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PI16 is a shear stress and
inflammation-regulated
inhibitor of MMP2
Georgina G. J. Hazell1, Alasdair M. G. Peachey1, Jack E. Teasdale1, Graciela B. Sala-Newby1,
Gianni D. Angelini1, Andrew C. Newby1 & Stephen J. White1,2
Raised endothelial shear stress is protective against atherosclerosis but such protection may be lost
at sites of inflammation. We found that four splice variants of the peptidase inhibitor 16 (PI16) mRNA
are among the most highly shear stress regulated transcripts in human coronary artery endothelial
cells (HCAECs), in vitro but that expression is reduced by inflammatory mediators TNFα and IL-1β.
Immunohistochemistry demonstrated that PI16 is expressed in human coronary endothelium and in a
subset of neointimal cells and medial smooth muscle cells. Adenovirus-mediated PI16 overexpression
inhibits HCAEC migration and secreted matrix metalloproteinase (MMP) activity. Moreover, PI16
inhibits MMP2 in part by binding an exposed peptide loop above the active site. Our results imply that,
at high endothelial shear stress, PI16 contributes to inhibition of protease activity; protection that can
be reversed during inflammation.
Endothelial cells (ECs) are mechanosensitive, their behaviour being profoundly affected by both cyclic strain and
the frictional force (shear stress) exerted by the blood flowing over their surface. ECs are exposed to a range of
different shear stress environments in vivo, reviewed1–3. Disturbed/reversing flow, which produces low average
and oscillatory shear stress (OSS), promotes an ‘activated and inflammatory’ EC phenotype that is proatherogenic: it also reduces antioxidant production, increases reactive oxygen species (ROS) production, encourages
vascular leakage (by increasing the permeability of the endothelial cell barrier) and favours coagulation and thombosis. By contrast, normal laminar shear stress (LSS) (10–15 dynes/cm2 in the coronary circulation)4–7 induces
EC quiescence, resistance to inflammation (by inducing a myriad of anti-inflammatory genes and repressing
pro-inflammatory gene expression) and stimulates the release of anti-coagulative and anti-thombolytic mediators,
all of which are atheroprotective8–10. In advanced atherosclerosis, ECs overlying stenotic atherosclerotic plaques
are exposed to elevated shear stress (ESS), potentially exceeding 300 dynes/cm2 5,7,11–14. However, the effects of ESS
on ECs is less well studied. We previously reported that acute exposure to ESS (75 dynes for 24 h) modifies primary human umbilical vein EC behaviour compared to normal LSS, for example, altering MAP kinase signalling
and reducing ROS levels and intracellular cAMP concentrations15. Similarly, Dolan and colleagues showed that
exposing cultured bovine ECs to ESS of 10 Pa (100 dynes/cm2) for 24 h promotes the proliferation and pro-matrix
remodelling behaviour, as well up-regulating the expression of anti-coagulant and anti-inflammatory genes16.
Furthermore, the ECs overlying stenotic atherosclerotic plaques express markers of inflammation17,18, despite
their exposure to ESS. The interaction of ESS and inflammation is therefore of particular pathological significance.
As we recently reviewed19, excessive extracellular proteolysis may also be a key factor underlying the loss of ECs
during surface erosion from plaques, a phenomenon that can precipitate life-threatening myocardial infarctions.
Extracellular proteases are also important regulators of EC attachment, migration and invasion, during angiogenesis20.
Proteases are also essential in adaptive, EC-regulated arterial remodelling in response to flow21,22. For these reasons,
our present study focussed on PI16 (also known as peptidase inhibitor 16, PSPBP, or CRISP-1), which is a member
of the cysteine-rich secretory proteins, antigen 5, and pathogenesis-related 1 proteins (CAP) superfamily, and has
homologues in other mammalian species including rat and mouse (reviewed in ref. 23). We found that PI16 is highly
up-regulated by LSS and ESS in primary human coronary artery endothelial cells (HCAECs). However, PI16 is profoundly downregulated by pro-inflammatory cytokines. Using phage display we identified matrix metalloproteinase-2
(MMP-2) as a target for PI16 inhibition. Furthermore, we showed that PI16 inhibits EC migration.
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Results

Laminar shear stress increased PI16 expression.

Normal laminar shear stress (15 dynes/cm2 - LSS)
and elevated laminar shear stress (75 dynes/cm – ESS) significantly increased the expression of PI16 transcript and protein in HCAECs compared with oscillatory shear stress (+/−5 dynes/cm2 – OSS) (Fig. 1A,B). LSS
induced a 119-fold increase in mRNA (P < 0.001; Fig. 1A) and 7-fold increase in protein (P < 0.01; Fig. 1B). The
expression was further elevated between LSS and ESS with a 9-fold increase in mRNA (P < 0.001; Fig. 1A) and
a 5-fold increase in protein (P < 0.001; Fig. 1B). Results were confirmed with immunocytochemical staining of
HCAEC exposed to shear stress, with a higher relative level of positive PI16 immunoreactivity in cells exposed to
ESS when compared to LSS or OSS (Fig. 1C).
Four alternatively spliced PI16 mRNA variants have been previously identified, three that give rise to the full
length 463aa PI16 protein (Supplementary Fig. 1, hereafter denoted as PI16 protein isoform 1) and a shorter
270aa isoform (isoform 2). Whilst cloning the PI16 gene for adenoviral construction, we identified a further
two previously undescribed isoforms that are expressed by HCAECs, (hereafter referred to as PI16 protein
isoforms 3 and 4) which translate into two distinct proteins (260aa and 225aa polypeptides respectively, see
Supplementary Fig. 2). RT-qPCR analysis revealed that all of the isoforms were up-regulated in the same way by
shear stress (Supplementary Fig. 3A).
2

PI16 is expressed in HCAECs in vivo. Using histological sections of human coronary arteries from
cadaveric donors, PI16 was clearly detected in luminal ECs (stained with UEA lectin) (Fig. 1D). Some of the cells
in the intimal and medial smooth muscle cells were also positive for PI16 (Supplementary Fig. 4). IgG control
sections were devoid of immunoreactivity.
ERK5 signalling mediates upregulation of PI16 expression by elevated shear stress.
Mitogen-activated protein kinase 7 (MAPK7), also known as Extracellular-Signal-Regulated Kinase 5 (ERK5), is
strongly activated in response to shear stress. Moreover, the ERK5 signalling pathway has been shown to mediate
some of the effects of LSS on ECs24–26. We therefore investigated whether ERK5 mediates PI16 upregulation in
response to ESS. When HCAECs were exposed to ESS for 24 h in the presence of an ERK5 inhibitor, BIX02189
(ERK5i; 10 μM), the expression of PI16 mRNA (Fig. 2A; 8-fold reduction; P < 0.05) and protein expression
(Fig. 2B; 4-fold reduction; P < 0.05) were significantly reduced in comparison to vehicle controls. This suggests
that the shear-induced increase in PI16 expression is mediated by an ERK5-dependant pathway.

Acute and chronic inflammation greatly reduces PI16 expression.

We also investigated whether
PI16 expression is regulated by atheroma-related pro-inflammatory cytokines, TNFαor IL-1α. Exposure of
HCAECs to TNFαor IL-1αsignificantly reduced both the level of PI16 mRNA at ESS (Fig. 2C; TNFα, 5-fold
reduction, P <  0.01; IL-1α, 2-fold reduction, P < 0.01) and protein expression (Fig. 2D; TNFα, 13.5-fold decrease,
P <  0.05; IL-1α, 3-fold decrease, P < 0.05), when compared with vehicle controls. A similar reduction in PI16
mRNA and protein expression was observed at ESS for 72 h, with TNFαadded for the last 48 h (to allow the cells
24 hours to adapt to their shear environment before treatment) (Fig. 2E,F).

PI16 inhibits migration of HCAECs.

Extracellular proteases are known to participate in cell motility20,27.
Consequently, we hypothesised that adenoviral overexpression of PI16 would inhibit cell migration. Adenoviral
overexpression of PI16 significantly reduced the migration of HCAECs into a ‘scratch wound’ in vitro when
compared to β-gal transduced adenoviral control (40% reduction, P < 0.05; Fig. 3A). There was no difference
in migration between β-gal adenoviral control and uninfected controls (Fig. 3A). Overexpression of β-gal or
PI16 did not have any significant effect on the proliferation rates of HCAECs in confluent regions away from the
scratch wound but PI16 overexpression significantly reduced proliferation in the migration zone (Fig. 3B). Cells
were stained for PI16 to confirm transfection efficiency (Fig. 3E). PI16 immunoreactivity was detected in cultures
infected with PI16 adenovirus but was absent in β-gal virus infected control cultures, as these experiments were
performed under static culture conditions (Fig. 3E).

PI16 overexpression reduces MMP activity in HCAECs. It is known that matrix metalloproteinases
(MMPs) are essential for endothelial migration20. Hence, we examined whether adenovirus driven PI16 production has the ability to inhibit MMP activity in cultures of HCAECs treated with TNFαto upregulate endogenous
MMP release. Consistent with our hypothesis, there was a significant reduction of MMP activity in conditioned
media from AdPI16 compared to Adβ-gal transduced HCAECs (Fig. 4A).
Identification of MMP2 as a PI16 binding-partner using phage display. Phage display was used to
identify peptides with high affinity for PI16, which might mediate binding and protease inhibition. Phage were
isolated by cell surface bio-panning28,29 using HeLa cells (as they express low levels of PI16, by western blotting
– not shown) infected with adenoviruses to overexpress PI16 or β-gal. Of particular interest, we isolated a peptide containing the sequence TGPRSDGF that had high homology with amino acids 250–256 (TG-RSDGF) of
matrix metalloproteinase 2 (MMP2). These residues form an exposed loop adjacent to the active site, suggesting
that PI16 may be an MMP2 inhibitor (Fig. 4B). Confirming this, recombinant PI16 produced in E. coli showed a
strong inhibition of recombinant MMP2 activity (IC50 ~10 nM, Fig. 4C). Moreover, the phage-display-derived
peptide TGPRSDGF or the corresponding sequence on MMP2, TG-RSDGF (lacks proline), reversed the inhibition of MMP2 activity by PI16, demonstrating that this peptide loop contributed to the binding of PI16 to MMP2.
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Figure 1. PI16 expression is increased by shear stress in HCAEC and is expressed in human coronary
arteries. Reulation of mRNA (A) and protein (B) expression in HCAEC flowed for 72 h (n =  6; **P <  0.01,
***P < 0.001 compared to OSS control). (C) ICC staining corroborates western analysis, with highest PI16
expression (green) in cells exposed to ESS (blue DAPI stain highlights cell nuclei). (D) IHC analysis revealed
PI16 staining (green) in ECs (endothelial cell marker, UEA in red). DAPI staining was used to demarcate the
nuclei (blue).

Discussion

Normal laminar shear stress initiates a phenotypic shift in ECs, promoting a more-quiescent, less-permeable,
anti-inflammatory and athero-protective state. This study demonstrates that shear upregulates PI16 in HCAECs
through activation of ERK5-dependent pathways. Moreover, PI16 inhibits endothelial migration and related proliferation, helping to maintain quiescence at high shear. PI16 up-regulation is reversed by inflammatory mediators, suggesting that this protective effect is lost in inflamed endothelium. Most importantly, MMP2 is identified
for the first time as a target for PI16 inhibition.
We found that exposure to LSS for 72 h increased PI16 mRNA expression over 100-fold, compared to OSS.
The magnitude of up-regulation was similar for all four splice variants that we identified in HCAECs, suggesting
that shear regulates PI16 expression predominantly at the level of transcription. Protein expression mirrored the
increases in mRNA level. Inhibition of PI16 mRNA and protein expression with the ERK5 inhibitor, BIX02189,
suggests that ERK5 mediates shear upregulation of PI16, similarly to many other shear-regulated genes24–26.
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Figure 2. PI16 expression is regulated by ERK5 and modulated by inflammatory cytokines. To investigate
whether ERK5 modulates PI16 expression, ESS was applied to HCAECs for 24 h in the presence of an ERK5
inhibitor BIX02189 (ERK5i; 10 μM). There was a significant reduction in PI16 mRNA (A) and protein (B)
expression in HCAECs exposed to laminar shear when compared to the vehicle control (n =  3; *P <  0.05
compared to vehicle control, **P < 0.01 compared to untreated control). We also investigated the regulation of
PI16 expression in the presence of inflammatory cytokines, TNFαand IL-1α, which significantly reduced PI16
mRNA (C) and protein (D) expression in HCAECs exposed to ESS for 24 h when compared with the vehicle
controls (n =  3; *P <  0.05, **P <  0.01, ***P < 0.001). To exclude the possibility that cytokine treatment affected
the adaptation of HCAECs to ESS, a further ‘chronic’ experiment was performed, HCAEC were exposed to ESS
for 24 h prior to the first dose of TNFα. 3 doses of TNFαwere added to the flow systems at 16 h intervals. TNFα
treatment significantly reduced PI16 mRNA (E) and protein (F) expression (n =  3; *P <  0.05, ***P <  0.001)
compared to vehicle controls.
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Figure 3. Effect of PI16 on migration and proliferation of HCAECs. Adenoviral-overexpression of PI16
significantly reduced the movement of HCAECs in a migration assay when compared to the β-gal adenoviralcontrols (*P < 0.05 compared to β-gal control, **P < 0.01 compared to untreated control; n =  5) ((A) and
representative image (B)). Staining for PI16 (red) revealed that the PI16-viral vector achieved ~100% cell
transduction. Cells were also stained for BrdU to measure cell proliferation (brown). PI16 overexpression
significantly reduced proliferation in the migration zone (C), ***P < 0.01 compared to controls), however did
not affect the proliferation rate in non-migrating cells (D). (E) Representative images, BrdU staining in brown,
PI16 staining in red.
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Figure 4. PI16 reduces MMP activity. (A) Concentrated conditioned media from control or PI16 overexpressing HCEACs was assessed for MMP activity using a quenched-fluorogenic substrate OmniMMP. In
comparison to all controls, PI16 conditioned media showed the lowest MMP activity (*p <  0.05, n =  5). (B)
Phage display identified a peptide containing the sequence TGPRSDGF, with high homology to amino acids
250–256 of MMP2 TG-RSDGF, corresponding to a peptide loop situated above the active site of MMP2. (C)
Recombinant MMP2 (5.5 nM) was incubated with increasing concentrations of PI16 for 30 minutes before
the addition of OmniMMP. Relative fluorescence 30 minutes after addition of OmniMMP is presented. Graph
combines data from 3 separate preparations of recombinant PI16. Concentrations above 10 nM resulted in a
significant reduction of MMP2 activity (P <  0.05, n =  3–23). (D) Inclusion of peptides TGRSDGF (pep) or
TGPRSDGF (pep +  P) (10 μM), with 10 nM PI16 reduced the inhibition of MMP2 (*p < 0.05 compared to all
other conditions, n =  3).

This observation would be strengthened by gene knock-down experiments. Furthermore, transcription factor
Kruppel-like factor 2 (KLF2) is known to mediate many of the protective effects of shear that are downstream of
ERK530. Examination of supplementary gene array data from a study by Parmer et al.26 revealed that atheroprotective shear stress induced a 25-fold increase in PI16 expression in HUVECs compared to static controls, adding
weight to our observations in HCAECs. This effect was reversed in the transcriptome after knock-down of KLF2,
whereas the transcriptome observed after adenoviral overexpression of KLF2 showed a 64-fold increase in PI16
expression in HUVECs26. Although none of these findings were discussed by Parmer et al., they provide a convincing explanation for the shear regulation of PI16 expression.
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Conversely, PI16 expression was strongly suppressed by inflammatory mediators, IL-1βand TNFαthat act
through the NF-κB signalling pathway. The mutual antagonism of pathways mediated by KLF2 and NF-κB has
been extensively described previously1,30–32. Our studies extend this concept to expression of PI16.
It is possible to speculate on the relevance of these findings to human disease, particularly to endothelial
erosion, a process responsible for ~30% of myocardial infarctions33. The upregulation of PI16 by KLF2 would
suggest it plays an athero-protective role in the endothelium, by limiting proteolysis of the sub-endothelial matrix.
This would help resist the increased mechanical forces to which the endothelium is exposed, especially overlying
stenotic plaques, where the level of shear stress can exceed 300 dynes/cm2 5,7,11–14. Cigarette use is a risk factor for
endothelial erosion33 and is known to increase the circulating levels of inflammatory cytokines, including TNFα34.
Downregulation of PI16 by circulating and plaque-derived inflammatory cytokines may therefore reduce protection from proteolysis and render the sub-endothelial matrix more susceptible to degradation and the endothelium to detachment.
Structural analysis of the full length PI16 protein suggests that, in addition to the hydrophobic cysteine-rich
secretory (CRISP) domain, some isoforms contain a hydrophilic spacer domain and a putative single transmembrane domain (see Supplementary information and Supplementary Fig. 1). This implies that there are both cell
surface expressed and secreted form of PI16.
PI16 was originally identified as a binding partner to the secreted protein microseminoprotein β(MSMB also
known as PSP94)35. The function of PI16 in the prostate has not been identified but the serum levels of both PI16
and MSMB are negatively correlated with prostate cancer progression36, potentially implicating PI16 with inhibition of malignancy by MSMB37. PI16 is also strongly upregulated in human and rodent models of heart failure,
where it accumulates in the intercellular space and inhibits murine cardiomyocyte growth38. Cardiac specific
overexpression of full length PI16 reduced the size of cardiac myocytes, while inhibition of PI16 expression lead
to myocyte hypertrophy, indicating a role for the regulation of cell size through a mechanism yet to be defined38.
PI16 mRNA and/or protein has also been detected in a wide range of other tissues including the pituitary gland,
tonsils, heart, small intestine, colon, prostate, testis and ovary35. However, until this current study, PI16 has not
been shown to have any role in vascular biology. We found that PI16 inhibits migration and the related proliferation of ECs in vitro, suggesting that it promotes endothelial quiescence. We demonstrated that PI16 is expressed
in the endothelium of human coronary arteries, consistent with our in vitro findings. PI16 was also present in
other cells within the intima and media, suggesting other roles that may be the topic of future studies.
Until now, the function and physiological activity of PI16 has remained largely ill-defined. The demonstration
that PI16 is a potent inhibitor of MMP2, with similar affinity to tissue inhibitors of metalloproteinases (TIMPs)39
is therefore of particular importance. MMP2 has long been known to participate in the invasion and migration
of ECs during sprouting angiogenesis20. A similar function of MMP2 in migration and related proliferation of
vascular smooth muscle cells during repair after vascular injury has also been demonstrated, along with a pathological role in models of aneurysm formation and atherosclerosis40. Inhibition of MMP2 by PI16 could therefore
have a significant impact on several aspects of vascular pathology beyond endothelial dysfunction, as shown here.
MMP2 also plays a significant role in cancer41,42, MMP2 knockout mice show reduced tumour angiogenesis
and tumour growth43 and expression of pro-MMP2 is increased in malignant cancers compared to benign cancers44,45, with the level of MMP2 expression providing utility as a prognostic marker46,47. In addition to extracellular actions, MMP2 has been shown to locate to pericellular48,49 and intracellular structures50, with its intracellular
actions in cardiac myocytes having been shown to contribute to ischemia-reperfusion injury51–53. It is clear that
MMP2 is an extremely significant protease and the identification of PI16 as a novel inhibitor of MMP2 highlights
it as a potential regulator of many homeostatic and pathological processes.

Materials and Methods

Cell culture. Human coronary artery endothelial cells (HCAECs; >6 batches from different donors) were
bought from Promocell (C-1222) and cultured in MV2 Medium (C-22121-Promocell). HCAECs were seeded
onto gelatin-coated slides at high density and grown for 48–72 hours before initiation of flow. Cells were placed in
a parallel plate flow apparatus as previously described15 and exposed to oscillatory flow (0 ±  5 dynes/cm2; OSS),
normal laminar shear stress (15 dynes/cm2; LSS), or elevated shear stress (75 dynes cm2; ESS) for either 24 or
72 h. For 24 h shear stress experiments, ERK5 inhibitor BIX 02189 (S1531, SelleckBio 10 μM), TNFα (5ng/ml),
or IL-1α(10 ng/ml) were added to media prior to the start of flow as previously described15. For 72 h shear stress
experiments, cells were allowed to normalise to their respective shear stress environments for 24 h, before thee
doses of TNFα(5 ng/ml) or control, were injected into the flow apparatus, at 16 h intervals (total treatment time
of 48 h).
Reverse transcription quantitative PCR (RT-qPCR).

®

RT-qPCR was performed using LightCycler 480
SYBR Green I master mix (Roche, UK) on cDNA prepared from HCAECs exposed to OSS, LSS, and ESS for 24
or 72 h. Standard curves were produced for each primer set and results calculated as copies of cDNA per ng total
RNA. The primers used to detect all PI16 isoforms were designed based upon common sequences from the full
length human PI16 gene (accession NM_153370.2; primer sequences in Supplementary Table 1).

Western blotting. Following flow experiments, cells were lysed in SDS lysis buffer [2% SDS; 50 mM Tris pH

6.8; 10% glycerol]. Cell concentration in the lysate was quantified using PicoGreen (Invitrogen, Renfrew, UK)
by mixing 100 μl of 1/1,000 cell lysate with 100 μl of 1/200 PicoGreen, both diluted in 10 mM Tris, 1 mM EDTA
(pH 8). Fluorescence was measured with excitation at 485 nm and emission 520 nm and compared to a standard
curve from a known cell number. 5000 cells were loaded per lane on denaturing SDS–polyacrylamide gels and
blotted onto PVDF membranes. After blocking, membranes were probed with a primary rabbit anti-PI16 antibody (Sigma, UK-HPA043763; 1/3,000) overnight at 4 °C and detected with a HP-linked goat secondary antibody.
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PI16 immunocytochemistry and immunohistochemistry. HCAEC were exposed to shear stress
before being fixed in cold 4% paraformaldehyde for 10 minutes. Cells were permeabilised with 0.1% triton,
blocked in 20% goat serum and probed with rabbit anti-PI16 (1:100, Sigma - HPA043763), followed by goat
anti rabbit Alexa Fluor 488 (1/200, Invitrogen). For immunohistochemistry, paraffin embedded human coronary artery sections were obtained from the Bristol Coronary Biobank (ethical approval 08/H107/48), dewaxed
and rehydrated. Antigen retrieval was performed with citrate buffer (pH 6.0) incubated in a boiling water-bath
for 30 minutes. Sections were blocked with 20% goat serum with the addition of pontamine sky blue (0.05%) to
reduce background autofluorescence. Sections were incubated with rabbit anti-PI16 (1:100, Sigma - HPA043763)
or rabbit IgG control, followed by goat anti rabbit Alexa Fluor 488 (1/200, Invitrogen). Rhodamine labelled Ulex
Europaeus Agglutinin I (UEA, 1/200, Vector Laboratories RL-1062) was incubated with the primary antibodies
to label endothelial cells.
Cloning of PI16 and preparation adenoviral vector. PI16 was amplified with KOD polymerase (Merck
Millipore) using primers SW653F and SW654R and cloned into a NcoI-deleted version of CpG-mcs (Invivogen)
using the BglII/NheI restriction sites. The expression cassette from pCpG-mcs containing the mCMV enhancer,
EF1αpromoter, small synthetic intron, PI16 and polyA signal was removed by EcoRI digest and cloned into
pDC511 (Microbix Biosystems, Canada). PI16 adenoviral vector (AdPI16) was produced using the Microbix
Biosystems kit according to their protocols. Additionally, the EcoRI digest fragment containing the same expression cassette and β-galactosidase gene was removed from pCpG-LacZ (Invivogen) cloned into pDC511 and used
as a vector-matched control (Adβgal). Viral stocks were amplified, CsCl banded, and titrated by plaque assay.
AdPI16 gave an unusually low value on plaque assay when assessed at day 11 (normal day of calculation) however
gave a much higher value when read at day 14 suggesting PI16 overexpression had an inhibitory effect on the
plaque assay. We used immunocytochemistry to determine the relative pfu needed to achieve 100% transduction
in HCAECs. Treatment with 25 PFU/cell of PI16 adenovirus lead to the infection of >95% cells Fig. 3E. Therefore,
for subsequent experiments, HCAECs were infected with PI16 adenovirus with a multiplicity of infection of 25
plaque-forming units (PFU) per cell, we used a 4-fold higher pfu/cell for the Adβgal which gave an equivalent
infection rate.
Migration and bromo-deoxyuridine (BrdU) incorporation assays.

The migration assay was performed using an Ibidi 2D invasion assay Culture-Insert (Ibidi) and proliferation was evaluated by BrdU incorporation. On day 1, cells were seeded at 1 ×  104 cells/partition into culture-inserts. On day 2, cells were transduced
by either AdPI16 or Adβ-gal for 20 h. On day 3, media were changed. At 4 pm on Day 4, the culture-inserts were
removed, leaving a 500 μm cell-free migration gap. Example pictures of the resulting 500 μm gap were taken using
a light microscope (10x objective). 16 hours later on the morning of day 5, BrdU (10 μM, Sigma) was added to
the media and the cells were left for a further 4 h. Cells were washed (ice-cold PBS) and fixed in 70% ethanol. The
incorporated BrdU was detected by immunocytochemistry using a mouse anti-BrdU primary antibody (1/500,
Sigma B8434), biotinylated goat anti-mouse secondary (1/250, Sigma) and Extravidin-HP (1/250, Sigma E2886),
and visualised with diaminobenzidine staining. The cells were dual labelled with the rabbit anti-PI16 (1:150)
antibody, signal developed with biotinylated goat anti-rabbit secondary (Sigma 1:250), and ExtrAvidin-Alkaline
Phosphatase (Sigma, 1:250) and Fast Red TR/Naphthol AS-MX Phosphate (Sigma, UK). Multiple images of the
wells were taken along the length of the cell-free gap for analysis of migration, as well as in the centre of each
well for assessment of BrdU staining. For the migration assay, the distance between the two HCAEC populations
were measured at 10 standardised points on each image. The percentage of cells positive for BrdU staining was
calculated.

Identification of PI16 binding peptides with phage display. Two populations of HeLa cells were generated by transduction with either Adβgal control or AdPI16 and used to isolate binding peptides, as described
previously28,29. Briefly, 15 μl (~1 ×  1011 pfu) of the phage library (random 12 amino acid library, New England
Biolabs E8110S) was added to 1 ml 1% bovine serum albumin (BSA) in DMEM + HEPES (Invitrogen, UK), and
incubated for 1 h at 4 °C on four successive cultures of Adβgal-transduced HeLa cells (HeLa-βgal). The cleared
phage library was immediately incubated on HeLa cells infected with PI16-encoding adenovirus (HeLa-PI16),
at 4 °C for 1 h. Cells were thoroughly washed (×5) with 1% BSA in PBS (with calcium and magnesium), weakly
associated phage removed with 0.2 M glycine (pH 2.2), and cells lysed in 30 mM Tris, 1 mM EDTA (pH 8) to
recover high affinity-bound phage. Subsequent biopanning rounds were performed with ~1 ×  1010 phage, and
included one pre-clearing step on HeLa-βgal cells prior to biopanning on HeLa-PI16 cells. After the completion of 4 rounds of biopanning, individual phage clones were amplified and screened for enhanced binding to
PI16-transduced cells. Phage clones that demonstrated selective binding for PI16 were amplified, ssDNA prepared and sequenced. Peptide homology analysis was performed using BLAST.
PI16 activity assay.

Static HCAECs were infected with either β-gal- or PI16-expressing adenovirus.
Following transduction with the virus, cells were washed twice with PBS and endothelial media (MV2 with
growth factors but no serum) with TNFα(5 ng/ml) was incubated on the cells for 24 hours. Conditioned media
were collected and concentrated (10x), cells were lysed in SDS lysis buffer and protein concentration assessed
using the microBCA assay (Pierce). Protease activity of 5 μl concentrated conditioned media was assessed using
OmniMMP (Enzo) fluorogenic substrate in MMP buffer [50 mM HEPES, 10 mM CaCl2, 0.15% Brij 35 pH 7.0],
with 2 mM 4-aminophenylmercuric acetate (APMA). MMP activity was corrected for cell number by dividing the
fluorescence by the protein concentration of the cell lysate.
Recombinant PI16 was generated by amplifying full length PI16 by PCR using primers SW773F and SW774R
introducing an in-frame 5’BamHI site and 3′EcoRI site after the stop codon. PI16 was subcloned into pGEX-6P-1
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bacterial GST fusion expression plasmid to facilitate the production of recombinant protein. Recombinant PI16
was expressed in SoluBL21 E. coli (AMS BIOTECHNOLOGY) in media comprising of 50% LB and 50% M9
media. Overnight culture was diluted 1:100 and grown at 37 degrees with shaking for 4 hours to an approximate
OD of 0.8, after which it was cooled to 21 °C. PI16 expression was induced for 3 hs by the addition of IPTG at a
final concentration of 1 mM. The bacterial pellet from 1 litre of culture was resuspended in 25 ml of PBS +  protease inhibitor (Sigma P8340 at 1/100) before being pressure lysed in a Cell Disruptor (Constant Systems) at
25 kPsi. The lysate was cleared by centrifugation and concentrated using a 15 kDa filter centrifugation unit to a
volume of 3 ml. The concentrated sample was then diluted back to 15 ml with PBS before being mixed with 500 μl
of 4B GST binding sepharose (GE Healthcare) and incubated for 1.5 hs at 4 °C. The beads were then centrifuged
at 500 g at 4 °C for 5 minutes and the supernatant was discarded. Beads where then washed 3 times with 1.5 ml of
PBS. PI16 was eluted by thee sequential additions of 500 μl of 10 mM glutathione (G4251, Sigma). The eluted PI16
was dialysed (50 kDa MW cut off) into 50 mM HEPES, 10 mM CaCl2 and 100 mM NaCl. Protein concentration
was measured using the microBCA assay (Pierce) and purity assessed using a SYPRO Ruby-stained polyacrylamide gel. In addition, competition for PI16 binding to recombinant MMP2 (Preprotech) was assessed using
a direct activity assay with fluorogenic OmniMMP substrate (Enzo) using the phage display derived peptide
TGPRSDGF or the MMP2 derived peptide TGRSDGF at 10 μM in MMP.

Statistical analysis.

Differences between groups were analysed using One-way Analysis of Variance
(ANOVA), and either a Dunnett’s test to directly compare data with a single control group, or a Bonferroni or a
Tukey-Kramer post hoc test for multiple comparisons. For two variables, groups were analysed using a two-way
ANOVA and a Tukey-Kramer post hoc test. The type of analysis used for each experiment is indicated in the figure
legends. In all instances, p < 0.05 was taken to be statistically significant.

References

1. Warboys, C. M., Amini, N., de Luca, A. & Evans, P. C. The role of blood flow in determining the sites of atherosclerotic plaques.
F1000 Medicine Reports 3, 5, doi: 10.3410/M3-5 (2011).
2. Hahn, C. & Schwartz, M. A. Mechanotransduction in vascular physiology and atherogenesis. Nat Rev Mol Cell Biol 10, 53–62,
doi: 10.1038/nrm2596 (2009).
3. Chiu, J.-J. & Chien, S. Effects of Disturbed Flow on Vascular Endothelium: Pathophysiological Basis and Clinical Perspectives.
Physiol. Rev. 91, 327–387, doi: 10.1152/physrev.00047.2009 (2011).
4. Wentzel, J. J. et al. Extension of Increased Atherosclerotic Wall Thickness Into High Shear Stress Regions Is Associated With Loss of
Compensatory Remodeling. Circulation 108, 17–23, doi: 10.1161/01.cir.0000078637.21322.d3 (2003).
5. Stone, P. H. et al. Effect of Endothelial Shear Stress on the Progression of Coronary Artery Disease, Vascular Remodeling, and InStent Restenosis in Humans: In Vivo 6-Month Follow-Up Study. Circulation 108, 438–444, doi: 10.1161/01.cir.0000080882.35274.ad
(2003).
6. Joshi, A. K. et al. Intimal Thickness Is not Associated With Wall Shear Stress Patterns in the Human Right Coronary Artery.
Arterioscler Thromb Vasc Biol 24, 2408–2413, doi: 10.1161/01.ATV.0000147118.97474.4b (2004).
7. Gijsen, F. J. H. et al. Strain distribution over plaques in human coronary arteries relates to shear stress. Am J Physiol Heart Circ
Physiol 295, H1608–1614, doi: 10.1152/ajpheart.01081.2007 (2008).
8. Dai, G. H. et al. Distinct endothelial phenotypes evoked by arterial waveforms derived from atherosclerosis-susceptible and
-resistant regions of human vasculature. Proc. Natl. Acad. Sci. USA 101, 14871–14876, doi: 10.1073/pnas.0406073101 (2004).
9. Papafaklis, M. I. et al. Effect of the local hemodynamic environment on the de novo development and progression of eccentric
coronary atherosclerosis in humans: Insights from PREDICTION. Atherosclerosis 240, 205–211, doi: http://dx.doi.org/10.1016/j.
atherosclerosis.2015.03.017 (2015).
10. Stone, P. H. et al. Prediction of Progression of Coronary Artery Disease and Clinical Outcomes Using Vascular Profiling of
Endothelial Shear Stress and Arterial Plaque Characteristics/Clinical Perspective. Circulation 126, 172–181, doi: 10.1161/
circulationaha.112.096438 (2012).
11. Leach, J. et al. Carotid Atheroma Rupture Observed In Vivo and FSI-Predicted Stress Distribution Based on Pre-rupture Imaging.
Ann. Biomed. Eng. 38, 2748–2765, doi: 10.1007/s10439-010-0004-8 (2010).
12. Ilegbusi, O. & Valaski-Tuema, E. In Biomedical Simulation, Proceedings Vol. 5958 Lecture Notes in Computer Science (eds Bello, F. &
Cotin, S.) 98–107 (Springer-Verlag Berlin, 2010).
13. Teng, Z. Z. et al. 3D Critical Plaque Wall Stress Is a Better Predictor of Carotid Plaque Rupture Sites Than Flow Shear Stress: An In
Vivo MRI-Based 3D FSI Study. Journal of Biomechanical Engineering-Transactions of the Asme 132, 031007, doi: 10.1115/1.4001028
(2010).
14. Torii, R. et al. Stress phase angle depicts differences in coronary artery hemodynamics due to changes in flow and geometry after
percutaneous coronary intervention. Am. J. Physiol.-Heart Circul. Physiol. 296, H765–H776, doi: 10.1152/ajpheart.01166.2007
(2009).
15. White, S. et al. Characterization of the differential response of endothelial cells exposed to normal and elevated laminar shear stress.
J. Cell. Physiol. 226, 2841 - 2848, doi: 10.1002/jcp.22629 (2011).
16. Dolan, J. M., Sim, F. J., Meng, H. & Kolega, J. Endothelial cells express a unique transcriptional profile under very high wall shear
stress known to induce expansive arterial remodeling. Am J Physiol Cell Physiol 302, C1109–C1118, doi: 10.1152/ajpcell.00369.2011
(2012).
17. DeGraba, T. J. et al. Increased Endothelial Expression of Intercellular Adhesion Molecule-1 in Symptomatic Versus Asymptomatic
Human Carotid Atherosclerotic Plaque. Stroke 29, 1405–1410, doi: 10.1161/01.str.29.7.1405 (1998).
18. Fledderus, J. O. et al. Prolonged shear stress and KLF2 suppress constitutive proinflammatory transcription through inhibition of
ATF2. Blood 109, 4249–4257, doi: 10.1182/blood-2006-07-036020 (2007).
19. White, S. J., Newby, A. C. & Johnson, T. W. Endothelial erosion of plaques as a substrate for coronary thrombosis. Thromb. Haemost.,
doi: 10.1160/TH15-09-0765 (2016).
20. van Hinsbergh, V. W. M. & Koolwijk, P. Endothelial sprouting and angiogenesis: matrix metalloproteinases in the lead. Cardiovasc.
Res. 78, 203–212, doi: 10.1093/cvr/cvm102 (2008).
21. Dumont, O., Loufrani, L. & Henrion, D. Key Role of the NO-Pathway and Matrix Metalloprotease-9 in High Blood Flow-Induced
Remodeling of Rat Resistance Arteries. Arterioscler Thromb Vasc Biol 27, 317–324, doi: 10.1161/01.atv.0000254684.80662.44 (2007).
22. Haas, T. L. et al. Involvement of MMPs in the outward remodeling of collateral mesenteric arteries. Am J Physiol Heart Circ Physiol
293, H2429–2437, doi: 10.1152/ajpheart.00100.2007 (2007).

Scientific Reports | 6:39553 | DOI: 10.1038/srep39553

9

www.nature.com/scientificreports/
23. Gibbs, G. M., Roelants, K. & O’Bryan, M. K. The CAP Superfamily: Cysteine-Rich Secretory Proteins, Antigen 5, and PathogenesisRelated 1 Proteins—Roles in Reproduction, Cancer, and Immune Defense. Endocr. Rev. 29, 865–897, doi: 10.1210/er.2008-0032
(2008).
24. Yan, C., Takahashi, M., Okuda, M., Lee, J.-D. & Berk, B. C. Fluid Shear Stress Stimulates Big Mitogen-activated Protein Kinase 1
(BMK1) Activity in Endothelial Cells: Dependence on tyrosine kinases and intracellular calcium. J. Biol. Chem. 274, 143–150, doi:
10.1074/jbc.274.1.143 (1999).
25. Kim, M. et al. Laminar Flow Activation of ERK5 Protein in Vascular Endothelium Leads to Atheroprotective Effect via NF-E2related Factor 2 (Nrf2) Activation. J. Biol. Chem. 287, 40722–40731, doi: 10.1074/jbc.M112.381509 (2012).
26. Parmar, K. M. et al. Integration of flow-dependent endothelial phenotypes by Kruppel-like factor 2. The Journal of Clinical
Investigation 116, 49–58, doi: 10.1172/JCI24787 (2006).
27. Newby, A. C. Matrix metalloproteinases regulate migration, proliferation, and death of vascular smooth muscle cells by degrading
matrix and non-matrix substrates. Cardiovasc Res 69, 614–624, doi: 10.1016/j.cardiores.2005.08.002 (2006).
28. White, S. J., Nicklin, S. A., Sawamura, T. & Baker, A. H. Identification of peptides that target the endothelial cell- specific LOX-1
receptor. Hypertension 37, 449–455 (2001).
29. White, S. J., Simmonds, R. E., Lane, D. A. & Baker, A. H. Efficient isolation of peptide ligands for the endothelial cell protein C
receptor (EPCR) using candidate receptor phage display biopanning. Peptides 26, 1264–1269, doi: 10.1016/j.peptides.2005.01.015
(2005).
30. Nayak, L., Lin, Z. & Jain, M. K. “Go With the Flow”: How Krüppel-Like Factor 2 Regulates the Vasoprotective Effects of Shear Stress.
Antioxid. Redox Signal. 15, 1449–1461, doi: 10.1089/ars.2010.3647 (2011).
31. Partridge, J. et al. Laminar shear stress acts as a switch to regulate divergent functions of NF-{kappa}B in endothelial cells. FASEB J.
21, 3553–3561, doi: 10.1096/fj.06-8059com (2007).
32. Brown, A. J. et al. Role of biomechanical forces in the natural history of coronary atherosclerosis. Nat Rev Cardiol advance online
publication, doi: 10.1038/nrcardio.2015.203 (2016).
33. White, S. J., Newby, A. C. & Johnson, T. W. Endothelial erosion of plaques as a substrate for coronary thrombosis. Thromb. Haemost.
115, 509–519, doi: 10.1160/TH15-09-0765 (2016).
34. Barbieri, S. S. et al. Cytokines present in smokers’ serum interact with smoke components to enhance endothelial dysfunction.
Cardiovasc. Res. 90, 475–483, doi: 10.1093/cvr/cvr032 (2011).
35. REEVES, Jonathan, R. et al. Identification, purification and characterization of a novel human blood protein with binding affinity
for prostate secretory protein of 94 amino acids. Biochem. J. 385, 105–114, doi: 10.1042/bj20040290 (2005).
36. Reeves, J. R., Dulude, H., Panchal, C., Daigneault, L. & Ramnani, D. M. Prognostic Value of Prostate Secretory Protein of 94 Amino
Acids and its Binding Protein after Radical Prostatectomy. Clin. Cancer Res. 12, 6018–6022, doi: 10.1158/1078-0432.ccr-06-0625
(2006).
37. Garde, S. V. et al. Prostate secretory protein (PSP94) suppresses the growth of androgen-independent prostate cancer cell line (PC3)
and xenografts by inducing apoptosis. The Prostate 38, 118–125, doi: 10.1002/(SICI)1097-0045(19990201)38:2<118::AID-PROS5>
3.0.CO;2-G (1999).
38. Frost, R. J. A. & Engelhardt, S. A Secretion Trap Screen in Yeast Identifies Protease Inhibitor 16 as a Novel Antihypertrophic Protein
Secreted From the Heart. Circulation 116, 1768–1775, doi: 10.1161/circulationaha.107.696468 (2007).
39. Olson, M. W., Gervasi, D. C., Mobashery, S. & Fridman, R. Kinetic Analysis of the Binding of Human Matrix Metalloproteinase-2
and -9 to Tissue Inhibitor of Metalloproteinase (TIMP)-1 and TIMP-2. J. Biol. Chem. 272, 29975–29983, doi: 10.1074/
jbc.272.47.29975 (1997).
40. Newby, A. C. Matrix metalloproteinase inhibition therapy for vascular diseases. Vascular Pharmacology 56, 232–244, doi: http://
dx.doi.org/10.1016/j.vph.2012.01.007 (2012).
41. Klein, G., Vellenga, E., Fraaije, M. W., Kamps, W. A. & de Bont, E. S. J. M. The possible role of matrix metalloproteinase (MMP)-2
and MMP-9 in cancer, e.g. acute leukemia. Crit. Rev. Oncol. Hematol. 50, 87–100, doi: http://dx.doi.org/10.1016/j.
critrevonc.2003.09.001 (2004).
42. Bauvois, B. New facets of matrix metalloproteinases MMP-2 and MMP-9 as cell surface transducers: Outside-in signaling and
relationship to tumor progression. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer 1825, 29–36, doi: http://dx.doi.
org/10.1016/j.bbcan.2011.10.001 (2012).
43. Itoh, T. et al. Reduced angiogenesis and tumor progression in gelatinase A-deficient mice. Cancer Res. 58, 1048–1051 (1998).
44. Schmalfeldt, B. et al. Increased expression of matrix metalloproteinases (MMP)-2, MMP-9, and the urokinase-type plasminogen
activator is associated with progression from benign to advanced ovarian cancer. Clin. Cancer Res. 7, 2396–2404 (2001).
45. Hanemaaijer, R. et al. Increased gelatinase-A and gelatinase-B activities in malignant vs. benign breast tumors. Int. J. Cancer 86,
204–207, doi: 10.1002/(SICI)1097-0215(20000415)86:2<204::AID-IJC9>3.0.CO;2-6 (2000).
46. Davidson, B. et al. High levels of MMP-2, MMP-9, MT1-MMP and TIMP-2 mRNA correlate with poor survival in ovarian
carcinoma. Clinical & Experimental Metastasis 17, 799–808, doi: 10.1023/a:1006723011835 (1999).
47. Kunz, P. et al. Elevated ratio of MMP2/MMP9 activity is associated with poor response to chemotherapy in osteosarcoma. BMC
Cancer 16, doi: 10.1186/s12885-016-2266-5 (2016).
48. Puyraimond, A., Fridman, R., Lemesle, M., Arbeille, B. & Menashi, S. MMP-2 Colocalizes with Caveolae on the Surface of
Endothelial Cells. Exp. Cell Res. 262, 28–36, doi: http://dx.doi.org/10.1006/excr.2000.5069 (2001).
49. Chow, A. K. et al. Caveolin-1 inhibits matrix metalloproteinase-2 activity in the heart. J. Mol. Cell. Cardiol. 42, 896–901, doi: http://
dx.doi.org/10.1016/j.yjmcc.2007.01.008 (2007).
50. Kwan, J. A. et al. Matrix metalloproteinase-2 (MMP-2) is present in the nucleus of cardiac myocytes and is capable of cleaving poly
(ADP-ribose) polymerase (PARP) in vitro. The FASEB Journal, doi: 10.1096/fj.02-1202fje (2004).
51. Sawicki, G. et al. Degradation of Myosin Light Chain in Isolated Rat Hearts Subjected to Ischemia-Reperfusion Injury. A New
Intracellular Target for Matrix Metalloproteinase-2 112, 544–552, doi: 10.1161/circulationaha.104.531616 (2005).
52. Wang, W. et al. Intracellular Action of Matrix Metalloproteinase-2 Accounts for Acute Myocardial Ischemia and Reperfusion Injury.
Circulation 106, 1543–1549, doi: 10.1161/01.cir.0000028818.33488.7b (2002).
53. Kandasamy, A. D., Chow, A. K., Ali, M. A. M. & Schulz, R. Matrix metalloproteinase-2 and myocardial oxidative stress injury:
beyond the matrix. Cardiovasc. Res. 85, 413–423, doi: 10.1093/cvr/cvp268 (2010).

Acknowledgements

Funding was provided by the British Heart Foundation, grants PG/11/44/28972, FS/12/77/29887 and CH95/001.
The study was supported by the National Health Research Institute (UK) Bristol Biomedical Research Unit in
Cardiovascular Medicine. We also thank Mr. Paul Chappell and his skilled team in the University of Bristol
Mechanical Workshop. The funders played no role in study design; in the collection, analysis and interpretation
of data; in the writing of the report; and in the decision to submit the article for publication.

Scientific Reports | 6:39553 | DOI: 10.1038/srep39553

10

www.nature.com/scientificreports/

Author Contributions

G.H., A.P., and J.T. performed experiments, analysed the raw data and the results, prepared figures and helped
writing the manuscript. G.N. produced the adenoviral vectors, G.A. provided financial and infrastructure
support, A.N. helped direct and support the study and draft the manuscript, SW. conceived the study, performed
some experiments and drafted the manuscript.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Hazell, G. G. J. et al. PI16 is a shear stress and inflammation-regulated inhibitor of
MMP2. Sci. Rep. 6, 39553; doi: 10.1038/srep39553 (2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2016

Scientific Reports | 6:39553 | DOI: 10.1038/srep39553

11

