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Abstract 

Bone marrow-derived mesenchymal stem cells (BM-MSCs) contribute to myocardial 

repair after myocardial infarction (MI) by secreting a panel of growth factors and 

cytokines. This study was to investigate the potential mechanisms of the nuclear 

casein kinase and cyclin-dependent kinase substrate 1 (NUCKS) in regulation of the 

profiles of BM-MSCs secretion and compare therapeutic efficacy of NUCKS-/-- and 

wide type-BM-MSCs (WT-BM-MSCs) on MI. The secretion profiles between 

NUCKS-/-- and WT-BM-MSCs under hypoxia (1%O2) were analyzed. Gene function 

analysis showed that compared with WT-BM-MSCs conditioned medium (CdM), 

some genes over-presented in NUCKS-/--BM-MSCs-CdM were closely associated 

with inflammatory response, regulation of cell proliferation, death, migration and 

secretion. Notably, VEGFa in NUCKS-/--BM-MSCs-CdM was higher than that of 

WT-BM-MSCs-CdM. WT-BM-MSCs and NUCKS-/--BM-MSCs were transplanted 

into the peri-infarct region in mice of MI. At 4 weeks after cell transplantation, 

NUCKS-/-- or WT-BM-MSCs groups significantly improved heart function and 

vessels density and reduced infarction size and apoptosis of cardiomyocytes. 

Furthermore, NUCKS-/--BM-MSCs provided better cardioprotective effects than 

WT-BM-MSCs against MI. Our study demonstrates that depletion of NUCKS 

enhances the therapeutic efficacy of BM-MSCs for MI via regulating the secretion. 
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1. Introduction 

Despite major advances in diagnosis and prevention of coronary artery disease (CAD), 

the development of therapies to regenerate the loss of cardiomyocytes after 

myocardial infarction (MI) is very challenging. Accumulating evidence has 

demonstrated that mesenchymal stem cells (MSCs)-based therapy is a novel strategy 

for MI [1-4]. It is now widely accepted that MSCs produce a variety of trophic and 

immunomodulatory factors that can directly promote heart function after MI [3, 5-7]. 

However, the underlying mechanisms of regulating MSCs secretion are not totally 

understood yet. Therefore, identifying key molecules governing MSCs secretion in 

response to stress or heart ischemia would have both scientific and practical impacts. 

 

NUCKS, a novel gene firstly reported in 2001 [8], remains in phosphorylated in all 

phases of a cell cycle and its threonine residue would undergo mitosis-specific 

phosphorylation by Cdk1 during the mitosis process. Thereafter, several studies 

revealed that NUCKS is highly expressed in both transcription and translation level in 

the cancer such as breast cancer [9], ovarian cancer [10], lung cancer [11] and 

colorectal cancer [12], suggesting that NUCKS is a potential oncogene and may 

influence the survival of cancer cells. Recently, our group identified NUCKS acts as a 

novel regulator of NF-B dependent transcription [13]. The NUCKS is a regulator in 

NF-B signaling pathway by interacting with TANK-binding kinase-1 (TBK1). TBK 

1 is suggested as an essential regulatory protein in NF-B signaling pathway [14]. 

NF-B family factors have been implicated in the regulation of mitochondrial 
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ROS/bioenergy, DNA replications, cell survival, and inflammation in many cell types, 

including MSCs [15, 16]. Prior studies have demonstrated that cytokines/growth 

factor secretion of MSCs is associated with NF-B activation [17]. Nonetheless, 

different molecular cascades activating NF-B may lead to diversity of biological 

outcomes of NF-B signaling in different cell types and timing. Given the 

multifaceted features of NF-B activity on MSCs and cardiac cell fates [18], 

identifying important regulator(s) that modulate specificity in the functioning of 

NF-B signal pathway is deserved to investigate in MSCs. In this study, we 

hypothesized that NUCKS plays an important role to regulate MSCs secretion 

profiling (including angiogenic factors), therefore, influence the therapeutic effects of 

BM-MSCs on heart repairs after MI. Our study show that depletion of NUCKS alters 

the secretion of BM-MSCs, leading to enhanced cardiac repair. 

 

2. Materials and methods 

2.1 Isolation, culture and characterization of WT- or NUCKS-/--BM-MSCs 

WT and NUCKS-/-- mice, 6-8 weeks old, were used for the isolation of WT- or 

NUCKS-/--BM-MSCs as reported previously [6]. Briefly, mice were euthanized and 

the femurs and tibias were dissected out. BM-MSCs were obtained by flushing the 

capacity of bone using 23-gauge springe with PBS. Cells were centrifuged at 400g for 

5 minutes and cultured in the growth medium (DMEM low glucose (Gibco), FBS 

10%, penicillin 100U/mL, streptomycin 100g/mL, NEAA 1x, β-mercaptoethanol 1x, 
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bFGF 5ng/mL, EGF 5ng/mL). The non-adherent haematopoietic cells were removed 

by passaging. Cells were kept culture until the fourth passage for experiment. WT- 

and NUCKS-/--BM-MSCs were characterized immunophenotypically by flow 

cytometry and functionally through inducing the differentiation into osteocytes, 

adipocytes and chondrocytes before the experiments as previously described.[6] 

Before cell transplantation in vivo study, MSCs were labeled with Qtracker Cell 

Labeling Kit according to the protocol (Thermo Fisher Scientific). 

2.2 Conditioned medium (CdM) collection under hypoxia condition 

The CdM of WT- and NUCKS-/--BM-MSCs under hypoxia (1% O2) condition were 

harvested as previously described [19]. Briefly, MSCs were trypsinzed, counted and 

plated on a 10-cm plate. After 24 hours culture, the culture medium was aspirated, 

cells were washed with PBS three times and the serum- and antibiotic-free DMEM 

was added. Twenty-four hours later, hypoxia cell culture supernatants were collected, 

filtered by a 0.22µm filter, and centrifuged at 4°C, 4000g for 30 minutes by Amicon 

Ultra-4 Centrifugal Filter Devices (Millpore) to produce CdM. The final 

concentration was adjusted to 20×of collected CdM. 

2.3 Neonatal cardiomyocytes (NCMCs) isolation and culture 

The NCMCs were isolated and cultured according the protocol in our laboratory. The 

hearts was quickly harvested from the neonatal Wistar rats (0- to 1-day-old) after 

sacrifice, washed with modified Hank’s solution four times and then cut on ice into 

small pieces. Subsequently, the fragments of the heart tissue was collected into the 50 

https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwiDpOPM1_HMAhUE5qYKHVxgBqIQFgggMAE&url=https%3A%2F%2Fwww.thermofisher.com%2Forder%2Fcatalog%2Fproduct%2FV22885&usg=AFQjCNErj0LcIxzv7swCtH8jysAOtWP5sg
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ml tube and warmed in a water bath with a magnetic bar at 37 °C. After 10 minutes, 

the supernatant was aspirated and the minced heart tissues were digested with fresh 

pre-warmed 0.2% trypsin for at 37°C. After 5 minutes, the supernatant was harvested 

and transferred into 50 ml tube containing fetal bovine serum. The above two steps 

were repeated five time and then the collected supernatant was centrifuged at 156.8 g 

for 5 mins. Next, the cells were suspended in NRVM culture and plated on a culture 

dish. To reduce the fibroblast contamination, the supernatant with NCMCs was gently 

aspirated after one hour culture, and re-plated on 24-well plates containing coverslips 

at a density of 2x105cells/ml. The NCMCs were assigned to five groups receiving the 

following different treatments: 1) control group 2) 50 μl serum- and antibiotic-free 

DMEM (hypoxia group); (3) 50 μl WT-BM-MSCs-CdM under hypoxia condition 

(WT-BM-MSCs-hy-CdM group); (4) 50   μl NUCKS−/−-BM-MSC-CdM with 

depletion of VEGFa under hypoxia condition (VEGFa were depleted from 

iPSC-MSCs-CdM by immunoprecipitation with antibodies specific for VEGFa,  

NUCKS−/−-BM-MSC-hy-CdM-VEGFa antibody group); and (5) 50 μl NUCKS 

−/−-BM-MSC-CdM under hypoxia condition (NUCKS−/−-BM-MSC-hy-CdM group) 

and then the later four groups were cultured under hypoxia challenge for 24 hours. 

2.4 Western blot 

Total proteins were extracted from the different treated groups and the concentrations 

were measured. Next, the collected protein was separated by 10% SDS-PAGE gel and 

then transferred on a PVDF membrane (Millipore). The membrane was washed 
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byTris-buffered saline with 0.1% Tween-20 (TBST) three times, block with 5% fat 

free milk in TBST and then incubated with the following antibodies: anti-p-Akt 

(SC-101629, Santa Cruz, 1:200), anti-Akt (SC-8312, Santa Cruz, 1:200), GAPDH 

(sc-48166, Santa Cruz, 1:200) overnight at 4 C. Subsequently, after washing with 

TBST, the membrane was incubated with horseradish peroxidase-conjugated 

secondary antibodies (1:10000; Santa Cruz) at room temperature for one hour and 

then preceded to development. 

2.5 Real time PCR array, real time PCR and comparison of gene expression in 

CdM 

The cytokines expression profiles of WT- and NUCKS-/--BM-MSCs under hypoxia 

hypoxia were analyzed using RT² Profiler PCR Array System (QIAGEN, Cat. No. 

PAMM150A). All PCR reactions and program were followed by the manufacturer’s 

protocol. The selected gene candidate, VEGFa, was further confirmed by repeated 

experiments using QuantiTect SYBR Green PCR Kits (QIAGEN, Cat. No. 204141). 

The PCR program was as follow: initial denaturation at 95℃ for 15 minutes; 40 

cycles at 95℃ for 30 seconds and 60℃ for 30 seconds. The primers were designed 

using Primer3 online tool. 

The comparison of the gene expression in CdM collected from WT- and 

NUCKS-/--BM-MSCs under the hypoxia condition was analyzed according to 

previous report [20]. In brief, gene-enrichment analysis and functional classifications 

of the gens which were >2 fold expression in NUCKS-/--BM-MSCs-CdM compared 
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with WT-BM-MSCs-CdM was conducted by the Database for Annotation, 

Visualization, Integrated Discovery (DAVID) v6.7 and then classified into different 

biological process categories [21, 22].  

2.6 MI model and MSCs transplantation 

All experiment protocols were approved by the Committee on the Use of Live 

Animals in Teaching and Research of the University of Hong Kong. MI was induced 

in 6-8 weeks old WT mice by ligation of the left anterior descending artery (LAD). 

Mice were anesthetized by with ketamine (100mg/kg) and xylazine (20mg/kg) 

through intraperitoneal injection. Mice were then connected to MiniVent ventilator 

(Harvard Apparatus) through tracheal intubation. The heart was exposed by left 

thoracotomy with the assistance of chest retractor. The pericardium was pulled apart 

so that the LAD was visualized and ligated with 8-0 nylon sutures in the middle of the 

LAD. The coronary occlusion was confirmed by the blanching of the apex. One hour 

after ligation, mice in either sex were randomly divided into group receiving 

intramyocardial injection: 1) PBS (MI group, n=8); 2) 3x105 WT-BM-MSCs 

(WT-BM-MSCs group, n=9); 3) 3x105 NUCKS-/--BM-MSCs (NUCKS-/--BM-MSCs 

group, n=8); at the three sites in the border the ligation by Hamilton Syringe 

(Hamilton Company). 4) The control group (Control group, n=7), was received left 

thoracotomy only without ligation. The chest was closed with 4-0 sutures. The mice 

were kept for 28 days for the invasive hemodynamic assessment and histology 

studies. 
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2.7 Hemodynamic assessment 

Mice were anesthetized as described above. The ventricular catheterization was 

performed described previously [23]. A 1.2F pressure-volume catheter was connected 

to an ADVantage PV-loop system (Science Inc.) was inserted into the left ventricle 

via right carotid artery. The hemodynamic parameters, LV pressure and positive 

maximal pressure derivative (+dP/dt) were measured. The end systolic 

pressure-volume relationship (ESPVR) was obtained after and before inferior vena 

cava occlusion. All data were recorded using LabScribe recording and analysis 

software.  

2.8 Tissue processing and paraffin embedding 

After invasive hemodynamic assessment, the mice were sacrificed using pentobarbital 

(100mg/kg) via intraperitoneal injection. The hearts were then dissected out and fixed 

in 10% buffered formalin solution after a brief rinse in PBS. The fixed tissues were 

embedded in paraffin with auto-processor (Leica) with the subsequent dehydration 

program. Briefly, the tissues were soaked in 70% ethanol for 30 minutes, 80% ethanol 

for 45 minutes, 90% ethanol for an hour, three times absolution ethanol for an hour 

and finally twice xylene solution for 30 minutes. The paraffin blocks of hearts were 

 

2.9 Masson’s trichrome staining 

In order to detect the collagen formation in the LV, Masson’s trichrome staining was 
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performed. The slides were deparaffinized and rehydrated as described previously. 

The tissue sections were incubated in Bouin’s solution at 62℃ for 1 hour and then 

rinsed under running water for 10 minutes to remove the yellow color. After stained 

with Weigert's hematoxylin working solution for 5 minutes and rinsed again briefly 

with running water, the tissue sections were stained with 0.5% hydrochloric acid 

alcohol. Thereafter, the sections were incubated with Toulouse-Lautrec 1 Step 

Trichrome solution for 15 minutes. Excess staining solution was removed by rinsing 

under running water and followed by 0.5% acetic acid for about 15 seconds. The 

stained tissue sections were dehydrated with sequential immersion in 70% ethanol, 

95% ethanol, absolute ethanol and xylene for 5 minutes each and preserved with 

Histofluid mounting medium (Marienfeld, Cat. No. 6900002).  The infarction size 

was calculated by the percentage of infarcted area to the LV area. 

2.10 Immunofluorescence staining 

The sections were deparaffinized and rehydrated as described previously [19]. 

Antigen retrieval was done by incubating the tissue slides in 10mM sodium citrate 

buffer at 120℃ for 1 minute. The slides were then incubated with 3% hydrogen 

peroxide for 15 minutes to block the endogenous peroxidase activity. After a brief 

wash with water, 10% BSA was added onto the surface of the tissue at room 

temperature for 1 hour.  The blocking solution was then be replaced by either 

primary antibody or PBS for negative control and incubated at 4℃ overnight. Slides 

were then washed with PBS to remove the non-specific binding and corresponding 
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fluorophore conjugated secondary antibodies were added and incubated at room 

temperature for 1 hour with protection from light. Finally, the slides were washed 

briefly with PBS and mount with ProLong® Gold Antifade reagent with DAPI for 

preservation. Quantification of vessel density and CD31 density were calculated by 

counting the number of vessel stained with anti-SMA (α-SMA, ab7817, abcam) and 

anti-CD31 (SC-1506, Santa Cruz) at a magnification x20 in 5 random fields on 3 

tissue slides in each animal.  

2.11 Statistical analysis 

Statistical tests were performed using Prism version 5.0c (GraphPad Software). One 

way analysis of variance (ANOVA) followed by post hoc Tukey test were applied to 

the analysis for multiple group’s data. Unpaired Student t-test was applied to the 

comparison between two groups of data. A p<0.05 was considered as statistical 

significant. 

 

3. Results 

3.1 Characterization of WT- and NUCKS-/--BM-MSCs 

Both WT- and NUCKS-/--BM-MSCs were characterized by surface markers; their 

tri-linage differentiation property and the absence of NUCKS protein expression were 

confirmed. As shown in Figure 1A, FACS analysis demonstrated that WT- and 

NUCKS-/--BM-MSCs have similar surface markers which are defined in BM-MSCs, 

ie, Sca (+), CD90 (+), CD105 (+), CD45 (-), CD34 (-) (Figure 1A). Both WT- and 
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NUCKS-/--BM-MSCs were able to differentiate into chondrocytes, adipocytes and 

osteocytes in vitro. The differentiation was confirmed by staining the proteoglycan, 

triglyceride and calcium deposits in adipocyte, osteocyte and chondrocyte using the 

appropriate dye, respectively (Figure 1B). Furthermore, there was totally absence of 

NUCKs in both transcription and translation level to ensure completion of knockdown 

of the expression (Figure 1C).  

3.2 Distinct secretion profiles of WT- and NUCKS-/--BM-MSCs under hypoxia 

conditions 

To mimic the MSCs in the environment of ischemic heart, the CdM of WT- and 

NUCKS-/--BM-MSCs under hypoxia was harvested and 84 genes were analyzed using 

the QIAGEN cytokine and chemokines PCR array kit. Under the hypoxia condition, 

the expression profiles of NUCKS-/--BM-MSCs to WT-BM-MSCs were altered. The 

fold change of gene expression of NUCKS-/--BM-MSCs to WT-BM-MSCs under the 

hypoxia condition are summarized in Table 1. It revealed that Cxcl3, Ppbp, Spp1, 

Bmp4, IL-7 and Cxcl12 were down regulated more than 2 folds while Ccl5, IL-16, Hc, 

Ccl7, Bmp6, IL-11, IL-27, Tnfsf13b, Ccl2, IL-10, IL-1b, VEGFa, Ccl12, Tnfsf10, 

IL-1a, Cxcl10, IL-6, Cxcl9 and Ccl11 were up regulated more than 2 folds. These 19 

genes were functionally annotated with DAVID v6.7 and classified into different 

biological process categories. Our results revealed that these genes from 

NUCKS-/--BM-MSCs were closely associated with inflammatory response, 

inflammation, regulation of cell proliferation, cell migration and secretion (Figure 2A). 

Notably, VEGFa expression was further confirmed by real time-PCR. The VEGFa 
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expression in NUCKS-/--BM-MSCs was 3.4±0.4 folds compare to that of 

WT-BM-MSCs under the hypoxia condition (Figure 2B; p<0.01).  

3.3 Cardioprotective effects of NUCKS-/--BM-MSCs-CdM and 

WT-BM-MSCs-CdM in vitro  

Next, to examine the cardioprotective effects of MSC-hy-CdM, we co-cultured the 

NCMCs with the NUCKS-/--BM-MSCs-hy-CdM and WT-BM-MSCs-hy-CdM under 

hypoxia challenge for 48 hours and then performed the TUNEL staining to detect the 

apoptosis. It showed that NUCKS-/--BM-MSCs-hy-CdM and WT-BM-MSCs-hy-CdM 

greatly reduced the apoptosis of NCMCs induced by hypoxia challenge (Fig 3A, B; 

p<0.01). Notably, the apoptotic rate of NCMCs received 

NUCKS-/--BM-MSCs-hy-CdM treatment was significantly decreased compared with 

the NCMCs received WT-BM-MSCs-hy-CdM. To explore whether the enhanced 

therapeutic effects of NUCKS-/--BM-MSCs-hy-CdM is due to the higher level of 

VEGFa, we depleted the VEGFa from NUCKS-/--BM-MSCs-hy-CdM by 

immunoprecipitation with antibody. As shown in Fig 3A&B, the apoptosis of NCMCs 

was dramatically enhanced by depletion of VEGFa from 

NUCKS-/--BM-MSCs-hy-CdM (Fig 3A&B; p<0.01), suggesting VEGFa plays a 

critical role in cardioprotective effects of MSCs-hy-CdM. 

Previously has demonstrated that VEGF mediates cell apoptosis via the activation of 

AKT signal pathway [24]. Treatments with WT-BM-MSCs-hy-CdM and 

NUCKS-/--BM-MSCs-hy-CdM greatly enhanced the inhibited p-AKT expression of 

NCMCs induced by hypoxia challenge (Fig 3C&D; p<0.01). Furthermore, depletion 
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of VEGFa from NUCKS-/--BM-MSCs-hy-CdM remarkably reduced the p-AKT 

expression in NCMCs compared with NUCKS-/--BM-MSCs-hy-CdM, confirming that 

VEGFa mediated the AKT pathway to regulate NCMCs apoptosis induced by 

hypoxia (Fig 3C&D; p<0.01). 

3.4 WT- and NUCKS-/--BM-MSCs transplantation enhances heart function and 

reduces infarction size in mice of MI  

The heart functions of the mice received different treatments and control group were 

assessed using ventricular catheterization. End systolic pressure-volume relationship 

(ESPVR), left ventricular end systolic pressure (LVESP) and positive maximal 

pressure derivative (+dP/dt) were measured. The pressure-volume loops in each 

treatment group were shown in Figure 4A. Both MSCs transplanted groups had a 

significant increase in ESPVR slope compare to the MI group, meanwhile there was 

significant increase in NUCKS-/--BM-MSCs transplantation group compare to 

WT-BM-MSCs transplanted group (Figure 4B-i, 3.07±0.04 vs. 2.06±0.09; p<0.01). 

Moreover, both MSCs transplanted groups demonstrated a marked increase in LVESP 

compare to the MI group, meanwhile there was significant increase in 

NUCKS-/--BM-MSCs transplantation group compare to WT-BM-MSCs transplanted 

group (89.5±3.2 vs. 75.0±2.2 mmHg; Figure 4B-ii, p<0.01). Similar trend was also 

shown in +dP/dt measurement. The two MSCs transplanted groups resulted in a 

significant increase in +dP/dt compare to MI group (p<0.01). Moreover, 

NUCKS-/--BM-MSCs transplanted group showed a significant increase in +dP/dt 

compare with WT-BM-MSCs transplanted group (Figure 4B-iii, 3075 ±151 mmHg/s 



- 15 - 
 

vs. 2142±52 mmHg/s; p< 0.01).  

The collagen deposition in the heart tissue in each group was stained by Masson's 

trichrome staining. As shown in Figure 4C, the infarction size in WT- and 

NUCKS-/--BM-MSCs transplanted group was decreased by 39.7% and 62.6% 

compare to MI group, respectively. Notably, compared with WT-BM-MSCs group, 

the infarction size in NUCKS-/--BM-MSCs was dramatically reduced (Figure 4b, 

14.33±2.11% vs. 23.50±2.01%; p<0.01). These results suggest that 

NUCKS-/--BM-MSCs are superior to WT-BM-MSCs in recovery of heart function in 

mice model of MI. 

3.5 Enhanced cell survival of NUCKS-/--BM-MSCs in ischemic heart 

The cell survival of WT-BM-MSCs and NUCKS-/--BM-MSCs at 4 weeks post 

transplantation was examined. Prior to cell transplantation, we used Qtracker to label 

the cells. At 4 weeks after transplantation, compare with WT-BM-MSCs, more 

NUCKS-/--BM-MSCs were successfully engrafted in the ischemic heart (Figure 

5A&B, 27±3.7/mm2 vs.13.6±3/mm2; p<0.01). Next, we examined the differentiation 

capacity of WT-BM-MSCs and NUCKS-/--BM-MSCs after transplantation. As shown 

in Figure 5A&C, although some Qtracker-labled MSCs showed troponin positive 

staining, no significant difference of differentiation rate was shown in WT-BM-MSCs 

and NUCKS-/--BM-MSCs (Figure 5 A&C, 5.2±0.8% vs. 6.2±1.4%; p>0.05). These 

results indicate that NUCKS-/--BM-MSCs have a stronger capacity to against 

ischemic challenge than WT- BM-MSCs. 
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3.6 NUCKS-/--BM-MSCs transplantation enhances angiogenesis and reduces 

apoptosis 

In order to examine the angiogenic effects for WT- and NUCKS-/--BM-MSCs post 

transplantation; SMA and CD31 were performed in heart sections from different 

groups. There were 1.86 and 2.75 folds increase in SMA vessels density in WT and 

NUCKS-/--BM-MSCs transplanted group respectively compare to MI group (Figure 

6A-i, ii; p<0.01). Moreover, SMA vessels density in NUCKS-/--BM-MSCs 

transplanted group was 46.7 % higher than that of WT-BM-MSCs transplanted group 

(Figure 6A-i, ii, 3.0±0.3/mm2 vs. 4.4±0.2/mm2; p<0.01). Similar result was also 

detected in CD31 density. The CD31 density in WT and NUCKS-/--BM-MSCs 

transplanted groups were 1.7 and 2.6 folds higher than that in MI group (P<0.01); 

moreover, the CD31 density in NUCKS-/--BM-MSCs transplanted group was 53.7% 

higher than that in WT BM-MSCs transplanted group (Figure 6B-i,ii, 57.8±3/mm2 vs. 

37.6±2.1/mm2; p<0.01). The apoptosis of the cardiomyocytes among the different 

experimental groups were examined by the TUNEL staining. As shown in Figure 6C, 

the apoptotic rate of cardiomyocytes in MI group was dramatically increased 

compared with control group (Figure 6C-i, ii, 19.6±2.7% vs. 0.8±0.4%; p<0.01). 

However, the apoptotic rate was greatly reduced by 39% and 72% when the mice of 

MI received WT-BM-MSCs and NUCKS-/--BM-MSCs treatment, respectively 

(Figure 6C-i, ii). Notably, the apoptotic rate of cardiomyocytes in 

NUCKS-/--BM-MSCs treated group was much lower than WT-BM-MSCs group 

(Figure 6C-i, ii, 5.4±1.1% vs. 11.8±1.8%; p< 0.01).   
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4. Discussion  

There are several findings in this study. First, absence of NUCKS in BM-MSCs exerts 

a better cardiac protection than WT-BM-MSCs in a mouse model of MI. Second, the 

enhanced cardioprotection of NUCKS-/--BM-MSCs is attributed to the increased 

capacity of angiogenesis and anti-apoptosis post transplantation. Third, secretion 

profiles of NUCKS-/--BM-MSCs and WT-BM-MSCs are great different. For instance, 

VEGFa level is much higher in NUCKS-/--BM-MSCs than WT-BM-MSCs under 

hypoxia condition. Fourth, VEGFa reduces the apoptosis of cardiomyocytes under 

hypoxia challenge is through regulating AKT pathway.  

Early studies have shown that cardiomyocytes differentiation of MSCs might be the 

major mechanism to improve heart function. However, later studies disclosed that 

paracrine effect might be more important actually [25-27]. Even though MSCs were 

found to be induced to express cardiomyocytes markers, the differentiated cells were 

not functional indeed. Moreover, survival rate of MSCs in the hostile environment 

after MI is very poor that heavily limited efficacy of MSCs-based therapy. Recently, 

several attempts have been made to enhance the therapeutic value of MSCs. One 

option to improve efficacy of MSCs is to transgenically engineer cells to over-express 

proteins that regulate intracellular processes [28, 29]. Another approach is to 

emphasize on those proteins relevant to a particular disease process [30]. Our results 

demonstrated that depletion of NUCKS gene in MSCs contributes to the cell survival 

capacity in the ischemic heart tissue. Despite the increased cell survival, the survival 

rate of the NUCKS-/--BM-MSCs after transplantation was still very low which does 
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not account for the improved heart function. Thus, the therapeutic efficacy is mainly 

attributed to the paracrine effects. 

To our knowledge, NF-B signaling pathway plays important roles in many cellular 

responses such as cell growth, apoptosis, cytokines secretion, inflammation and 

anti-inflammation etc. Our previous study demonstrated that NUCKS interacts with 

TBK1 which is an essential regulator in NF-B signaling pathway [13]. TBK1 is a 

non-canonical IB kinase that could also phosphorylate IB and cause the release of 

NF-B transcription factor and trigger its transcriptional response, and finally alter the 

gene expression [14]. Thus, absence of NUCKS will negatively regulate the activity 

of NF-B, and then directly influence cytokines secretion resulting into the enhanced 

therapeutic efficacy of MSCs post transplantation. To further understand the 

regulation of NUCKS gene in cardiac protection, a mechanistic study of the CdM was 

done using cytokines PCR array. We found that NUCKS-/--BM-MSCs released some 

distinct paracrine factors which may contribute to the heart functional recovery after 

injury. Functional analysis showed that these highly expressed genes are involved into 

inflammatory response, inflammation, regulation of cell proliferation, cell migration 

and secretion. For instance, IL-10 was 2.65-fold higher level in 

NUCKS-/--BM-MSCs-CdM than WT-BM-MSCs-CdM. It has been reported that 

IL-10 contributes to cardioprotection thought inhibiting fibrosis and enhancing 

capillary density in mice model of MI [31, 32]. Moreover, IL-10 not only enhances 

the endothelial progenitor cell survival in ischemic heart tissue but also increases the 

VEGF release, ultimately improves the heart function [33]. The high expression of 
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IL-10 may account for the enhanced cell survival of NUCKS-/--BM-MSCs post 

transplantation compared with WT-BM-MSCs. IL-6, which was also strikingly 

over-presented in NUCKS-/--BM-MSCs-CdM compared with WT-BM-MSCs-CdM, 

has been demonstrated to augment the proliferation of cardiomyocytes [34] and 

accelerate the cardiac differentiation [35].  

Induced angiogenesis is one of the repair mechanisms of MSCs in MI model to 

replenish the nutrient and oxygen to the myocardium and hence preserve the 

myocardium [36]. VEGFa would be secreted by MSCs under hypoxia challenge that 

can promote angiogenesis as a rescue response [37, 38]. VEGFa expression in 

NUCKS-/--BM-MSCs under hypoxia was significantly higher than that in 

WT-BM-MSCs demonstrating that NUCKS-/--BM-MSCs are more sensitive to the 

hypoxia in term of VEGFa expression. Previous study showed that hypoxia could 

induce the IB kinase activity and therefore enhance IB degradation that would lead 

to the activation of NF-B transcription factor its allocation to the nucleus to excuse 

its transcriptional responses [39, 40]. Also, another study indicated that VEGFa 

expression is correlated to the localization of NF-B transcription factor and is 

NF-B-dependent [39]. Therefore, elevated VEGFa expression under hypoxia may be 

due to the regulation of NF-B signaling pathway. Despite VEGFa is an important 

physiological factor in angiogenesis and was found to be up-regulated in 

NUCKS-/--BM-MSCs under hypoxic condition and may enhance the cardiac 

protection effect, the whole repair mechanism of BM-MSCs in the MI model is not 

well understood yet. It has been reported that VEGFa mediates the cell apoptosis via 
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regulating AKT pathway [24]. Consistent with the previous report, in our study, 

depletion of VEGFa from NUCKS-/--BM-MSCs-CdM greatly reduced the AKT 

activation, thus, leading to an enhanced apoptosis of cardiomyocytes.  

Apart from VEGFa, other cytokines were also found to have difference in expression 

level under hypoxia. This might also be caused by the translocation of NUCKS. Most 

of them were angiogenic and inflammation related. Although they had not been tested 

in this study, they may provide some information in the further study. Such 

differences in expression pattern in NUCKS-/--BM-MSCs under hypoxia may 

orchestrate a better cardiac repair and it is deserved to have further investigations. 

Inflammation and angiogenesis are two important processes in cardiac repair and they 

are correlated to each other. A certain level of inflammation is beneficial to the 

healing process in MI. The necrotic tissue would recruit and activate immune cells 

such as neutrophils and mononuclear cells which are response for clearing the 

necrotic cells and debris. However, excess inflammation would make the 

microenvironment too harsh for the tissue regeneration process. Apart from the above, 

inflammation could induce angiogenesis. After the triggering of inflammation, 

leukocyte would localize to the site of injury and could induce ischemia-induced 

angiogenesis. It is found that macrophage could secret a panel of angiogenic factors 

such including VEGFa, IGF-1, IL-6 and bFGF [41]. Angiogenesis is an important 

rescue effect after as it can generate the new vessels to replenish the blood supply to 

the infarcted zone.  In addition, NUCKS-modulated VEGFa expression level highly 

depends on cell types and condition. Absence of NUCKS enhanced corneal wound 
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repair following alkali injury by suppression of VEGF expression in corneal epithelial 

cells[13], indicating NUCKS regulated VEGF expression pattern is relevant to 

different cell types.  

This study also has some limitations in this study. First, using WT- and NUCKS-KO- 

models were not sufficient to demonstrate those differences were due to the absent of 

NUCKS. Although genotypic and phenotypic confirmation were done to ensure 

NUCKS was absent before experiments, it was not possible to perform such 

confirmations on every single gene. There was a chance that other genes might be 

knocked out during the generation of the NUCKS-/- model. It is therefore necessary to 

overexpress NUCKS in the NUCKS-/--BM-MSCs to examine if it could behave as 

WT BM-MSCs. Second, further in deep studies to investigate the therapeutic efficacy 

of CdM collected from NUCKS-/--BM-MSCs in vivo is of importance. Third, the 

CdM collected from NUCKS-/--BM-MSCs under hypoxia in vitro may be different 

from that released in ischemia heart. Fourth, the molecular mechanisms of NUCKS 

affects cytokine profiling changes has not been totally illustrated. Although our 

previous studies have shown that NUCKS directly regulates expression of cytokines 

by chromatin changes[42], a CHIP-Seq of NUCKs on VEGFa in MSCs should be 

informative for further study. Last but not least, the long term engraftment of 

NUCKS-/--BM-MSCs has not been examined. 

Taken together, NUCKS-/--BM-MSCs provide a better cardiac protection compared 

with BM-MSCs. The absence of NUCKS in BM-MSCs enhances the expression of 

VEGFa may contribute to beneficial effects. 
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Figure Legends: 

Figure 1. Characterizations of WT-BM-MSCs and NUCKS-/--BM-MSCs.  

A). Surface markers profiling determined by FASC. i.e. positive for Sca-1, CD90, and 

CD105; negative for CD34, CD45. B) (i) Oil red staining for adipogenesis. (ii) 

Alizarin red staining for osteogenesis. (iii) Alcian blue staining for chondrogenesis. C) 

The expression of NUCKS in WT-BM-MSCs and NUCKS-/--BM-MSCs was 

determined by PCR and Western blot, respectively. 

 

 

Figure 2. Real time PCR array analysis of NUCKS-/--BM-MSCs-CdM and 

WT-BM-MSCs-CdM under hypoxia condition 

A) Functional annotation clustering of 19 highly expressed genes in 

NUCKS-/--BM-MSCs under hypoxia. Number in the brackets after GO term names 

are number of genes fallen into this annotation term. Number in the bars is –log (P 

value) of the gene-enrichment in annotation terms. B) Expression of   

NUCKS-/--BM-MSCs-CdM and WT-BM-MSCs-CdM under hypoxia condition. 

Relative fold change was calculated using ∆∆Ct calculation method. n=3. *p<0.01 vs. 

WT-BM-MSCs.  

 

Figure 3.  Cardioprotection of NUCKS-/--BM-MSCs-CdM and 

WT-BM-MSCs-CdM 
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A) Representative images showing the apoptosis of NCMCs among the different 

groups. B) The apoptotic rate of NCMCs among the different groups was calculated. 

C) The expression of p-AKT and t-AKT was determined by western blot. D) The ratio 

of p-AKT/t-AKT among different groups was measured (*p<0.01 vs. Control group; 

‡p<0.01 vs. hypoxia group; †p<0.01 vs. WT-BM-MSCs-hy-CdM group; $p<0.01 vs. 

NUCKS-/--BM-MSCs-hy-CdM-VEGFa antibody group). 

 

Figure 4. NUCKS-/--BM-MSCs transplantation restores heart function in mice of 

MI. A) Cardiac catheterization showed WT-BM-MSCs or NUCKS-/--BM-MSCs 

transplantation restored LV function at 4 weeks after cell transplantation. B) Slope of 

ESPVR (i), LVESP (ii) and +dP/dt (iii) were quantitatively measured among the 

different experimental groups (*p<0.01 vs. Control group; ‡p<0.01 vs. MI group; 

†p<0.01 vs. WT-BM-MSCs group). C) Representative images showing infarction size 

among the different groups. D) Fibrosis formation was measured in heart tissue 

among different experimental groups (*p<0.01 vs. MI group; ‡p<0.01 vs. 

WT-BM-MSCs group). 

 

Figure 5. Enhanced cell survival of NUCKS-/--BM-MSCs post transplantation in 

the ischemic heart. a) Representative images showing Qtracker-positive cells in 

WT-BM-MSCs or NUCKS-/--BM-MSCs group at 4 weeks post-cell transplantation. 

Some Qtracker-positive MSCs also co-stained with troponin, indicating MSCs 

differentiated into cardiomyocytes. B) The engraftment of Qtracker-positive cell was 
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calculated in WT-BM-MSCs or NUCKS-/--BM-MSCs-treated mice (*p<0.01 vs. 

WT-BM-MSCs group).C) The cell differentiation ratio of Qtracker-positive and 

troponin positive cells to Qtracker-positive cell was quantitatively measured in 

WT-BM-MSCs or NUCKS-/--BM-MSCs-treated mice. 

 

Figure 6. NUCKS-/--BM-MSCs transplantation enhances angiogenesis and 

reduces cardiomyocytes apoptosis in the mice model of MI. A) (i) Representative 

images showing blood vessels among the different groups at 4 weeks post cell 

transplantation. Green arrows indicate the blood vessels. (ii) The blood vessels were 

calculated in heart tissue among different experimental groups. B) (i) Representative 

images showing the capillaries among the different groups at 4 weeks post cell 

transplantation. (ii) The density of CD31 in the heart tissue among the different groups 

was measured. C) (i) Representative images showing the apoptosis of cardiomyocytes 

among the different groups at 4 weeks post cell transplantation. (ii) The apoptotic rate 

of cardiomyocytes in the different groups was quantitatively measured (*p<0.01 vs. 

control group; ‡p<0.01 vs .MI group; †p<0.01 vs. WT-BM-MSCs group). 

 

 

 

 

 

 



- 29 - 
 

Table 1. Summary of the fold change in gene expression of NUCKS-/--BM-MSCs 

to WT-BM-MSCs under hypoxia condition. 

 

Fold change Gene 

< 0.5 
Cxcl3, Ppbp, Spp1, Bmp4, IL-7, Cxcl12 

 

0.5 - 2.0 

Cx3cl1, Cxcl5, Tnfrsf11b, Tnf, IL-4, Pf4, Adipoq, Ccl1, 

Ccl17, Ccl20, Ccl22, Ccl4, Cd40lg, Cd70, Csf2, Cxcl13, 

Fasl, Ifna2, Ifng, IL-12b, IL-13, IL-17a, IL-2, IL-21, IL-22, 

IL-23a, IL-24,IL-3, IL-5, IL-9, Lta, Mstn, Nodal, Thpo, Xcl1, 

Cntf, Tgfb2, Lif, Ccl3, Csf3,IL-1rn, Csf1, Ctf1, IL-12a, 

Tnfsf11, Bmp2, Cxcl11, Cxcl1, IL-15, Ltb, Ccl24, Mif, 

IL-18, IL-17f, Osm, Gpi1, Bmp7, Ccl19, Cxcl16 

 

> 2.0 

Ccl5, IL-16, Hc, Ccl7, Bmp6, IL-11, IL-27, Tnfsf13b, Ccl2, 

IL-10, IL-1b, , Ccl12, Tnfsf10, IL-1a, Cxcl10, IL-6, Cxcl9, 

Ccl11 

 

 

 

 

 

 

 

 


