eppendorf)

thermocycler. Primers (Table 1), synthesized by Biofab Research,

were designed using Primer Express software v1.4.0 (Applied

Biosystems).20 Amplified PCR products were analyzed by 1.5%

agarose gel electrophoresis using Glyceraldehyde 3‐phosphate

dehydrogenase (GAPDH) as a housekeeping gene. Image acquisitions

were performed by ChemiDoc Instrument (Bio‐Rad Laboratories).

2.5 | Quantitative‐real time‐PCR (RT‐PCR)

Quantitative RT‐PCR analysis was performed using an ABI Prism

7300 (Applied Biosystems; Thermo Fisher Scientific). Amplification

was carried out using SensimixPlus SYBR Master mix (Bioline).

Primers (Table 2), synthesized by Bio‐Fab research, were designed

using Primer Express software v1.4.0 (Applied Biosystems). Data

were analyzed by 2 C‐ΔΔ tmethod, determining the transcript abun-

dance relative to 18S housekeeping gene.

2.6 | PCR products sequencing

PCR products, obtained with primers PI‐PLC γ1 (Table 1), were

purified through the extraction by agarose gel and were sequences

by Biofab Research.

2.7 | Immunofluorescence analysis

PI‐PLC γ1 was visualized by immunofluorescence. Cells, plated at a

density of 8 ×103/cm2, were left untreated (CTL) or treated with

HPEDMSO for the required time. Then, cells were washed in phosphate

buffer saline (PBS), fixed in 4% paraformaldehyde in PBS for 15min at

4°C, and permeabilized with 0.5% Triton‐X 100 in PBS for 10min at room

temperature. After blocking with 3% bovine serum albumin in PBS for

30min at room temperature, cells were incubated at 1 h, at room

temperature, with PI‐PLC γ1 mouse monoclonal primary antibody (sc‐

7290, specific for an epitope mapping between amino acids 1243−1262

near the C‐terminus of protein; Santa Cruz Biotechnology) diluted 1:50.

Cells were washed with PBS and then, incubated for 1 h, at room

temperature, with Alexa Fluor 595 (red) donkey anti‐rabbit secondary

antibody (Invitrogen; Thermo Fisher Scientific) diluted 1:300. Slides were

washed and then, stained with DAPI (Invitrogen; Thermo Fisher Scientific)

to visualize the nuclei in blue. The images were captured by a Leica DM IL

LED optical microscope using an AF6000 modular microscope (Leica

Microsystem).

TABLE 1 List of primers used for PCR of PI‐PLC genes.

Gene Primer sequences (forward‐reverse)

PI‐PLC β1
OMIM*607120

5′‐AGCTCTCAGAACAAGCCTCCAACA‐3′
5′‐ATCATCGTCGTCGTCACTTTCCGT‐3′

PI‐PLC β2
OMIM *604114

5′‐AAGGTGAAGGCCTATCTGAGCCAA‐3′
5′‐CTTGGCAAACTTCCCAAAGCGAGT‐3′

PI‐PLC β3
OMIM *600230

5′‐TATCTTCTTGGACCTGCTGACCGT‐3′
5′‐TGTGCCCTCATCTGTAGTTGGCTT‐3′

PI‐PLC β4
OMIM *600810

5′‐GCACAGCACACAAAGGAATGGTCA‐3′
5′‐CGCATTTCCTTGCTTTCCCTGTCA‐3′

PI‐PLC γ1
OMIM *172420

5′‐TCTACCTGGAGGACCCTGTGAA‐3′
5′‐CCAGAAAGAGAGCGTGTAGTCG‐3′

PI‐PLC γ2
OMIM *600220

5′‐AGTACATGCAGATGAATCACGC‐3′
5′‐ACCTGAATCCTGATTTGACTGC‐3′

PI‐PLC δ1
OMIM *602142

5′‐CTGAGCGTGTGGTTCCAGC‐3′
5′‐CAGGCCCTCGGACTGGT‐3′

PI‐PLC δ3
OMIM *608795

5′‐CCAGAACCACTCTCAGCATCCA‐3′
5′‐GCCA TTGTTGAGCACGTAGTCAG‐3′

PI‐PLC δ4
OMIM *605939

5′‐AGACACGTCCCAGTCTGGAACC‐3′
5′‐CTGCTTCCTCTTCCTCATATTC‐3′

PI‐PLC ε
OMIM *608414

5′‐GGGGCCACGGTCATCCAC‐3′
5′‐GGGCCTTCATACCGTCCATCCTC‐3′

PI‐PLC η1
OMIM *612835

5′‐CTTTGGTTCGGTTCCTTGTGTGG‐3′
5′‐GGATGCTTCTGTCAGTCCTTCC‐3′

PI‐PLC η2
OMIM *612836

5′‐GAAACTGGCCTCCAAACACTGCCCGC‐3′
5′‐GTCTTGTTGGAGATGCACGTGCCCCTT‐3′

GAPDH

NM_02046

5′‐CGAGATCCCTCCAAAATCAA‐3′
5′‐GTCTTCTGGGTGGCAGTGAT‐3′

Note: The PI‐PLC‐specific online Mendelian in man (OMIM) numbers are
indicated.

Abbreviation: PI‐PLC, phosphoinositide‐specific phospholipase C.
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2.8 | Protein 3D modeling and aggregation
propensity prediction

The structure models of PI‐PLC γ1 was generated using AlphaFold2

and the results visualized in ChimeraX.21,22 AGGRESCAN3D v. 2.0

was used to determine the aggression propensity of translated

protein with retained intron.23

2.9 | MMP‐3, MMP‐13, and ADAMTS‐5 ELISA
assay

The amount of MMP‐3, MMP‐13, and ADAMTS‐5 proteins in the cell

supernatant was determined using an ELISA kit (FineTest ELISA; Fine

Biotech Co., Ltd.) according to the manufacturer's instructions.

Optical density (OD) absorbance was measured at 450 nm by a

microplate reader (NB‐12‐0035; NeBiotech).

2.10 | siRNA transfections

Four different siRNA oligos targeting PI‐PLC γ1 (Table 3), negative

control (NC), and positive control (PC) siRNA (GAPDH) were designed

by GenePharma (Zhangjiang Hi‐Tech Park). All four annealed siRNAs,

NC and PC, were transfected in human primary FLSs in 24‐well

plates using DreamFect Gold (OzBiosciences). Briefly, 50 nM final

concentration of each siRNA was diluted in Opti‐MEM (Gibco, Cat.

31,985,062), followed by the addition of 5 μL/sample of DreamFect

Gold (Cat. DG80500). After an incubation of 15min, the mix was

added to 7.5 × 104 cells/0.5 mL in each well in DMEM supplemented

with 10% FBS and allowed to grow 24, 48, and 72 h at 37°C in a CO2

incubator. To verify the effectiveness of silencing, transfected cells

with the four siRNA oligos were analyzed by RT‐PCR and immuno-

fluorescence for PI‐PLC 1 γ1.

2.11 | Statistical analysis

All data were obtained from at least three independent experiments,

each performed either in duplicate or in triplicate. Data were

statistically analyzed with two‐way repeated measures analysis of

variance with Bonferroni's multiple comparison test, using Prism 5.0

software (GraphPad Software). p < .05 was considered significant.

3 | RESULTS

3.1 | Differential expression of PI‐PLC isoforms in
synovial cells with and without HPE treatment

Previously, in our laboratory, we found that some PI‐PLC isoforms

were differently expressed in synovial tissue from OA and NON‐OA

patients.18 In particular, the PI‐PLC β2 was expressed on synovial

membranes from OA patients and was almost no detectable in NON‐

OA patients. Moreover, the expression of PI‐PLC β2 was decreased

in FLSs treated with HPEDMSO. To analyze the mRNA expression

pattern of all types of PI‐PLC after HPEDMSO treatment, a PCR assay

was performed, finding that the expression PI‐PLC β1 was not

TABLE 2 List of primers used for RT‐PCR.

Gene Primer sequences (forward‐reverse)

MMP‐3
NM_002422.5

5′‐CCTGGTACCCACGGAACCT‐3′
5′‐AGGACAAAGCAGGATCACAGTT‐3′

MMP‐13
NM_002427

5′‐TTCTTGTTGCTGCGCATGA‐3′
5′‐TGCTCCAGGGTCCTTGGA‐3′

ADAMTS‐5
NM_007038.5

5′‐GCACTTCAGCCACCATCAC‐3′
5′‐AGGCGAGCACAGACATCC‐3′

PI‐PLC γ1
NM_182811.2

5′‐CTACCTGGAGGACCCTGTGAAC‐3′
5′‐ATCCTCGTTGCCCTGGTCACTG‐3′

PI‐PLC γ1 (204)
DQ297143.1

5′‐GCCATGTGCCATCTCTATTG‐3′
5′‐CATAAACAGACTCCAACGGC‐3′

PI‐PLC γ1 (205)
DQ297143.1

5′‐AGCCTGTCCCACAGGTCAG‐3′
5′‐CTGAGAACAGGCAGAGTCAG‐3′

PI‐PLC γ1 (207)

DQ297143.1

5′‐CAAGGACCTGAGAACATGC‐3′
5′‐GGCAGTCAGATCTTAAGAGG‐3′

PI‐PLC γ1 (208)

DQ297143.1

5′‐TGACCATTGGTGGGCTTTG‐3′
5′‐AATCTGACAAGCCGGCACAT‐3′

PI‐PLC γ1 (212)
DQ297143.1

5′‐AGCTTTGCCGAGTGTCCCTTC‐3′
5′‐CAATGTCAGCCCAGCCATAC‐3′

18S
NM_003286

5′‐CGCCGCTAGAGGTGAAATTC‐3′
5′‐CATTCTTGGCAAATGCTTTCG‐3′

Note: The Accession Numbers are indicated. Regarding the primer pairs

used to amplify PI‐PLC 1 204, 205, 207, 208, and 212, they are formed by
one oligonucleotide mapping inside an exon and the other one mapping in
an intron.

Abbreviation: PI‐PLC, phosphoinositide‐specific phospholipase C.

TABLE 3 Annealed siRNA sequences.

siRNA Sequence

siRNA360 5′‐GGGACUUUGAUCGCUAUCATT‐3′
5′ ‐UGAUAGCGAUCAAAGUCCCTT‐3′

siRNA3665 5′‐GUGCCUUUGAAGAACAACUTT ‐3′
5′‐AGUUGUUCUUCAAAGGCACTT‐3′

siRNA1520 5′‐GUGCCUACAUCCAUGAUGUTT‐3′
5′‐ACAUCAUGGAUGUAGGCACTT‐3′

siRNA1635 5′‐CCAGCAGCAAGAUCUACUATT ‐3′
5′‐UAGUAGAUCUUGCUGCUGGTT‐3′

NC 5′‐UUCUCCGAACGUGUCACGUTT‐3′
5′‐ACGUGACACGUUCGGAGAATT‐3′

PC_GAPDH 5′‐UGACCUCAACUACAUGGUUTT‐3′
5′‐AACCAUGUAGUUGAGGUCATT‐3′
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affected by treatment, whereas the expression of PI‐PLC β3 and PI‐

PLC β4 was upregulated, and we confirmed that the expression of PI‐

PLC β2 was inhibited, even if the modulation was not statistically

significant (Figure 1). Regarding the other isoforms of PI‐PLC, they

were not affected by HPEDMSO treatment, and the PI‐PLC δ4 was not

detected in this kind of cells (Figure 1). The finding that caught our

attention was the presence of two PCR products regarding the PI‐

PLC γ1 and even more the increase of the second PCR product in the

HPEDMSO treated sample (Figure 1). The PCR primers, to amplify PI‐

PLC γ1, were designed to obtain a PCR product 300 bp long, with the

forward and reverse primers mapping inside two different exons

(Table 1). In the analyzed samples we found two PCR products, the

first one was 300 bp long, and the second one was 500 bp (Figure 1).

To confirm this result, we analyzed PI‐PLC γ1 mRNA level in FLSs

isolated by 16 patients by PCR assay finding the presence of a double

PCR band in about 35% of the analyzed samples, two representative

samples both with single and double band are reported in Figure 2A.

To understand what the 500 bp long PCR product represented, it was

sequenced, finding that it overlapped PI‐PLC γ1 complete coding

sequence, containing both exons and introns mapping in analyzed

region (NCBI accession number: DQ297143.1) (Figure 2B). This result

suggests that the splicing process is partially inhibited in those samples

having the double band and that the HPEDMSO treatment further

inhibits mRNA maturation in the same samples.

3.2 | IR in synovial cells

A genomic analysis regarding the gene encoding for PI‐PCL γ1

was conducted by Human and Vertebrate Analysis and Annota-

tion (HAVANA) group at the Wellcome Trust Sanger Institute,

whose results are deposited on the ENSAMBLE database

(ENSG00000124181). In this analysis, the authors described the

retention of some introns in the mature mRNA of PI‐PLC γ1,

specifically 17 introns in five different regions, named PLCG1‐

212, PLCG1‐207, PLCG1‐205, PLCG1‐208, and PLCG1‐204

(Figure 3A). These regions, depicted in blue in Figure 3A, and

magnified in the lower panel, contain both introns (in orange) and

exons (in blue). The orange‐colored introns indicate those that are

retained. Our 500 bp PCR product corresponded to the PLCG1‐

207 region (Figure 3A and Supporting Information S1: 1).

To verify whether our results showed the same characteristic of

the IR described by the HAVANA group, we analyzed our samples by

real time‐PCR using primer pairs formed by an oligonucleotide

mapping in an exon and the other one in an intron of the five regions

(Table 2) both on untreated and HPEDMSO treated cells. This

approach offers the dual advantage of selectively amplifying samples

with retained introns and providing a quantitative measure of PCR

products. In samples where splicing occurred correctly, no amplifica-

tion was observed, whereas the PCR products were obtained in the

F IGURE 1 PI‐PLC isoform expressions after HPEDMSO treatment. Cells were left untreated (−) or treated with 0.1 mg/mL HPEDMSO for 24 h
(+), then the mRNA was extracted and analyzed by semiquantitative‐PCR. All PI‐PLC mRNA levels were reported as relative mRNA expression
levels with respect to GAPDH, used as a housekeeping gene. The densitometric analysis (bottom right) was performed by ImageJ. PI‐PLC
expression of treated samples was normalized to the untreated cells, reported as 1, and represented by a horizontal line. Results are expressed
as mean ± SD of data obtained by three independent experiments. HPE, Harpagophytum procumbens extract; PI‐PLC, phosphoinositide‐specific
phospholipase C.
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samples retaining introns. Moreover, upon treatment with HPEDMSO,

intron‐retained PCR products were approximately five times more

abundant than those in untreated samples (CTL) (Figure 3B).

Furthermore, we found that the samples that retained introns in

the PLCG207 region retained introns also in the other four regions,

PLCG1‐212, PLCG1‐205, PLCG1‐208, and PLCG1‐204, and the

treatment with HPEDMSO further enhanced these retentions

(Figure 3B and Supporting Information S1: 2).

The sequence analyses showed that stop codons were present

inside the retained introns, thus this phenomenon must cause a

decrease in the PI‐PLC γ1 protein level. To this aim, we analyzed the

PI‐PLC γ1 protein expression by immunofluorescence experiment,

comparing treated and untreated cells showing both single (correct

splicing) and double band (retained introns). Notably, the cells before

HPEDMSO treatment (CTL) with retained introns showed a lower

amount of PI‐PLC γ1 protein compared to the cells before HPEDMSO

F IGURE 2 PI‐PLC γ1 expression after HPEDMSO treatment. (A) Cells were left untreated (−) or treated with 0.1 mg/mL HPEDMSO for 24 h (+),
and then the mRNA was extracted and analyzed by semiquantitative‐PCR. PI‐PLC γ1 mRNA level was reported as a relative mRNA expression
level with respect to GAPDH, used as a housekeeping gene. Two representative samples with single bands (left, #1, #2) and two representative
samples with double bands (right, #3, #4) are reported. (B) Schematic representation of the region containing the two PCR products obtained
from PI‐PLC γ1 analysis and confirmed by sequencing. HPE, Harpagophytum procumbens extract; PI‐PLC, phosphoinositide‐specific
phospholipase C.

F IGURE 3 (A) Schematic representation of the PI‐PLC γ1 coding gene (~11,000 bp) in mint green. Five regions, in blue, of the PI‐PLC γ1
gene sequence, containing both introns and exons, showed retained introns, in orange. (B) Magnification of the five regions, exons are depicted
in blue, introns in orange. (C) Effects of HPEDMSO on PI‐PLC γ1 intron retention. Cells were left untreated (CTL) or treated with 0.1 mg/mL
HPEDMSO for 24 h, and then mRNA was extracted and analyzed by real time‐PCR. PLCG1‐212, 207, 205, 208, and 204 mRNA levels were
reported as relative mRNA expression levels with respect to 18S mRNA (2 C‐ΔΔ tmethod). Results are expressed as mean ± SD of data obtained by
three independent experiments. **p < .01 versus CTL. HPE, Harpagophytum procumbens extract; PI‐PLC, phosphoinositide‐specific
phospholipase C.
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treatment (CTL), where correct splicing occurred (Figure 4). Following

HPEDMSO treatment, cells with retained introns (double band)

showed a significant decrease in protein level (Figure 4), while

HPEDMSO treated cells with a single band did not show a decrease in

the PI‐PLC γ1 protein level (Figure 4).

3.3 | PI‐PLC γ1 protein 3D modeling and
aggregation propensity prediction

To explain what was experimentally observed, we performed a

computational analysis of this protein. The mature wild type of

PI‐PLC γ1 shows distinct patterns of catalytic and regulatory

domains as schematized in Figure 5A with corresponding domain‐

colored surfaces and cartoon model. PI‐PLC γ1 possesses a

N‐terminal Pleckstrin (PH), a helix‐loop‐helix (EF), a TIM barrel

(X box), a split PH (sPH), a N‐terminal and C‐terminal src

homology 2 (nSH2 and cSH2), a SH3, another TIM barrel

(Y box), and a C‐terminal (C2) domains.24 The catalytic core

comprises an EF‐hand, the X‐box, the Y‐box, and the C2 domains

(Figure 5A). The X‐region forms one‐half of the TIM‐barrel‐like

structure, while the Y‐domain forms the other half. PI‐PLC γ1

contains a unique region that divides the X and Y domains.25 This

region, corresponding to the regulatory domains, contains split

PH domains at the ends (sPH), with the middle portion consisting

of two N‐terminal Src homology 2 (SH2) domains followed by an

SH3 domain.24

The IR of the five different regions starts with the retention of

the intron in PLCG1‐212, which results in adding 30 more amino

acids (Figure 5B, in light green) that are specified by intron sequence,

followed by a stop codon that leads to a truncated protein

(Figure 5B). Due to the presence of a stop codon, as a consequence

of IR, at the end of the EF region (RI in Figure 5B), the expressed

protein contains only the PH and EF domains, lacking the X‐box TIM

barrel, sPH, nSH2, cSH2, SH3, Y‐box TIM barrel, and C2 domains

(Figure 5B). Because this truncated protein lacks the regulatory

domain, it is completely inactive. Additionally, we investigated the

behavior of this translated intron and analyzed the aggregation

propensity of this region. Results from Aggrescan3D showed that

aggregation‐prone residues with A3D score >0, depicted in red on

the plot and in the structure, mainly correspond to the translated

intron, which exhibits a high tendency to aggregate (Figure 5C).23

Taken together, these findings indicate that the addition of 30 amino

acids, specified by an intron sequence followed by a stop codon,

results in the production of a truncated protein that is completely

inactive and has a high tendency to aggregate.

3.4 | The PI‐PLC γ1 decrease is correlated to
MMP downregulation

In OA, the modulation of MMPs is a mechanism particularly

involved in the onset and progression of this disease, for this

reason we investigated whether HPEDMSO could modulate their

F IGURE 4 PI‐PLC γ1 expression in cells with single band (correct splicing, no intron retention [IR]) and double band (IR) before (CTL) and
after HPEDMSO treatment. (A) Cells were left untreated (−) or treated with 0.1 mg/mL HPEDMSO for 24 h (+), and then the mRNA was extracted
and analyzed by semiquantitative‐PCR. PI‐PLC γ1 mRNA amount was normalized with respect to the GAPDH housekeeping gene. Regarding the
sample with a single band, the showed PCR products are the same as reported in Figure 2A, #1. Regarding the sample with the double band, the
showed PCR products are the same as reported in Figure 1 (γ 1 and GAPDH). (B) Human primary FLSs from the sample with no intron retained
(left) and with intron retained (right) were stained with anti‐PI‐PLC γ1 primary antibody and with Alexa Fluor 568 (red) secondary antibody.
Nuclei were stained with DAPI (original magnification ×20). The graph represents the pixel intensities in the region of interest obtained by
ImageJ. *p < .05 versus CTL. FLS, fibroblast‐like synoviocytes; HPE, Harpagophytum procumbens extract.
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expression. During our initial analyses, we found inconsistent

results, in some samples, the HPEDMSO treatment was able to

induce the decrease of MMP‐3, MMP‐13, and ADAMTS‐5,

whereas in cells isolated from other human samples, it was not

able to. Considering the IR in the PI‐PLC γ1 mRNA and, in turn, in

the protein expression downregulation, we explored the possibility

that the inconsistent results could be due to normal/abnormal PI‐

PLC γ1 expression. We treated cells isolated from both kinds of

samples, with IR (Figure 6, right side) and correct splicing (Figure 6,

left side), finding that HPEDMSO was able to modulate MMPs

expression only in cells with PI‐PLC γ1 IR and thus a decreased

expression of PI‐PLC γ1 protein (Figure 6).

3.5 | PI‐PLC γ1 silencing in synovial cells with
normal splicing

To confirm that the effects of HPEDMSO on the MMP production were

correlated to PI‐PLC γ1 decreased expression, we silenced PI‐PLC γ1

in FLSs that did not show the IR. The effectiveness of PI‐PLC γ1

silencing was initially validated by analyzing PI‐PLC γ1 mRNA

expression after 24 h treatment (Supporting Information S1:

Figure 3). As shown in Supporting Information S1: Figure 3, all four

siRNA silenced the PI‐PLC γ1 mRNA, even if the siRNA3665 and

siRNA1520 were more effective than the other two. Then, we also

analyzed the PI‐PLC γ1 protein, finding that, after 24‐h‐treatment, PI‐

F IGURE 5 Schematic representation of PI‐PLC γ1 protein. (A) The distinct patterns of catalytic and regulatory domains with corresponding
domain‐colored surfaces and a cartoon model of PI‐PLC γ1. The catalytic core comprises a helix‐loop‐helix (EF)‐hand, the X‐box, the Y‐box, and
the C‐terminal (C2) domains. The X‐region forms one‐half of the TIM‐barrel‐like structure, while the Y‐domain forms the other half. PI‐PLC γ1
contains a unique region that divides the X and Y domains. This region, corresponding to the regulatory domains, contains Pleckstrin (PH)
domains at the ends split Pleckstrin (sPH), with the middle portion consisting of two N‐terminal Src homology 2 (nSH2 and cSH2) domains
followed by an SH3 domain. (B) The intron retention in PLCG1‐212 results in the addition of 30 extra amino acids depicted in light green. These
amino acids are specified by the intron sequence and are followed by a stop codon, leading to the production of a truncated protein. The
resulting expressed protein retains only the N‐terminal PH domain and EF‐hand domain while losing the remainder of the catalytic core and all
the regulatory domains. (C) Aggregation propensity of the protein results from the translation of the retained introns (depicted in light green).
The aggregation‐prone residues, depicted in red, correspond to an A3D score >0. The entire translated intron exhibits a high tendency to
aggregate. RI, retained intron.
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PLC γ1 was barely decreased (Supporting Information S1: 4) using all

four oligos, whereas, after 48‐ and 72‐h‐treatment, the PI‐PLC γ1 was

strongly decreased (Supporting Information S1: Figures 5 and 6). The

siRNA3665 and siRNA1520 were the most effective, even at the protein

level. For the following experiments, siRNA1520 was used. In Figure 7,

the complete analysis of silenced PI‐PLC γ1 with siRNA1520 is shown.

At the mRNA level, the PI‐PLC γ1 decrease was observed at all

analyzed times, 24, 48, and 72 h, whereas the PI‐PLC γ1 protein level

was significantly decreased after 48‐ and 72‐h‐silencing (Figure 7).

3.6 | MMP decreasing in PI‐PLC γ1‐silenced
synovial cells

The siRNA1520 PI‐PLC γ1‐silenced cells showed a decrease of MMP‐3,

‐13, and ADAMTS‐5 at mRNA and protein levels 48 and 72 h after

silencing. These results confirm the correlation between PI‐PLC γ1

decrease and MMPmodulation (Figure 8), as shown above in cells with

IR treated with HPEDMSO.

4 | DISCUSSION

Phospholipase C is expressed in mammals' cells as 13 family

members, which preferentially hydrolyze the membrane phospholipid

phosphatidylinositol 4,5‐bisphosphate, generating two‐second mes-

sengers, diacylglycerol (DAG) and inositol 1,4,5‐triphosphate (IP3).
26

DAG is retained inside the membrane, where it recruits several

factors, including the Protein kinase C, whereas IP3 diffuses

throughout the cytoplasm and interacts with its receptors, leading

to Ca++ mobilization. Among the 13 isoforms, the PI‐PLC‐γ is a

protein broadly distributed among phylogenetic kingdoms and

F IGURE 6 Effects of HPEDMSO on the production of MMP enzymes in FLSs showing normal splicing (A) or intron retention (B). Cells were
left untreated (CTL) or treated with 0.1 mg/mL HPEDMSO for 24 h (HPEDMSO), and then the mRNA was extracted and analyzed by RT‐PCR. MMP
mRNA amount was normalized with respect to 18 S (2 C‐ΔΔ tmethod, A and B, left columns). Cell culture medium was analyzed by ELISA to
measure the secreted MMPs (A and B, right columns). Results are expressed as mean ± SD of data obtained by three independent experiments.
*p < .05 HPEDMSO versus CTL; ***p < .005 HPEDMSO versus CTL. FLS, fibroblast‐like synoviocytes; HPE, Harpagophytum procumbens extract;
MMP, metalloproteases.
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mediates the signaling of hormones, growth factors, and other stimuli

throughout the consequential activation of inositol lipid signaling

pathways.27 The PI‐PLC‐γ exists in two main isoforms the γ1,

ubiquitously expressed, and the γ2 which is mostly expressed in the

cells of the haematopoietic system.28 The protein structure of PI‐PLC

γ1, as reported in Section 3, possesses a N‐terminal PH, a EF, a TIM

barrel X box, a sPH, a nSH2 and cSH2, a SH3, another TIM barrel Y

box, and a C2 domains.24 The PH, EF, the two TIMs (X and Y boxes),

and C2 domains represent the enzymatic core, whereas sPH, nSH2,

cSH2, and SH3 represent the regulatory domain, which autoinhibits

the phospholipase activity. The regulation of two PI‐PLC γ expression

and their activation are fine‐tuned, the PI‐PLC γ are activated by a

unique mechanism, based on the interaction with receptor and non‐

receptor tyrosine kinases.24 The phosphorylation of Tyr783 and

Tyr759 sites on PI‐PLC γ1 and γ2, respectively, localized inside the X

and Y boxes, stimulated their phospholipase activity. In the absence

of stimulation, the regulatory domain, which is localized atop the

catalytic core, prevents the interaction among enzymes and lipids to

be hydrolyzed, thus inhibiting the phospholipase activity.29

The human PLCG1 coding gene has been studied and annotated

by the HAVANA group. It is a 52,108 bp long gene, producing 23

transcript (splicing) variants, and contains five regions that are

involved in the IR phenomenon.30 These regions, named PLCG1‐

212, PLCG1‐207, PLCG1‐205, PLCG1‐208, and PLCG1‐204, can

show irregular splicing leading to the retention of introns. They have

stop codons in frame with the exon coding sequence, causing the

decrease of PI‐PLC γ1 production. In the present study, we found the

IR phenomenon in about 35% of the analyzed synovial cells, where it

was associated with the decrease of PI‐PLC γ1 production. The

dysregulation of PI‐PLC γ1 has been associated with several

pathologies; its increased activity enhanced nuclear factor‐κB and

interferon type II pathways in monocytes,31 as well as in T‐cell

lymphoma and angiosarcoma.32–34 The IR that we describe does not

impair the activation of PI‐PLC γ1 but leads to a decrease in protein

F IGURE 7 PI‐PLC γ1 expression in cell silenced with siRNA1520 probe. Cells were left non‐silenced (CTL) or silenced with siRNA1520 for 24 h
(A, left column), 48 h (B, left column), and 72 h (C, left column), and then the mRNA was extracted and analyzed by RT‐PCR. PI‐PLC γ1 mRNA
amount was normalized with respect to the 18S housekeeping gene (2 C‐ΔΔ tmethod). The PI‐PLC γ1‐silenced FLSs were stained with anti‐PI‐PLC
γ1 primary antibody and with Alexa Fluor 568 (red) secondary antibody. Nuclei were stained with DAPI (original magnification ×20) for 24 (A),
48 (B), and 72 h (C). On the right, the bar graphs representing the pixel intensities in the region of interest obtained by ImageJ were reported.
***p < .005 siRNA1520 versus CTL (non‐silenced). FLS, fibroblast‐like synoviocytes.
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production, which, overall, means a smaller amount of active enzyme.

The first of five regions, PLCG1‐212 that shows the IR, maps within

the PI‐PLC γ1 coding gene corresponding to the end of the EF region.

The retention of introns in PLCG1‐212 results in adding 30 more

amino acids, which are specified by intron sequence, followed by a

stop codon that leads to a nonfunctional truncated protein that

exhibits a high aggregation tendency. Anyway, considering that the IR

does not affect 100% of the PI‐PLC γ1 mRNA, a certain amount of

protein is still expressed. The immunofluorescence experiments,

using an anti‐PI‐PLC γ1 antibody, recognizing an epitope mapping at

the C‐terminal of the protein, show a significant decrease of PI‐PLC

γ1. The decreased of this protein seems desirable in OA, previously

has been described that the inhibition of PI‐PLC γ1 stimulates the

production of ECM in rat chondrocytes challenged with proinflam-

matory cytokine IL‐1β.35 Moreover, the intra‐articular injection of PI‐

PLC γ1 inhibitor in rat OA joint showed a decrease of PI‐PLC γ1

phosphorylation level, giving a protective action on chondrocytes.36

In our context, the decreased amount of protein means a lower

amount of active PI‐PLC γ1 enzyme, which results in a protective

action in OA. Intriguingly, the treatment of synovial cells with H.

procumbens extract further promotes the IR phenomenon, thus

leading to a greater decrease of PI‐PLC γ1 protein. To date, the OA

treatment includes a combination of anti‐inflammatory drugs to

counteract the symptoms, and nutraceuticals with anti‐nociceptive,

anti‐inflammatory activity and to stimulate the production of

ECM components.37–39 In the last years, in our lab, we studied the

H. procumbens extract for its action as painkiller and anti‐

inflammatory agent, finding that the anti‐nociceptive action is due

to its ability to stimulate the endocannabinoid receptor 2 (CB2) on

the plasmatic membrane of synovial cells, which is barely expressed

in OA tissues, and to decrease the expression of PI‐PLC β2, which is

highly expressed in OA tissues.18 Moreover, the HPE also showed an

anti‐inflammatory activity downregulating the cAMP and the activa-

tion of Protein Kinase A and inhibiting the extracellular signal‐

regulated kinases (ERK) affecting in turn the expression of MMP‐

13, which is a hallmark of OA.19 These results prompted us to go

F IGURE 8 Effects of HPEDMSO on the production of MMP enzymes in PI‐PLC γ1‐silenced FLSs with normal splicing. Cells were analyzed
after 48 (A) and 72 h (B) silencing. The mRNA was extracted and analyzed by RT‐PCR. MMP mRNA amount was normalized with respect to 18S
(2 C‐ΔΔ tmethod, left columns). The cell culture medium was analyzed by ELISA to measure the secreted MMPs (right columns). Results are
expressed as mean ± SD of data obtained by three independent experiments. *p < .05 silenced versus CTL (non‐silenced); **p < .01 silenced
versus CTL; ***p < .005 silenced versus CTL. FLS, fibroblast‐like synoviocytes; HPE, Harpagophytum procumbens extract; MMP,
metalloproteases.
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more in‐depth in the study of the effects of HPE on the modulation

of all PI‐PLC isoforms and MMPs, finding that HPE was able to amply

the IR phenomenon and, in certain samples, to modulate the

expression of MMP‐3, MMP‐13, and ADAMTS‐5. The observation

that HPE was not able to modulate the MMP expression in all

analyzed samples suggested us to verify whether there was an

association between the PI‐PLC γ1 IR and the MMP modulation,

finding that the modulation of MMPs was induced by HPE only in

those sample that showed the IR in PI‐PLC γ1 mRNA. To further

demonstrate the association between the decreased expression of

PI‐PLC γ1 and the modulation of MMPs, we silenced the PI‐PLC γ1

mRNA in a sample with normal splicing, confirming, after silencing,

the modulation of the MMPs. MMP enzymes are normally expressed

in healthy cartilage to allow ECM remodeling, however, in OA, under

inflammatory stimulation, the MMP‐3, ‐13, and ADAMTS‐5 levels

increase causing the onset and progression of the disease.40–42 The

MMP‐3, also named stromelysin‐1, hydrolyzes some ECM compo-

nents, such as fibronectin, gelatin, a core protein of proteoglycans,

laminin43,44; the MMP‐13 hydrolyzes the collagen type II, the most

represented type in cartilage45; and finally, ADAMTS‐5 is the major

aggrecan‐degrading enzymes, which is the component of articular

cartilage able to support compressive loads,46–49 and, in the last

years, it has been regarded as a potentially target for OA treatment.50

The MMP mRNA transcription is differently regulated, depending on

what kind of stimulus cells undergo.51 The proinflammatory stimuli,

such as those of the cytokines IL‐1β, TNF‐α, and IL‐6, can induce the

production of MMPs through the activation of AP‐1 and NF‐κB

transcription factors. In the promoter region of the gene coding for

ADAMTS‐5, three binding motifs for NF‐κB have been found.52

Previously, the upregulation of PI‐PLC γ1 has been described in OA

chondrocytes, where its increase directly affects the increase of

MMP‐13 and the decrease of ECM components, such as aggrecan

and collagen type II, thus contributing to OA progression.53 This

effect on MMP‐13, aggrecan and collagen type II is mediated by

mTOR/P70S6K/S6 pathway. In our experimental model, OA syno-

viocytes, we found a similar effect with the decrease of PI‐PLC γ1

associated to the decrease of MMP‐3, MMP‐13, and ADAMTS‐5. In

our scenario, we may speculate that the PI‐PLC γ1 unspliced mRNA

is degraded or that the protein is synthesized, but it is nonfunctional.

Both the lack of protein and the presence of truncated form are an

obstacle to the activation of the pathway and thus the activation of

transcription of several genes among them the MMPs.54,55

In conclusion, we described, for the first time, the presence of

the IR phenomenon in the PI‐PLC γ1 coding gene in synoviocyte

cells. This phenomenon leads to the decrease of PI‐PLC γ1 protein,

that in turn is associated with the decrease of MMP enzymes,

particularly after the treatment of cells with H. procumbens extract.

Further studies are needed to understand why the IR

phenomenon is present in some individuals, whether the splicing

machine is impaired and the HPE treatment can further affects

that machine. Moreover, a consideration regarding the individual

response to different treatments is mandatory. Previously, we

found that all analyzed samples in response to HPE treatment

decreased ERK phosphorylation/activation, even if not all

samples showed a decrease of MMP‐13 enzyme. Thus, the

modulation of ERK phosphorylation could not be associated to

the MMP‐13 decrease. In the present study, we found an

explanation for this result, the MMP modulation can be

appreciated in samples that show the PI‐PLC γ1 IR, describing

for the first time an association between PI‐PLC γ1 decrease and

MMP modulation in synoviocytes. Interestingly, we also account

for the different individual responses to nutraceutical adminis-

tration. The use of nutraceuticals as part of a personalized

treatment could increase the quality of life, but is necessary to

evaluate individual variability to personalized medicine.
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