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Myocardial infarctions (MIs) cause the loss of myocytes due to lack of sufficient oxygenation and latent revascularization.
Although the administration of histone deacetylase (HDAC) inhibitors reduces the size of infarctions and improves cardiac
physiology in small-animal models of MI injury, the cellular targets of the HDACs, which the drugs inhibit, are largely
unspecified. Here, we show that WNT-inducible secreted protein-1 (Wisp-1), a matricellular protein that promotes
angiogenesis in cancers as well as cell survival in isolated cardiac myocytes and neurons, is a target of HDACs. Further,
Wisp-1 transcription is regulated by HDACs and can be modified by the HDAC inhibitor, suberanilohydroxamic acid
(SAHA/vorinostat), after MI injury. We observe that, at 7 days after MI, Wisp-1 is elevated 3-fold greater in the border
zone of infarction in mice that experience an MI injury and are injected daily with SAHA, relative to MI alone. Additionally,
human coronary artery endothelial cells (HCAECs) produce WISP-1 and are responsive to autocrine WISP-1–mediated
signaling, which functionally promotes their proangiogenic behavior. Altering endogenous expression of WISP-1 in
HCAECs directly impacts their network density in vitro. Therapeutic interventions after a heart attack define the extent of
infarct injury, cell survival, and overall prognosis. Our studies shown here identify a potentially novel cardiac angiokine,
Wisp-1, that may contribute to beneficial post-MI treatment modalities.
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Introduction
Over 700,000 people in the US each year will experience a myocardial infarction (MI) (1). MIs occur 
when a major coronary artery becomes blocked. This blockage results in an acute ischemic injury that 
leads to localized myocyte cell death due to the lack of  sufficient oxygenation (2–4). Adverse tissue 
remodeling after an infarction due to necrosis, inflammation, and excessive fibrosis can eventually lead 
to impaired cardiac physiology and heart failure (4–6). Several groups have demonstrated the benefits 
of  reestablishing and or sustaining vasculature peripherally to infarcted myocardium, which results in 
attenuated myocyte cell death (2, 7, 8) in animal models. Despite these promising data, dynamic chang-
es in post-MI myocardium over time have challenged traction in establishing beneficial angiogenesis 
throughout infarct healing.

The extent of  infarct expansion after an acute MI injury is greatly impacted by secreted pro-
teins in the microenvironment, especially in the border-zone tissue surrounding the injury. Secreted 
proteins regulate a variety of  cellular processes after infarction, including collagen deposition, cell 
survival, and chemokine-mediated recruitment of  cells to the injury (5, 9–11). One family of  secreted 
matricelluar proteins, collectively termed CCNs (cysteine rich angiogenic inducer-61, connective TGF, 
nephroblastoma overexpressed, WNT inducible secreted protein-1,2 and 3 [Wisp-1, -2, and-3]), have 
been shown to greatly impact pathological and nonpathological processes by directly mediating tissue 
microenvironments.

In the context of  cardiovascular biology, Colston et al. observed that Wisp-1, is upregulated in 
response to an MI in animal models (12). Additionally, they demonstrated that recombinant Wisp-1 
(rec.Wisp-1) protein treatment of  isolated myocytes and fibroblasts promotes cell survival, in response 
to cytokine stimulation, and collagen secretion of  fibroblasts (12). However, their studies did not explore 

Myocardial infarctions (MIs) cause the loss of myocytes due to lack of sufficient oxygenation and 
latent revascularization. Although the administration of histone deacetylase (HDAC) inhibitors 
reduces the size of infarctions and improves cardiac physiology in small-animal models of MI injury, 
the cellular targets of the HDACs, which the drugs inhibit, are largely unspecified. Here, we show 
that WNT-inducible secreted protein-1 (Wisp-1), a matricellular protein that promotes angiogenesis 
in cancers as well as cell survival in isolated cardiac myocytes and neurons, is a target of HDACs. 
Further, Wisp-1 transcription is regulated by HDACs and can be modified by the HDAC inhibitor, 
suberanilohydroxamic acid (SAHA/vorinostat), after MI injury. We observe that, at 7 days after 
MI, Wisp-1 is elevated 3-fold greater in the border zone of infarction in mice that experience an MI 
injury and are injected daily with SAHA, relative to MI alone. Additionally, human coronary artery 
endothelial cells (HCAECs) produce WISP-1 and are responsive to autocrine WISP-1–mediated 
signaling, which functionally promotes their proangiogenic behavior. Altering endogenous 
expression of WISP-1 in HCAECs directly impacts their network density in vitro. Therapeutic 
interventions after a heart attack define the extent of infarct injury, cell survival, and overall 
prognosis. Our studies shown here identify a potentially novel cardiac angiokine, Wisp-1, that may 
contribute to beneficial post-MI treatment modalities.
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what role Wisp-1 might be playing in post-MI myocardium in vivo. Given the fact that Wisp-1 promotes 
angiogenesis in colon, breast, and oral squamous cancers (13–15) and cell survival in normoxic and 
ischemic neurological pathologies (16, 17), we wanted to explore whether changes in the expression of  
Wisp-1 might be playing an important role in postinfarction myocardium.

Mechanistically, a group of  enzymes called histone deacetylases (HDACs) play integral roles in 
the regulation of  gene expression, protein localization, and protein stability in cardiovascular diseases 
through deacetylation of  histone and nonhistone proteins (18–20). Specifically, HDACs remove acetyl 
groups from lysine residues (21), which is why nomenclature is shifting from HDAC to the more inclu-
sive/comprehensive role that these enzymes play as KDACs. There are 18 known HDACs, which are 
subdivided into 4 classes (I, II, III, and IV) by structural homology, enzymatic activity, and subcellular 
localization (21–23). We and others have observed that small molecule HDAC inhibitors that target 
class I HDACs, which include HDACs 1–3, attenuate cell death, reduce myocardial areas of  infarction, 
and promote improved cardiovascular function in small-animal models (24–27). We know very little 
about which targets of  HDACs are directly contributing to this improvement.

Wisp-1 is potently upregulated by transcriptional coactivators β-catenin and T cell factor/lymphoid 
enhancer factor (TCF/LEF) (28). β-Catenin can also be acetylated and, once acetylated, has a higher affin-
ity for both chromatin and TCF/LEF-activating complexes (29). Therefore, we hypothesize that Wisp-1/
Wisp-1 is increased in response to HDAC inhibition after MI and contributes to beneficial cardiac-specific 
angiogenesis. Our data elucidates a potentially novel target of  HDACs, Wisp-1, whose expression and 

Figure 1. Inhibition of HDACs improves cardiac physiology at 7 days after MI. Ten- to 12-week-old male CD1 mice were subjected to either sham (control) 
or ligation of the coronary artery surgery and received daily i.p. injections of DMSO (vehicle-control) or the HDAC inhibitor SAHA (25 mg/kg) for 7 days after 
MI. (A) End diastolic volume and (B) ejection fraction. (C) Sirius red, a marker of collagen. Magnification, 20×; scale bars: 10 μm. A and B are from 10 mice/
sham and 12 mice/MI group and are representative of 2 independent studies. C is from 8 mice per group and is representative of 2 experiments. Results 
depicted as mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. P values obtained by 1-way ANOVA with Tukey’s post test.
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abundance are mediated through suberanilohydroxamic acid (SAHA) in post-MI myocardium. Our data 
also elucidate that WISP-1 directly regulates human cardiac-specific endothelial cells and is therefore a 
potential pharmacological target for revascularization after an acute ischemic cardiac injury.

Results
HDAC inhibition enhances the expression and abundance of  Wisp-1 in Left ventricle (LV) border regions at 7 days after 
MI. To determine whether HDAC inhibition impacts the expression and or abundance of  Wisp-1 after MI, 
we ligated the left anterior descending (LAD) coronary artery of  10- to 12-week-old male mice to induce an 
acute MI injury. Twelve hours after surgery, mice were injected (i.p.) daily with either vehicle (DMSO) or an 
HDAC inhibitor, SAHA (5 mg/kg), for 7 days; treatment and dosage used was based upon previous investi-
gations (30–33). We also performed sham operations and subsequent daily vehicle or SAHA i.p. injections in 
a separate cohort of  mice to serve as procedural controls. On the seventh day after MI, we assessed cardiac 
physiology just before euthanasia and then harvested cardiac tissue to assess fibrosis and Wisp-1/Wisp-1.

Consistent with previous studies (20, 32), HDAC inhibition improved cardiac physiology by reducing 
end diastolic volume and increasing ejection fraction (Figure 1, A and B) relative to MI-vehicle. Collagen 
deposition was reduced by approximately 12% in post-MI mice that were treated with SAHA, relative to 

Figure 2. Wisp-1 is upregulated in response to MI injury and HDAC inhibition at the border zone of infarction 7 days after MI. Ten- to 12-week-old male CD1 
mice were subjected to either sham (control) or ligation of the coronary artery surgery and received daily i.p. injections of DMSO (vehicle-control) or the HDAC 
inhibitor SAHA (25 mg/kg) for 7 days after MI. (A) Immunofluorescent image of post-MI myocardium. Wisp-1 and the skeletal muscle marker, α-sarcomeric 
(red/TRITC), using immunostaining. Magnification, 20×; scale bars: 100 μm. (B) Relative fluorescence intensity (green/FITC) per field was determined using 
Image J (Fiji) and normalized to nuclei (DAPI/blue) and was quantified by AUs. A and B are from 10 mice/sham and 12 mice/MI group and are representative 
of 2 independent studies. Results depicted as mean ± SEM, *P ≤ 0.05, **P ≤ 0.01. P values obtained by 1-way ANOVA with Tukey’s post test.

https://doi.org/10.1172/jci.insight.95824
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MI alone at 7 days after MI (Figure 1C). Semiquantitative analyses of  microscopy images (Figure 2A) 
determined that MI injury alone significantly induced Wisp-1 abundance approximately 2- to 2.5-fold in 
remote, noninfarcted ventricle of  both MI-vehicle– and MI-SAHA–treated mice relative to sham (Figure 
2B). In the LV border zones of  infarction (LV-border), we observed a 2-fold increase of  Wisp-1 in MI-ve-
hicle, similar to that of  remote tissue. However, MI-SAHA–treated mice demonstrated a 5-fold increase of  
detectable Wisp-1 relative to sham controls (Figure 2B).

We further analyzed Wisp-1 in post-MI myocardium by quantifying Wisp-1/Wisp-1 expression 
within various regions of  LV. Wisp-1 mRNA is significantly upregulated 15-fold in MI-vehicle (LV) and 
almost 45-fold in MI-SAHA (LV) relative sham (Figure 3A). In parallel, we also assessed whole-LV tissue 
homogenates to assess tubulin acetylation to validate the efficacy of  HDAC inhibition/SAHA (Supple-
mental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.95824DS1) and Wisp-1 abundance (Supplemental Figure 1B). At 7 days after MI, data demonstrat-
ed that, as with its mRNA, MI injury alone was sufficient to increase Wisp-1 protein in both MI-vehicle– 
and MI-SAHA–treated cohorts. However, Wisp-1 protein was slightly increased in whole-LV lysates from 
MI-SAHA mice relative to MI-vehicle (n = 4/group, P ≤ 0.05). In order to further assess Wisp-1 abundance 
in more specific regions of  post-MI ventricle, we harvested tissue from infarcted LV and remote nonin-
farct LV tissue. Remote tissue, as with whole-LV MI homogenates, showed that Wisp-1 was significant-
ly increased in both MI-vehicle– and MI-SAHA–treated cohorts, relative to sham (Figure 3B). However, 

Figure 3. Wisp-1 mRNA and Wisp-1 protein expression are increased in response to MI injury and HDAC inhibition within the LV 7 days after MI. (A) 
qPCR of Wisp-1 expression from LV at 7 days after MI. Data represents the 2–ΔΔct and are normalized to Gapdh CT values. Western blot analysis of Wisp-1 
protein in (B) remote noninfarct LV and (C) infarcted LV of post-MI myocardium or sham control tissue. Data are normalized to Gapdh. A is from 6 mice per 
group. qPCR was performed in triplicated and repeated 3 times. B and C are from 4 mice per group and representative of 3 independent studies. Results 
depicted as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01. P values obtained by 1-way ANOVA with Tukey’s post test.

https://doi.org/10.1172/jci.insight.95824
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Wisp-1 was down almost 5-fold in MI-vehicle infarcted tissue, while MI-SAHA–treated mice showed an 
abundance of  Wisp-1 that significantly exceeds sham levels (Figure 3C).

We next used ChIP to determine whether HDAC inhibition impacts the recruitment and or retention 
of  transcriptional regulatory elements within the proximal promoter (–175 through +175 relative to tran-
scriptional start site) of  Wisp-1 in whole-LV tissue at 7 days after MI. We chose antibodies directed against 
class I HDACs, since previous studies demonstrate they possess the greatest deacetylase activity (19, 34, 35) 
and SAHA pharmacologically inhibits them. We also assessed the impact of  HDAC inhibition on the his-
tone acetyltransferase (HAT), P300, since it is an endogenous antagonist of  HDACs through its enzymatic 
addition of  acetyl groups on lysine residues (reviewed in ref. 36). Lastly, we assessed the impact of  HDAC 
inhibition on the recruitment of  transcription factors β-catenin and TCF, since they form a regulatory com-
plex that upregulates Wisp-1; further, their interactions are sustained longer by acetylation via P300 (28, 37, 
38). Importantly, the region of  the Wisp-1 promoter that we identified had a TCF/LEF consensus binding 
site (5′ - CTTTGACAA - 3′) at –137 bp upstream of  the transcriptional start site.

HDAC 1 abundance was significantly reduced in the proximal promoter of  Wisp-1 upon MI injury, while 
SAHA treatment alone promoted recruitment of  HDAC2 and P300 to the promoter (Figure 4). HDAC 3 
was only detected on the Wisp-1 promoter in sham-SAHA and MI-vehicle LV (Supplemental Figure 2, A 
and B). However, in the background of  both MI injury and SAHA treatment, we observed that P300 was 
significantly detected, as well as β-catenin and TCF relative to MI-vehicle–treated mice (Figure 4). We also 
assessed whether nuclear localization of  β-catenin is impacted by inhibition of  HDACs, since others have 
reported that posttranslation modifications can impact its subcellular location (reviewed in ref. 39). MI alone 
significantly reduced the amount of  detectable β-catenin in the nuclear fraction harvested from LV, but we 

Figure 4. Inhibition of HDACs enhances recruitment and retention of Wisp-1 transcriptional regulators. Ten- to 12-week-old male CD1 mice were subject-
ed to either sham (control) or ligation of the coronary artery surgery and received daily i.p. injections of DMSO (vehicle-control) or the HDAC inhibitor SAHA 
(25 mg/kg) for 7 days after MI. ChIP analyses of left ventricle homogenates harvested from sham and MI experimental groups for HDAC1, P300, β-catenin, 
and TCF4 on the proximal promoter of Wisp-1. Data are from 4 mice per group, and experiments were repeated 3 times. Results depicted as mean ± SEM, 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. P values obtained by 1-way ANOVA with Tukey’s post test.

https://doi.org/10.1172/jci.insight.95824
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found no difference between MI-vehicle– and MI-SAHA–treated mice (Supplemental Figure 3). Together, 
these data suggest that Wisp-1 is a target of  HDACs and can be regulated, at least transcriptionally, through 
inhibition HDACs within the post-MI myocardium.

Wisp-1 is proximal to increased microvasculature at the border zone at 7 days after MI and promotes produc-
tion of  Vegf-a in cardiac cells. Wisp-1, a secreted protein, was first discovered to promote fibrovascular-
ized regions in colon tumors and was later found to promote angiogenesis in oral cancers by upreg-
ulating Vegf-a (14, 15). Therefore, we asked if  post-MI HDAC inhibition–mediated upregulation of  
Wisp-1 corresponds to increased microvasculature, and if  so, where? Wisp-1 protein and blood vessel 
density (detected with isolectin) in both MI-vehicle and MI-SAHA were elevated at the border zones 
relative to sham (Figure 5A). Furthermore, semiquantitative analyses of  microscopy images showed a 
significant elevation of  blood vessel density in the MI-SAHA relative to MI-vehicle within the border 
zone (Figure 5B). We next assessed Vegf-a in post-MI myocardium. Vegf-a protein expression was 
slightly decreased in remote, noninfarcted LV due to MI injury (Figure 6A). In parallel to Wisp-1 
protein expression, however, Vegf-a was significantly elevated in infarct LV of  MI-SAHA–treated mice 
relative to MI-vehicle (Figure 6B).

Figure 5. Wisp-1 expression is proximal to enhanced micro-vessel density at the border zone 7 days after MI. Ten- to 12-week-old male CD1 mice were 
subjected to either sham (control) or ligation of the coronary artery surgery and received daily i.p. injections of DMSO (vehicle-control) or HDAC inhibition, 
SAHA (25 mg/kg). Seven days after MI, mice were euthanized. (A) Localization and abundance of Wisp-1 (white arrows) and microvasculature (red arrows), 
10× magnification, scale bars: 20 μm. (B) Relative fluorescence intensity (green/FITC) per field was determined using Image J (Fiji), normalized to nuclei 
(DAPI/blue) and quantified by AUs. A and B are from 6 mice/sham and 8 mice/MI group and are representative of 2 independent studies. Results depicted 
as mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.00. P values obtained by 1-way ANOVA with Tukey’s post test.

https://doi.org/10.1172/jci.insight.95824
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It is unclear whether the increased Vegf-a protein expression in infarcted LV was due to HDAC inhibi-
tion or due to Wisp-1 directly, as it occurs in certain cancers (14). Therefore, we isolated cardiomyocytes, 
cardiac fibroblasts, and endothelial cells from the LV of  healthy WT mice and assessed their endogenous 
production of  Wisp-1. Cardiac myocytes expressed the greatest relative amount of  Wisp-1 protein, fol-
lowed by endothelial cells, and the least was produced by fibroblasts (Figure 7A). We then assessed whether 
treating isolated cardiac-derived cells with rec.Wisp-1 impacts their production of  Vegf-a. Treatment with 
rec.Wisp-1 caused a significant, dose-dependent increase of  Vegf-a in myocytes (Figure 7B). In cardiac 
fibroblasts, we observed less sensitivity to Wisp-1, only showing an increase of  Vegf-a at the 20 ng/ml con-
centration (Figure 7B). Interestingly, murine cardiac endothelial cells demonstrated a 2.6-fold upregulation 
of  Vegf-a in response to rec.Wisp-1 at all concentrations (Figure 7B). Cardiac myocytes, fibroblasts, and 
endothelial cells endogenously expressed Wisp-1 in vitro, and treating these cells with additional Wisp-1 
directly stimulated their production of  Vegf-a. Each cardiac cell type that we assessed, therefore, has the 
potential to promote a more proangiogenic microenvironment upon MI injury.

We also assessed whether class-specific HDAC inhibition impacts Wisp-1 and Vegf-a abundance within 
the LV at 7 days after MI. We used the class I–specific HDAC inhibitor Entinostat (also known as MS-275; 
daily i.p. injection at 5 mg/kg). MS-275 was selected since it has great specificity for inhibiting HDAC 1, 
-2, and -3 (40, 41). Also, our ChIP data demonstrate that HDACs 1 and -2 were differentially recruited to 
the Wisp-1 promoter upon infarction or HDAC inhibition with SAHA (Figure 4 and Supplemental Figure 
2B). Lastly, our previous work elucidated that inhibiting class I HDACs with MS-275 is more beneficial 
in reducing injury in rat ischemia reperfusion models compared with using pan-HDAC inhibitors (24). 
Supplemental Figure 4 shows that MS-275 did promote significant increases of  Wisp-1, specifically with 
LV myocardium at 7 days after MI; however, it did not promote significant increases of  Vegf-a, as demon-
strated with SAHA.

WISP-1 and its secretion are regulated through inhibition of  HDACs. We wanted to evaluate the impact of  
HDAC inhibition–mediated WISP-1 expression in endothelial cells, since this cell type plays a major role 
in establishing vasculature. Human coronary artery endothelial cells (HCAECs) were treated with either 
PBS or TNF-α in the presence of  1-μM and 5-μM doses of  SAHA. We used TNF-α since it is upregulated 
with the post-MI injury (42) and has been implicated to regulate Wisp-1 expression in murine isolated car-
diomyocytes and fibroblast cells in vitro (12). We assessed the amount of  WISP-1 found in both cell lysates, 
as well as the corresponding concentrated conditioned media (CM), for each experimental group, since 

Figure 6. Vegf-a is increased in infarct LV with SAHA treatment at 7 days after MI. Ten- to 12-week-old male CD1 mice were subjected to either sham 
(control) or ligation of the coronary artery surgery and received daily i.p. injections of DMSO (vehicle-control) or HDAC inhibition, SAHA (25 mg/kg). Seven 
days after MI, mice were euthanized. Western blot analysis of Vegf-a protein from (A) remote noninfarct LV and (B) infarcted LV of post-MI myocardium 
or sham control tissue. Data are normalized to Gapdh. A and B are from 4 mice per group and representative of 3 independent studies. Results depicted as 
mean ± SEM, *P ≤ 0.05, ***P ≤ 0.001. P values obtained by 1-way ANOVA with Tukey’s post test.

https://doi.org/10.1172/jci.insight.95824
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Figure 7. Isolated cardiac cells express Wisp-1 protein, and Wisp-1 itself directly enhances Vegf-a in these cells. (A) Western blot analysis of relative 
Wisp-1 detected in isolated murine cardiac cells (n = 4 independent cell isolations from left ventricle of normal male 10-week-old WT CD1 mice). 
(B) Impact of recombinant Wisp-1 (rec.Wisp-1) treatment on Vegf-a production in isolated murine cells myocytes, fibroblasts, and endothelial cells. 
Equal numbers of cells were isolated and seeded immediately. Four to 6 hours after seeding, cells were gently washed 3 times with warm phosphate 
buffered solution and treated with 0 ng/ml, 5 ng/ml, 10 ng/ml, or 20 ng/ml rec.Wisp-1 (murine) for 72 hours. Protein expression of Vegf-a (normal-
ized to Gapdh protein) was done via Western blot. Graphs are representative of average fold change, relative to control (0 ng/ml) treatment. A and B 
are from 4 mice per group and are representative of 3 independent studies. Results depicted as mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. P 
values obtained by 1-way ANOVA with Tukey’s post test.

https://doi.org/10.1172/jci.insight.95824
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WISP-1 is secreted. TNF-α alone significantly suppressed endogenous abundance of  WISP-1 (Supplemen-
tal Figure 5) in HCAECs. However, treatment with 5 μM SAHA in the presence of  TNF-α resulted in an 
increase of  WISP-1 relative to control, non–TNF-α stimulated levels when quantitating both lysate and CM 
(Supplemental Figure 5). These data are the first to our knowledge to report that SAHA directly promotes 
WISP-1 expression in TNF-α–stimulated HCAECs.

HCAECs produce WISP-1 and integrins required for autocrine signaling. Although our data suggest that 
expression of  WISP-1 can be regulated by HDAC inhibition, it is difficult to know whether WISP-1 itself  
contributes to a cardiac-specific angiogenic role as it does in cancer and neurological diseases. We examined 
lengthwise sections of  human coronary arteries, which are composed of  endothelial and smooth muscle 
cells, and found that WISP-1 is expressed and colocalizes with endothelial cell populations within the tunica 
intima and tunica adventitia (Figure 8A). We also assessed WISP-1 and the integrin receptors, αV and βV, 
since these integrins are known to illicit WISP-1–mediated downstream signaling (37, 43, 44). HCAECs 

Figure 8. WISP-1 is detected within human coronary arteries and isolated human coronary artery endothelial cells. (A) Representative immunofluores-
cent images of WISP-1 (green) and lectin (red) in a normal/healthy intact human coronary artery, tunica intima, media, and adventitia are labeled in merged 
image. DAPI, 20× magnification. Image is representative of 3 repeated analyses. (B) WISP-1, PECAM-1, and integrins αV and βv in isolated HCAECs, 60×, n = 
3 per experiment. White arrows highlight examples of colocalization of integrins and WISP-1.

https://doi.org/10.1172/jci.insight.95824
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express Wisp-1 and the integrins required for autocrine signaling (Figure 8B). Importantly, immunofluores-
cent imaging show that WISP-1 and αV or βV are colocalized (Figure 8B; n = 3 magnification at 60×). Inter-
estingly, PECAM-1, which serves as an endothelial cell–specific marker, colocalized with WISP-1 through-
out the cells (Figure 8B, top panel). Control cell staining with only fluorescent-labeled secondary antibodies 
(Alexa Fluor 488 and Alexa Fluor 568) and DAPI demonstrated a small degree of  nuclear-specific autoflu-
orescence; however, we did not observe nonspecific staining outside of  nuclei in the cytoskeleton, which is 
where integrins would be located (Supplemental Figure 6).

WISP-1 promotes increased coronary artery endothelial cell proliferation, cell survival, and network density. 
Endogenous levels of  WISP-1 within HCAECs were suppressed upon treatment with TNF-α but were 
significantly increased, even above baseline, with SAHA (Supplemental Figure 5). Therefore, we asked 
whether the presence of  additional WISP-1, as seen in the LV-border zone, after MI through HDAC-me-
diated upregulation, impacts gene expression and the phenotypic characteristics of  isolated HCAECs. To 
address this question, we evaluated the dose response of  human rec.WISP-1 in HCAECs. Rec.WISP-1 sig-
nificantly promoted the production of  VEGF-A at higher concentrations (Figure 9). We then assessed the 

Figure 9. WISP-1 enhances proangiogenic and prosurvival genotypes in human coronary artery endothelial cells (HCAECs). Equal numbers of HCAECs 
were seeded overnight. The following day, cells were treated with 0 ng/ml, 5 ng/ml, 10 ng/ml, or 20 ng/ml recombinant WISP-1 (rec.WISP-1) for 72 hours 
and then assessed for VEGF-A, Rho-A, RAC, the ratio of phospho-BAD/total BAD, and GAPDH (loading control) via Western blot. Graphs show quantitated 
densitometry differences normalized to loading control (GAPDH). Data is representative of 4 repeated analyses; results depicted as mean ± SEM. *P ≤ 0.05 
relative to control, **P ≤ 0.01, ***P ≤ 0.001. P values obtained by 1-way ANOVA with Bonferroni’s post test.
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expression of  Rho-A, since Rho-A promotes endothelial cell aggregation required for proper vessel lumen 
formation (45). Similarly, WISP-1 only stimulated Rho-A expression (3-fold) at a 20 ng/ml dose, concen-
trations (Figure 9). Conversely, rec.WISP-1 suppressed the expression of  RAC-1, a regulator of  endothelial 
cell cytoskeletal arrangement and endogenous suppressor of  angiogenesis (46), in a dose-dependent man-
ner (Figure 9). Lastly, we assessed the impact of  WISP-1 protein on the abundance and phosphorylation of  
the proapoptotic marker Bcl-2–associated death promoter (BAD) (47). Phosphorylation of  BAD activates a 
prosurvival/antiapoptosis signaling mechanisms (48, 49). Importantly, WISP-1 has been shown to promote 
phosphorylation of  BAD and subsequently help cells survive neurodegenerative conditions (50, 51). We did 
not see any significant changes in total BAD expression upon WISP-1 treatment; however, we did observe 
that phosphorylated-BAD increases up to 6-fold at 20ng/ml treatment of  WISP-1 in HCAECs (Figure 9).

We next asked whether elevated expression of  proangiogenic and prosurvival survival proteins by 
WISP-1 translates into phenotypic changes. All experimental doses of  treatment with rec.WISP-1 promoted 
HCAEC proliferation, which were, in turn, functionally blunted by simultaneous treatment with a WISP-1 
blocking peptide (BP) (Figure 10A). There were no significant differences in proliferation rates between 10 
ng and 20 ng treatments, which suggests a threshold to WISP-1–mediated proliferative capacity (Figure 10B 
and Supplemental Figure 7). We then tested whether the increased phosphorylated-BAD due to WISP-1 
translates into a prosurvival phenotype in HCAECs by simultaneously treating HCAECs with rec.WISP-1 

Figure 10. WISP-1 enhances proangiogenic behaviors in human coronary artery endothelial cells (HCAECs). (A) Two hundred fifty cells were seeded 
in a multiwell plate in triplicate in complete media. Cells were treated with either PBS (0 ng/ml), 5 ng/ml, and 10 ng/ml, or 20 ng/ml rec. WISP-1 
every 48 hours for 8 days. Cells were detached and counted on day 2, 4, 6, and 8 after seeding. (B)Five thousand cells were seeded in triplicate over-
night in 24-well plates. The following day, cells were treated with either LPS (10 μ), rec.WISP-1, PBS (5 ng/ml, 10 ng/ml, or 20 ng/ml), and/or blocking 
peptide (BP, 1:1 of WISP-1). Cells were detached and counted manually every 24 hours for 3 days. A and B were performed in triplicate experimental 
groups and are representative of 3 independent experiments; results depicted as mean ± SEM,*P ≤ 0.05 relative to control, ^P ≤ 0.05 relative to 5 ng/
ml, #P ≤ 0.05 relative to 10 ng/ml. A and B P values were obtained by 2-way ANOVA.
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and the apoptosis inducing endotoxin LPS (52). We saw significant attenuation of  LPS-induced cell death at 
day 1 after treatment in all groups that received WISP-1 (Figure 10B). However, 2 days after treatment, only 
cells given 20 ng/ml of  rec.WISP-1 demonstrated a significant attenuation of  death (Figure 10B). At day 3, 
each experimental group showed a decreasing trend of  cell survival regardless of  WISP-1 treatment and or 
concentration (Figure 10B). Neutralizing WISP-1 BP prevented WISP-1–mediated cell survival at 24 and 
48 hours (20 ng WISP-1 only) (Figure 10B). Data here demonstrate that WISP-1 can help to mediate cell 
survival, at least in HCAECs.

We next assessed whether WISP-1 impacts endothelial cell network formation and density in vitro. 
Rec.WISP-1 acted in a dose-dependent way to enhance HCAEC network formation and vessel density 
within 12 hours (Figure 11A). WISP-1 BP prevented network formation in every group, even in our con-
trols that were incubated with 1 ng/ml of  BP. In order to make sure that the network density we observed 
was relevant to known angiogenic, network formation inducers — and that the HCAECs were responsive 
to make networks in vitro — we also treated 1 experimental group with VEGF-A (10 ng/ml) as a positive 

Figure 11. WISP-1 enhances endothelial cell branching and network densities in vitro. (A) Thirty thousand HCAECs were seeded in triplicate in 48-well 
plates on growth factor–reduced Matrigel in the presence of 0 ng/ml (vehicle), 5 ng/ml, 10 ng/ml, or 20 ng/ml recombinant WISP-1 and or BP, or 20 ng/ml 
VEGF-A. Scale bars: 100 μm. (B) Graph represents density of network branching determined by software analyses of images (5/well). A is representative of 
4 repeated analyses. B was performed in triplicate of each experimental groups and are representative of 3 independent experiments. Results depicted as 
mean ± SEM,*P ≤ 0.05 relative to control, ^P ≤ 0.05 relative to 5 ng/ml, #P ≤ 0.05 relative to 10 ng/ml, and @P ≤ 0.05 relative to VEGF-A (10ng/ml). P values 
obtained by 1-way with Bonferroni’s post test.
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control. There were no statistical differences between endothelial cell network density with VEGF-A alone 
and or 10ng/ml WISP-1 treatment, n = 3, P ≤ 0.05 (Figure 11B). However, WISP-1 treatment of  20 ng/
ml showed branching densities that exceeded VEGF-A (Figure 11B, P ≤ 0.05 relative to 10 ng VEGF). 
Together, these data suggest that WISP-1 promotes proangiogenic genotypic changes, which translate into 
angiogenic behaviors in vitro.

WISP-1 promotes autophagy signaling in HCAECs. HDAC inhibitors have been shown to play a role in 
regulating autophagy in heart disease (53, 54). Xie et al. have demonstrated that inhibiting HDACs and 
other acetylated proteins with inhibitors can attenuate adverse remodeling and infarct expansion associated 
with cardiac ischemia reperfusion injury models in rabbits by upregulating autophagy genes (32). Similarly 
to those findings, our data here demonstrate that broad HDAC inhibition with SAHA promoted increased 
abundance of  autophagy markers ATG-7 and LC3 (Figure 12). We also assessed the direct impact of  rec.
WISP-1 on autophagy signaling in HCAECs, since SAHA indeed has many known and unknown targets. 
Interestingly, lower concentrations of  rec.Wisp-1 significantly stimulated the increase of  the ATG-5/ATG-
12 autophagy–promoting complex (Figure 13, P < 0.001, n = 4/group). However, higher concentrations 
(20 ng/ml) of  WISP-1 also stimulated approximately half-fold increase of  this complex. We observed a 
similar trend with the ATG-7 marker in that concentrations up to 10 ng/ml of  WISP-1 enhanced its abun-
dance, while 20 ng/ml reduced its abundance. Rec.WISP-1 also promoted increased LC3B in both the 17 
kDa and 14 kDa fragments (Figure 13 and Supplemental Figure 8).

Constitutive regulation of  endogenous WISP-1 expression alters network density behavior in HCAECs. Although 
we observed that treating HCAECs with human rec.WISP-1 protein enhances their angiogenic behaviors 
in vitro, we wanted to determine whether regulating endogenous WISP-1 in this cell population has any 
impact. Thus, we engineered HCAECs to constitutively express additional WISP-1 using human lentiviral 

Figure 12. Inhibiting HDACs with SAHA enhances autophagy signaling in post-MI myocardium. Ten- to 12-week-old male CD1 mice were subjected to 
either sham (control) or ligation of the coronary artery surgery and received daily i.p. injections of DMSO (vehicle-control) or HDAC inhibition, SAHA (25 
mg/kg). Seven days after MI, mice were euthanized. Localization and abundance of autophagy markers, ATG-7, and the LC3II complex in the border zone of 
infarction, 10×magnification, scale bars: 100 μm. Sham n = 6 and MI n = 8.
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activating particles (LVAP) (Figure 14A). We selected and expanded a clone (WISP-1–LVP-1) that had 
4-fold constitutive induction of  WISP-1 relative to cells expressing control/nontargeting lentiviral con-
structs, Ctrl–LVP-1 (Figure 14A, n = 3, P ≤ 0.05 relative to Ctrl–LVP-1). Cells engineered to constitutively 
overexpress WISP-1 significantly demonstrated enhanced cell branching network thickness relative to Ctrl–
LVP-1 (Figure 14B). We evaluated whether TNF-α, which we previously observed to suppress endogenous 
WISP-1 levels (Supplemental Figure 5), impacts network formation. We saw that TNF-α treatment signifi-
cantly inhibited the WISP-1–mediated thickening of  branches in both control and WISP-1–overexpressing 
cells (Figure 14B). However, the cells overexpressing WISP-1 demonstrated a significant enhancement of  
branching relative to control cells in the presence of  TNF-α (Figure 14B).

In parallel, we also engineered HCAECs to constitutively suppress endogenous WISP-1 expression 
using shRNA technology (Figure 15A). Here, we selected and expanded clone sh-WISP-1-2, which 
showed an approximate 50% knockdown of  expression relative to nontargeting sh-RNA controls, 
termed, Ctrl-shRNA-1 (Figure 15A). Knocking down endogenous WISP-1 expression reduces branch-
ing thickness and density by almost one-third relative to Ctrl-shRNA-1 (Figure 15B). Again, we saw 
that treating the control group with TNF-α reduced network density abilities in vitro (Figure 15B). 
While there was a trend that constitutive WISP-1 knockdown had an even greater adverse impact on 
network density in the presence of  TNF-α, there was no significant difference between TNF-α–treated 
Ctrl-shRNA-1 and sh-WISP-1-2 alone (Figure 15B). We attempted to isolate and amplify additional 
sh-Wisp-1 clones with constitutive knockdown of  WISP-1 but failed to successfully propagate these 

Figure 13. WISP-1 regulates autophagy signaling in human coronary artery endothelial cells (HCAECs). Equal numbers of HCAECs were seeded overnight. 
The following day, cells were treated with 0 ng/ml, 5 ng/ml, 10 ng/ml, or 20 ng/ml recombinant WISP-1 (rec.WISP-1) for 72 hours and then assessed for 
autophagy markers ATG 5-ATG 12 complex, ATG-7, and LC3BII (17 and 14 kDa) and GAPDH (loading control). Graphs represent densitometry analyses of Western 
blots. n = 4 per group. Results depicted as mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. P values obtained by 1-way ANOVA with Bonferroni’s post test.
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clones for further analysis. However, siRNA targets of  WISP-1 demonstrated an approximate 50% 
knockdown of  Wisp-1 in a mixed pool population of  cells relative to both the control nontargeting siR-
NA and WT HCAECs (Supplemental Figure 9). As with shRNA–mediated knockdown seen in clone 
sh-Wisp-1-2 (Figure 15B), there was a significant reduction of  network-forming capacity with loss of  
WISP-1/WISP-1 relative to nontargeting control (P < 0.001, n = 15) and WT HCAECs (P < 0.001, n 
= 15) (Supplemental Figures 9 and 10). Furthermore, control cells treated with TNF-α demonstrated a 
significant reduction in network-formation capacity relative to untreated cells, while siRNA cells failed 
to show any networks in the presence of  TNF-α (Supplemental Figures 9 and 10).

Discussion
This is the first report to our knowledge that demonstrates that the secreted molecule Wisp-1 is (i) upreg-
ulated in the border zone of  infarction upon an acute MI ischemic injury, (ii) regulated by HDACs and 
can be upregulated through inhibition of  HDACs via SAHA and MS-275, and (iii) a potent angiokine that 
regulates coronary artery–specific endothelial cells.

Our data demonstrate that Wisp-1/Wisp-1 is a transcriptional target of  HDACs and is upregulated and 
increased, respectively, upon HDAC inhibition in vivo (Figure 3) and in isolated HCAECs (Supplemental 
Figure 5). In our in vitro studies, we used recombinant protein and RNAi to assess the impact of  WISP-1 

Figure 14. Constitutive overexpression of WISP-1 functionally enhances endothelial cell network density. (A) HCAECs were transduced with either 
control, nontargeting lentiviral activation particles (Ctrl-LVP), or WISP-1 lentiviral activation particles (WISP-1-LVP) for constitutive activation. (B) Clone, 
WISP-1-1 (most robust activation relative to control) was used to assess network density abilities. Thirty thousand cells from each experimental group 
were seeded in triplicate in 48-well plates on growth factor–reduced Matrigel. In parallel, cells were also treated with TNF-α (10 ng/ml). Density of network 
branching was determined by software analyses of images (5/well) after 8 hours. Graphs show branching density determined by software analyses. 
Analysis of Western blots are from the same experimental group, repeated 3 times. Data in B are from experiments performed in triplicate; n = 8 per group 
(average density of 5 photographs per group). Results depicted as mean ± SEM of AUs *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, relative to Ctrl–LVP-1; ^^^P ≤ 
0.001, relative to Wisp-1–LVP-1; #P ≤ 0.001, relative to Ctrl–LVP-1 with TNF-α. P values obtained by 1-way ANOVA with Bonferroni’s post test.
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gain and loss of  function on HCAECs. Our data show that WISP-1 can control network density and cell 
growth and survival. Cumulatively, we speculate that Wisp-1/Wisp-1 is upregulated by cardiomyocytes and 
other cell types within the post-MI myocardium in an attempt to create a proangiogenic microenvironment 
upon an ischemic injury. Furthermore, one of  the reasons that treatment with SAHA demonstrates thera-
peutic benefits in small animal experimental models of  MI is, in part, that it causes a significantly greater 
amount of  Wisp-1, especially at the border zone of  infarction. Furthermore, in vitro data assessment of  
human coronary artery cells demonstrate that adding rec.WISP-1 to their culture media can directly impact 
their survival, proliferation, expression of  autophagy markers and vessel formation densities. Despite our 
potentially novel observations presented here, additional questions must be addressed for a more definitive 
understanding of  what direct role WISP-1 might play in myocardium after an MI.

For example, we asked why an acute MI injury alone causes an upregulation of  Wisp-1. One possible 
explanation is that Wisp-1 can be regulated by a variety of  transcription factors, although activating com-
plexes β-catenin/TCF/LEF are the most-well characterized and are therefore addressed in our research. 
Wang et al. have recently reported that Wisp-1 is upregulated by oxidative stresses such as ROS and pre-
vents apoptosis through mitochondrial Bcl-2 signaling in neurodegenerative diseases (55). In these contexts, 

Figure 15. Constitutive downregulation of Wisp-1 functionally reduces endothelial cell network density. (A) HCAECs were transduced with lentiviral 
particles containing short hairpin–nontargeting, scramble control plasmids (sh-Ctrl), or Wisp-1 knockdown plasmids (sh-Wisp-1). (B) Clones with the most 
robust suppression of Wisp-1 were used to assess network density abilities. Thirty thousand cells from each experimental group were seeded in tripli-
cate in 48-well plates on growth factor–reduced Matrigel. In parallel, cells were also treated with TNF-α (10 ng/ml). Density of network branching were 
determined by software analyses of images (5/well) after 8 hours. Graphs show branching density determined by software analyses. A is an analysis of 
Western blots from the same experimental group, repeated 3 times. B experiments were performed in triplicate with an n = 15 per group (average density 
of 5 photographs per group). Results depicted as mean ± SEM of AUs *P ≤ 0.05. P values obtained by 1-way ANOVA with Bonferroni’s post test.
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they found that Wisp-1 transcriptional expression is upregulated through the transcription factor FOXO3a, 
whose activity is sensitive to ROS (17). Considering that increased ROS are associated with acute MI injury 
(56), it is plausible that ROS within post-MI myocardium contribute to the initial upregulation of  Wisp-
1 that we observed. Interestingly, our previous studies found that treatment with class I–specific HDAC 
inhibitor MS-275 causes an enrichment of  nuclear FOX3a that correlated with reduced area of  infarction 
in a rat model of  cardiac ischemia reperfusion injury (24). However, in our studies here, MS-275–mediated 
increases of  Wisp-1 suggest that MS-275 may be regulating Wisp-1 and other factors differently based on 
the injury model. However, it may be important to assess FOX3a and additional transcription factors that 
regulate Wisp-1 in an acute MI injury.

Another question that remains to be addressed is whether HDAC inhibitors are attenuating chroma-
tin condensation around histones proximal to the promoter of  Wisp-1, rendering a more transcriptionally 
available and active DNA region. Unfortunately, in the study presented here, we could not perform ChIP 
on more specific areas within post-MI myocardium; murine models yield very little tissue, and the ChIP 
technique requires 1–5 μg of  protein per antibody. It will be important to distinguish what role(s) Wisp-1 
might play in remote noninfarct LV, infarcted, and border-zone regions; however, our in vitro data does 
suggest that perhaps it is regulating some facet of  angiogenesis. That stated, more sensitive techniques, such 
as ChIP sequencing and proteomic assays that identify differentially acetylated targets, may help determine 
which factors are playing roles in regulating Wisp-1 expression after MI and, importantly, how HDAC inhi-
bition might alter those factors, elucidating more therapeutic targets. It is plausible that multiple targets of  
WNT/Wisp-1 signaling are being regulated by HDAC inhibition, the impacts of  which may have additive 
and or synergistic effects.

We detected Wisp-1 in the tunica intima and adventia, but not in the tunica media of  undiseased 
human coronary arteries (Figure 8). Recent studies by Williams et al., however, show that Wisp-1 plays a 
role in the recruitment of  vascular smooth muscle cells in atherosclerosis and, importantly, is expressed in 
the tunica media and intima only (57). Therefore, we are curious as to why we observed such differences 
in the subarterial localization of  Wisp-1. We postulate that differences in reagents, specifically antibodies, 
and technique execution might partially explain the different localization of  Wisp-1 expression. Another 
possible reason is that we assessed human coronary arteries, while Williams et al. (57) assessed human 
carotid arteries. Although there are similarities between both types of  arteries, several studies have shown 
that each artery can respond to vascular-related pathologies differently based on temporal factors, age and 
sex, as reviewed in Jashari et al. (58). Perhaps the expression and subsequent function of  Wisp-1 in the 
heart changes based on the discrete roles it plays within specific microenvironments. For example, earlier 
work from this same group of  investigators show that restoring Wisp-1 in the carotid artery may prevent 
apoptosis-induced atherosclerotic rupture (59). Importantly, Williams et al. (57) and Mill et al. (59) have 
identified specific WNT activating ligands — Wnt2 and Wnt5a, respectively — that regulate expression of  
Wisp-1 in canonical and noncanonical WNT signaling. Further studies are needed to determine if  there 
are specific WNT activating ligand(s) in the border zone of  infarction that may regulate Wisp-1 expression 
and, importantly, whether they can be manipulated by HDAC inhibitors in regulating these ligands.

Another consideration for this work is the caveat that HDACs target many genes simultaneously, and 
subsequently, many genes may be impacted by HDAC inhibition. To delineate the role of  Wisp-1 within 
post-MI myocardium, in vivo studies that use transgenic models to either conditionally overexpress or 
knock out Wisp-1 will be crucial in making relevant conclusions. Global KO of  Wisp-1 in mice is nonlethal 
(60); however, we found that knockdown greater than 80% in adult HCAECs was lethal. We could not 
propagate a constitutive primary HCAEC cell line of  total Wisp-1–KO; the cells failed to expand and did 
not survive subsequent cell culture passaging. We also saw, surprisingly, that neutralizing BPs functionally 
prevent successful network formation, even in control cells, by possibly blocking endogenous, autocrine 
Wisp-1 activity (Figure 11). These observations not only identify potential challenges with a KO murine 
model, but also underscore the seemingly crucial role that Wisp-1 plays in cardiac-specific blood vessel 
formation and stasis.

Another limitation within this study is that our in vivo data was performed using only male mice, 
and we assessed the myocardium 7 days after MI injury. Since estrogen is implicated to be cardiopro-
tective in human and animal models of  cardiovascular disease (61–63), we chose here to use male mice 
for initial investigations. However, Wisp-1 itself  has been implicated in regulating several estrogen-driv-
en mammary and gynecological cancers (43, 64, 65). It will be essential and interesting, therefore, to 
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determine whether Wisp-1 might play a different role in post-MI remodeling in female mice. In order to 
maintain continuity in sex considerations for the work done in this manuscript, we used HCAECs that 
were isolated from a male donor (see Methods). Again, it will be important to use both male and female 
isolated cells for more inclusive and comprehensive analyses of  what role Wisp-1 plays in the post-MI 
myocardium and isolated cells.

It is also important to acknowledge that our studies evaluated Wisp-1 expression and abundance at 7 
days after MI. It will be important to analyze Wisp-1 expression throughout the post-MI myocardium over 
both shorter and longer time periods. Temporal changes may play a significant role in determining when 
and how Wisp-1 is involved in post-MI remodeling. For example, Wisp-1 promotes increased collagen 
secretion in cardiac fibroblasts (12), pulmonary lung fibroblasts (66), and stromal cells within colon tumor 
lesions (15). However, it is unclear whether the collagen that is secreted specifically by stromal cells is in fact 
incorporated into the dynamic tissue-remodeling processes that occur several weeks after a MI. In consider-
ation of  our work presented here, it may be therapeutically helpful to quickly establish some level of  fibrosis 
through elevated Wisp-1 expression in order to prevent rupture of  a thinning ventricle while simultaneously 
promoting vessel formation to keep surrounding myocytes alive and abrogate infarct expansion. These 
considerations can only be assessed through studies that account for temporal monitoring throughout post-
MI events. Cumulatively, we suggest that Wisp-1 be considered for additional investigations directed at 
ameliorating acute-MI injury through promoting cell survival and enhancing microvasculature density in 
and around infarcted regions.

Methods
In vivo studies of  ligation of  the coronary artery. Male 10- to 12-week-old CD1 (Charles River Laboratories) 
mice were subjected to LAD coronary artery ligation to model an MI as previously described (67). After 
surgery, mice were injected (i.p.) daily (7 days) with either vehicle, dimethyl sulfoxide (DMSO), or the 
HDAC inhibitor SAHA (vorinostat; Selleckchem, catalog S1047) at 25 mg/kg in a total volume of  50 
μl (n = 12 per group). Sham-operated mice served as surgical controls for our experiments (n = 8). Sev-
en days after MI, cardiac physiology of  end-diastolic volume and ejection fraction were evaluated (see 
Supplemental Methods for more details). An additional cohort of  mice were injected with either PBS 
or class I HDAC inhibitor MS-275 (Entinostat; Selleckchem Houston, catalog S1053) at 5 mg/kg in a 
total volume of  50 μl (n = 4 per group). LVs were excised and processed for further biochemical analyses. 
Surgical studies were repeated twice.

Isolation and treatment of  cardiac-derived murine fibroblasts, myocytes, and endothelial cells. Male 10- to 
15-week-old Sprague-Dawley rats (Charles River Laboratories) were injected i.p. with 1,000 U Heparin, 
which was allowed to circulate for 45 minutes. Rats were then anesthetized with 5% isoflurane prior to 
thoracotomy and heart excision. Excised hearts were subjected to aortic cannulation, followed by per-
fusion with 50 ml of  37°C perfusion buffer (in mM: 113 NaCl, 4.7 KCl, 0.6 KH2PO4, 0.6 Na2HPO4, 1.2 
MgSO4-7H2O, 12 NaHCO3, 10 KHCO3, 10 HEPES, 6.3 pyruvate, 30 taurine, 5.5 glucose, 10 2,3-butane-
dione monoxime, 0.9 adenosine, and 0.65 gadolinium chloride) to wash out residual blood. Hearts were 
then perfused with recirculating 37°C enzyme buffer (perfusion buffer with 0.1 mg/ml liberase blendzyme 
[Roche Diagnostics], 0.1 mg/ml trypsin [MilliporeSigma, and 12.5 nM CaCl2) for 45 minutes. Following 
digestion, ventricles were removed from the hearts and minced in perfusion buffer with 30% FBS to stop 
the digestion. Dispersion of  cardiac cells was achieved by serial pipetting through serological pipettes, fol-
lowed by sequential calcium reintroduction to a final concentration of  1.8 mM. Myocytes were separated 
from the other cell types by gravity sedimentation for 15 minutes. Endothelial cells and fibroblasts were 
further isolated via centrifugation and trypsin-digestion, as detailed in ref. 68. Chemicals were obtained 
from MilliporeSigma, unless otherwise indicated.

Cardiac-derived HCAECs. HCAECs were purchased from Cell Applications Inc. (catalog 300-5, lot 2989, 
normal human coronary arteries). Cells were expanded and frozen in liquid nitrogen until experimental use. 
Cells were cultured according to the manufacturer’s recommendation at 37°C in humidified CO2 incubators. 
Media was changed on cells every 3 days, and upon confluence, cells were detached with EDTA/trypsin and 
seeded into new Corning cell culture plates at ratios of  1:3 or 1:4. All experiments were performed within 5 
subculture passages to maintain continuity of  morphological and phenotypical characteristics.

Human blood vessel of  the coronary artery. Premounted, 5-μm paraffin tissue sections of  human coronary 
artery blood vessels were purchased from GeneTex Inc. (catalog GTX22224, lot 821603187).
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Cell proliferation assay. HCAECs (250 per experimental group) were seeded in triplicate overnight into a 
96-well plate. The following morning, cells were treated with either 5, 10, or 20 ng/ml of human rec.WISP-1 
(R&D Systems, catalog 1627-WS-050) and or Wisp-1 BPs (Santa Cruz Biotechnology Inc., catalog sc-8866P) 
in a 1:1 ratio. Cells were detached and manually counted using a hemocytometer every 2 days for up to 8 days 
and supplemented with human rec.WISP-1 and or BPs on days 1, 3, 5, and 7 after seeding. Experiments were 
performed 3 times (n = 3).

Endothelial cell survival assay. HCAECs (5,000/well; 48 Multiwell Tissue Culture Plate (Corning Falcon, 
353078) were seeded, in triplicate overnight. The next day, cells were treated with either 0 ng/ml (vehicle), 
5 ng/ml, 10 ng/ml, or 20 ng/ml rec.Wisp-1 and or Wisp-1 BP. Culture media was then supplemented with 
LPS (MilliporeSigma, 10μg/ml; ref. 69). Cells were detached and counted every 24 hours for 3 days. Exper-
iments were performed in triplicate and repeated 3 times (n = 3).

Endothelial cell network/branching assay. CAECs (30,000/well; 48-well plate) were seeded in triplicate 
on growth factor reduced Matrigel, (Corning, catalog 356231). Cells were immediately treated with either 
0 ng/ml (vehicle), 5 ng/ml, 10 ng/ml, or 20 ng/ml rec.Wisp-1 and or Wisp-1 BP. RNAi-based network 
branching studies differed in that cells from each experimental group were also treated with 10 ng/ml 
TNF-α (70) (R&D Systems, catalog 210-TA-020/carrier free). After 8 hours, 5 images per well were taken 
of  each experimental group using an inverted light Nikon TE microscope. Network density was quantified 
using ImageJ (Fiji), and data are represented as 3-D objects detected relative to background. Experiments 
were performed in triplicate and repeated 3 times (n = 3).

Quantitative PCR. Infarcted (MI) and corresponding healthy (sham) region of  the mouse LV was 
removed, weighed, minced with scissors, and homogenized by polytron. RNA was isolated from these 
samples using an RNeasy Mini Fibrous Tissue Kit, (Qiagen, catalog 74704). A Bio-Rad iScript cDNA 
synthesis kit (Bio-Rad, catalog 1725038) was then used to convert the isolated RNA to cDNA. qPCR 
was performed using the Bio-Rad SsoAdvanced SYBR Green Supermix and primers for Wisp-1 and Gap-
dh (Bio-Rad, mouse Wisp-1, catalog 10025636, ID qMmuCID0018294; Gapdh, catalog 10025636, ID 
qMmuCED0027497). A Bio-Rad CFX96 Real Time Detection System was used to detect probe amplifi-
cation, and the results were analyzed using the comparative Ct method. All data were normalized to the 
endorsed internal gene, Gapdh. Assays were performed in triplicate (n = 6).

Western blot analysis. Protein from cell lysates were quantified, and equal amounts of  protein were 
resolved on SDS-PAGE by electrophoresis. Proteins were transferred onto a PVDF membrane and blocked 
with 5% milk with TBST for 2 hours. Membranes were incubated with a primary antibody of  interest; Wisp-
1, WISP-1 α-actinin, PECAM-1, ATG 7, LC3B, BAD, Phospho-BAD, Histone H3, Rac-1, RhoA, VEGFA, 
α-tubulin, Acetyl-α-tubulin, and GAPDH (Supplemental Table 1)Membranes were washed and then incu-
bated with an appropriate HRP-conjugated secondary antibody for 2 hours. Membranes were washed again 
and then incubated in diluted horseradish peroxidase substrate. Chromogenic changes were detected using 
AmerSham Imager 600 or ImageQuant LAS 4000 imagers (GE Healthcare) (n = 3 or 4).

Immunofluorescent chemical and immunocytochemical analyses. Tissue was fixed in paraformaldehyde and 
embedded in paraffin. Tissue was sectioned and mounted on glass microscope slides. Tissue was deparaffin-
ized and rehydrated by sequentially increasing ratios of  xylene, ethanol, and water. Antigen were exposed 
using sodium citrate buffer (pH 6.0). Tissue was blocked in 10% normal serum with 1% BSA for 2 hours at 
room temperature. Slides were then incubated overnight with primary antibodies in a humidified 4°C cham-
ber. Slides were washed and then incubated with fluorochrome-conjugated secondary antibodies and DAPI 
for 2 hours. Tissue was protected with coverslip and imaged using an Olympus 1X71 Slide Book-Inverted 
fluorescent microscope (5 images per heart/sample). The infarct scar was identified by fibrotic spaces that 
were void of  nuclei. The border zones were identified by the tissue directly peripheral to the infarct areas. 
Remote zones were imaged from noninfarcted LV. Fluorescence intensity per field was determined using 
Image J (Fiji) and normalized to DAPI (nuclei). (n = 6, sham; n = 8, MI).

HCAECs were seeded on coverslips and permeabilized using triton X-100 (MilliporeSigma). Cells 
were incubated overnight with primary antibodies in a humidified 4°C chamber. Slides were washed and 
then incubated with fluorochrome-conjugated secondary antibodies and DAPI for 2 hours. Cells were cov-
ered with coverslips and imaged using an Olympus 1X81 FV10-ASW confocal microscope (n = 3).

Sirius red staining. In order to detect collagen, tissue was deparaffinized and rehydrated as described 
above. Slides were then stained in prefiltered Picrosirius red for 1 hour and washed twice in acidified water 
for 5 minutes. Slides were then dehydrated with 3 changes of  ethanol and mounted with Richard-Allan 
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Scientific Cytoseal (Thermo Fisher Scientific, catalog 8311-4). Five images (20× magnification) per heart 
were taken using an Olympus BX50WI Infinity Capture light microscope (n = 6, sham; n = 8, MI).

ChIP assay. ChIP analyses were performed as previously described (34). In brief, heart tissue was 
homogenized and protein-chromatin interactions were cross-linked, sonicated, and then lysed. Proteins of  
interested were immunoprecipitated using ChIP-grade antibodies (see Supplemental Methods); afterward, 
protein-chromatin complexes were reverse crosslinked, and chromatin was enriched using RNAase and 
Proteinase K. Chromatin associated with proteins on the proximal promoter of  Wisp-1 was PCR amplified 
using primers: forward 5′ - AATGCAGGGCTAGTCTGTTG - 3′, reverse 5′ - CTCCTCCCGCTGTTCAT-
TATT - 3′ (NCBI reference sequence NM_018865. GenBank Graphics >gi|118130716:174-1277 Mus mus-
culus WNT1 inducible signaling pathway protein 1 (Wisp1), mRNA).

Lentiviral particle transduction. Stable cell lines were generated using control lentiviral activation particles (San-
ta Cruz Biotechnology Inc., sc-437282) or Wisp-1 lentiviral activation particles (Santa Cruz Biotechnology Inc., 
sc-39335-V) (see Supplemental Table 2). Expression of Wisp-1 was validated using Western blot.

siRNA transfection. Human WISP-1 siRNA was purchased from Invitrogen (catalog AM16704, ID 
137312, lot AS028HLJ). The scrambled siRNA was purchased as a control siRNA (catalog AM4611, lot 
ASO26WKF). HCAECs were cultured in 6-well plates and transfected with siRNAs (Wisp-1 siRNA and 
control siRNA; 20 nM) using Lipofectamine 2000 (Invitrogen, catalog 11668019) transfection reagent 
according to the manufacturer’s instruction, followed by 48 hours of  incubation in DMEM supplemented 
with 10% FBS at 37°C in a CO2 incubator (see Supplemental Methods for sequences). Expression of  Wisp-
1 was validated using Western blot.

Statistics. All studies were analyzed using either 1- or 2-way ANOVA. When appropriate, studies were 
further analyzed using either Tukey’s or Bonferroni’s multiple comparison post-test based on sample size 
per experimental group. In vitro assays were performed in either duplicate or triplicate and repeated at least 
3 times. In vivo assays were performed 2 or 3 times with appropriate mice cohort numbers based on power 
analyses and previous studies. Data are represented as SEM. A value of  P < 0.05 was considered statistical-
ly significant. Analyses were done using Graphpad Prism statistical software.

Study approval. Animal studies were approved by the Ralph H. Johnson-VA Affiliate Medical Universi-
ty of  South Carolina IACUC. In vivo studies were granted approval from the VA-IACUC Animal Compo-
nent of  Research Protocol (ACORPS) committee (ACORPS approval 561).
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