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ABSTRACT OF THE DISSERTATION 

 

AMPK Mediates Endothelial Function Through the 

Phosphorylation of Nucleolin and PARP-1 

 

by 

 

Brendan Richard Gongol 

 

Doctor of Philosophy, Graduate Program in 

Biochemistry and Molecular Biology 

University of California, Riverside, June 2013 

Dr. John Y.-J. Shyy, Chairperson 

 

Endothelial cells play an active role in maintaining vascular health.  Their 

response to different flow patterns and circulating molecules initiate signaling cascades 

that determine endothelial phenotypes and ultimately vascular health or disease.  One key 

molecule that initiates endothelial pro-health cascades is the AMP-activated protein 

kinase (AMPK).  Responding to the onset of cellular stress, AMPK not only maintains 

the cellular energy status by activating catabolic pathways, while shutting down anabolic 

ones, it also promotes endothelial differentiation and quiescence while attenuating 

inflammation.  However, the precise signaling events that result in AMPK’s beneficial 

effects remain elusive.   

Here, we show that both Poly (ADP-ribose) polymerase-1 (PARP-1) and 

nucleolin (NCL) are phosphorylated by AMPK.  PARP-1 is an abundant nuclear protein 

that once activated, uses NAD
+
 to “PARylate” itself as well as other protein targets.  It 
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serves multiple functions in the cell including DNA repair, epigenetics, mitosis, and 

transcription by binding to TTGATATAAAT sequences within the genome.  The B-cell 

lymphoma 6 (Bcl-6) intron 1 contains a PARP-1 binding sequence.  PARP-1 binds to this 

sequence it the intron in its inactive state, but upon activation by AMPK phosphorylation, 

it dissociates allowing transactivation of Bcl-6 protein.  Bcl-6 acts as a co-repressor for 

VCAM-1, MCP-1, and MCP-3, which inhibits the recruitment of macrophages to the 

endothelium thus attenuating the local inflammatory response.   In addition to the 

phosphorylation of PARP-1, AMPK regulates the transcriptome through the 

phosphorylation of nucleolin. 

We also demonstrate that AMPK regulates endothelial health phosphorylation of 

nucleolin.  Nucleolin is a ubiquitous, multifunctional protein that traffics to multiple 

cellular locations.  It facilitates ribosome biogenesis in the nuceolus, transcription in the 

nucleus, mRNA stability in the cytoplasm, and angiogenesis at the cell surface.  Upon 

phosphorylation of nucleolin by AMPK, nucleolin transiently translocates to the nucleus 

where it transactivates KLF2 expression.  KLF2 is a zinc finger containing shear stress 

responsive transcription factor that regulates the majority of the transcriptome in response 

to pulsatile flow.  Additionally, KLF2 is involved in the differentiation of endothelial 

cells and maintains endothelial quiescence.    

Taken together, AMPK regulates the PARP-1 anti-inflammatory and 

nucleolin/KLF2 pathways which promote endothelial health.   
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Chapter 1 

Introduction 

1. Systemic Factors of Atherosclerosis  

Atherosclerosis has become wide spread in developing countries within the past 20 years 

1, 2
.  This relatively sudden epidemic is correlated to behavioral patterns that alter 

endothelial health and function.  For example, high visceral adiposity is associated with 

vascular disease and results from exercise deconditioning, pro-inflammatory diet, and 

hormonal imbalances.  Hypertrophied adipocytes secrete pro-inflammatory mediators, 

such as tumor necrosis factor alpha (TNF-α), that increase endothelial cell (EC) reactive 

oxygen species (ROS) production and alter EC differentiation and recycling 
3, 4, 5

.  This 

heightened inflammatory and oxidative environment, amplified by dyslipidemia and 

oscillatory shear stress (OS) in the arterial tree, primes endothelium for atherosclerotic 

lesion formation 
6
.  Atherogenesis is characterized by a thickening of the arterial wall due 

to: 1) foam cell accumulation produced by macrophage phagocytosis of oxidized 

cholesterol, and 2) smooth muscle cell proliferation and migration.  As expected, 

dysfunctional lipid transport mechanisms have a strong clinical association with 

atherogenesis.  For example, elevated low density lipoproteins (LDL) associated with 

apolipoprotein B-100, increase potential for cholesterol oxidation; while elevated high 

density lipoprotein (HDL) is protective against atherosclerosis 
7
.  

 

2. Shear Stress, Endothelium, and Vascular Disease 
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Despite systemic risk factors, atherosclerosis has a focal distribution at branch points and 

bifurcations due to local OS flow patterns that alter endothelial signaling.  However, 

straight portions of the vasculature exposed to pulsatile, laminar shear stress (PS) do not 

develop atherosclerosis 
8
.   Maintaining endothelial health is a dynamic process that not 

only involves the maintenance of energy homeostasis but also involves the turnover of 

the local endothelium by progenitor cell differentiation into mature ECs 
9
.  Preserving 

ECs lineage is heavily determined by local hemodynamics.  Both flow patterns activate a 

unique but overlapping set of molecular mechanisms.  While PS activates AMP-activated 

protein kinase (AMPK), which maintains EC quiescence and energy homeostasis, as well 

as anti-inflammatory pathways; OS leads to the up-regulation of inflammatory mediators 

such as VCAM-1, MCP-1, and MCP-3 
10

.  Once expressed, VCAM-1, MCP-1, and MCP-

3 synergize with systemic risk factors to recruit macrophages to the local endothelium, 

which ultimately differentiate into foam cells upon phagocytizing oxidized cholesterol 

deposited in the local area 
11

.  This exacerbates the local inflammatory response 

contributing to loss of EC differentiation and subsequent atherogenesis.  Importantly, 

AMPK α2 is protective against monocyte recruitment and subsequent atherogenesis as 

AMPK α2 -/- mice display increased atherosclerotic lesion formation 
12

.   

 

3. AMPK Activation and post translational modifications  

AMP activated protein kinase (AMPK) is a serine threonine protein kinase that is 

allosterically activated by AMP-dependent and -independent mechanisms that signal 

cellular stress.  AMPK is a heterotrimeric protein that is made up of an α catalytic 



3 
 

subunit, and β and γ regulatory subunits.  The γ subunit contains four tandem repeats that 

bind monomeric nucleotides with a high degree of similarity to cystathionine β-synthase 

and are therefore referred to as CBS or Bateman domains 
13

.  CBS domains bind both 

ATP and AMP in a mutually exclusive manner.  The binding of ATP locks AMPK in an 

inactive form.  Cellular stimuli that increase the AMP/ATP ratio prompt the exchange of 

ATP for AMP binding to the CBS domains resulting in a 5-fold increase in activity 
14

.  

Additionally, this binding event induces a conformational change that not only exposes 

Thr172 located in the activation loop for phosphorylation by an upstream kinase resulting 

in a 100-fold increase in activity, but makes it a poorer substrate for dephosphorylation 

by PP2A 
15

.  Because of this two fold function of AMP binding, the activation of AMPK 

is highly sensitive to perturbations in cellular AMP levels.  Additionally, adenylate 

kinase, which carries out the following reaction: 2ADP  ATP + AMP, ensures that 

AMPK is highly sensitive to fluctuations in the [ATP]/[ADP] ratio 
16

.  Although 

phosphorylation of Thr172 is required for maximum activity, mass spectrometry analysis 

of the α, β, and γ subunits revealed several novel post translational modifications to the 

regulatory subunits.  The γ subunit can be N-terminally acetylated but no further 

exploration of this residue has been conducted 
17

.  The β subunit, however, can be N-

terminally myristolated and phosphorylated at Ser24, 25, 182, and 108.  Serine 24, 25, 

and 108 are thought to result from autophosphorylation and appear to contribute slightly 

to the activity of AMPK 
18

.  Mutational analysis of these sites to an alanine followed by 

kinase assays with an AMPKK reveal positive autoradiographs suggesting AMPK can be 

phosphorylated at additional sites.  However, these unknown sites have not been explored 
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19
.  In addition to activating stimuli, AMPK is subjected to ligand binding that negatively 

influence its kinase activity.  In addition to binding ATP in the CBS domains of the γ 

subunit, the β subunit contains a glycogen binding domain (GBD).  Upon an increase in 

cellular glycogen content, AMPK’s activity is inhibited as a result of glycogen binding to 

the GBD 
20

.  This effect is particularly sensitive when the β subunit is myristolated, 

tethering it to the cellular membrane where glycogen content is the greatest 
21

.   

 

4. Alternative AMPK Splice variants 

The regulation of AMPK is complicated by splice variants of each subunit.  There are 

two α and β isoforms and three γ isoforms.  These splice variants can produce 12 distinct 

AMPK heterotrimers 
21

.  Each of these heterotrimers contains a slightly different 

substrate specificity as well as threshold for activation.  Additionally, kinetic parameters 

of AMP binding changes depending on the gamma isoform present.  Complexes 

containing the α2 isoform exhibit a greater dependence on AMP concentration for 

activation as well as a predominant nuclear localization when compared to the α1 

subunit, both of which affect not only activation but substrate specificity 
22

.  Comparing 

known targets of AMPK, the phosphorylation consensus sequence: βфβxxxS/Txxxф has 

been derived where β is a basic residue, X is any amino acid, S/T is the phosphorylation 

site, and ф is a hydrophobic residue 
23

.  The hydrophobic residues make up a greater 

requirement than the basic residues.  Finally, a small amount of “wobble” in the 

consensus sequence exists whereby the hydrophobic residues may be shifted +/- 1 

position in selected targets.  These variations in the consensus sequence may arise from 
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Brownian motion in the active site of the enzyme as well as the regions making protein-

protein interactions with target substrates. The β subunit also contains some isoform 

specific variations.  However, both isoforms maintain a large overlap in function.  The β1 

and β2 isoforms, for example, both contain the N-terminal myristolation site but contain 

only 40% conservation in the N-terminal region 
24

.   

 

5. AMPK Subunit Interactions 

Deletion studies conducted on the AMPK heterotrimer suggest that the C-terminal 

residues 312-392 on the alpha subunit are responsible for interacting with the β and γ 

subunits of AMPK.   However, the α subunit is primarily tethered to the γ subunit 

through interactions that are mediated by the β subunit 
25

.  Residues 312 to 392 on the α 

subunit act as an autoinhibitory domain and their removal leads to AMPK activation 

irrespective of the presence or absence of the β and γ subunit 
26

.   

 

6. AMPK Kinases 

Three kinases have been shown to directly phosphorylate AMPK on Thr172: LKB1, 

CaMKKβ, and TAK1 
27, 28, 29

.  However, the physiological conditions in which TAK1 

phosphorylate AMPK are currently speculative.  LKB1 is encoded by the Peutz-Jegher’s 

syndrome tumor suppressor gene and is regulated by two partner proteins, Ste20-related 

adaptor (STRAD) and mouse protein 25 (MO25) that make primary contact with it upon 

activation 
30

.  LKB1 is ubiquitously expressed and thus thought to be the primary 

regulator of AMPK 
31

.  Although it was previously accepted that LKB1 is constitutively 
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active, recent data suggests that it is subject to regulation by phosphorylation and can be 

deacetylated by SIRT1 
32, 33

.  However, activation of AMPK upon depletion of the energy 

status in cells that lack LKB1 does not occur 
34

.  CaMKKβ, however, can phosphorylate 

and activate AMPK on Thr172 in response to calcium influx in to the cytoplasm 
34

.  

Although the phosphorylation of AMPK by CaMKKβ occurs in an AMP independent 

manner, in line with the Ca2
+
 mediated regulation of glycogen metabolism, this 

phosphorylation event provides a mechanism for cells to anticipate an increase in energy 

demand.  LKB1 has been shown to phosphorylate all of the AMPK associated kinases 

found on a similar branch of the kinome tree.  Additionally, LKB1 has been shown to 

influence the activation of all of these kinases with the exception of MELK 
36

.  

CAMKKβ, on the other hand, is a calcium responsive kinase that possesses AMPK 

phosphorylation activity.  Kinetic experiments show that CaMKKβ is 68 fold more likely 

to phosphorylate CaMKI (a downstream protein in the CAMK pathway) than AMPK 

while LKB1 is 17 fold more likely to phosphorylate AMPK as opposed to CaMKI.  This 

seems to suggest that CAMKKβ and LKB1 are distinct enzymes dedicated to their target 

substrates with some overlap in function 
35

. 

 

7. AMPK activating Stimuli 

Three compounds are currently known to activate AMPK: AICAR, Metformin, 

and Atorvastatin.  AICAR activates AMPK by artificially increasing the AMP levels in 

the cell 
37

.  Metformin, on the other hand, activates AMPK without influencing cellular 

AMP concentrations by directly binding to its γ subunit 
38, 39

.  Metformin is a well-known 
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antidiabetic medication whose beneficial glucose stabilizing effects are thought to occur 

through the activation of AMPK 
40

.  In addition to its beneficial effects in the diabetic 

arena, recent evidence implicates the use of metformin for its anti-inflammatory 

properties 
41

.  While LKB1 is the upstream kinase that plays a role in the activation of 

AMPK in response to AICAR or Metformin, such is not the case with Atorvastatin 

stimulation.  The Statins are the most widely prescribed medication for the treatment of 

hypercholesterolemia and the prevention of atherosclerosis 
42

.  However, this medication 

has gained popularity with its anti-inflammatory properties which seems to be protective 

against an array of diseases 
43

.  Although Statins have a diverse set of pleotropic effects, 

they mainly target and inhibit HMG-CoA reductase, a major enzyme involved in 

isoprenoid and cholesterol biosynthesis 
44

.  Interestingly, AMPK can target HMG-CoA 

Reductase independent of Statins, which may contribute not only to the inhibition of 

cholesterol biosynthesis but play a major role in the anti-inflammatory properties of 

statins as well as metformin.  In addition to chemical compounds that stimulate AMPK, 

mechanical stimuli as well as hormonal stimuli modulate AMPK’s activity.  Pulsatile 

Shear stress has been shown to activate AMPK through CaMKKβ.  AMPK is considered 

to be a major player to the contribution of endothelial and vascular health in response to 

pulsatile shear stress 
45

.  Disturbed flow patterns, which seem to contribute to 

atherogenesis, do not activate AMPK.  Finally, given AMPK’s role as an energy sensor, 

it is not surprising that it plays a role in the regulation of caloric intake.  While ghrelin, a 

hormone secreted by stomach and pancreatic cells, stimulates AMPK 
46

, leptin, a 
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hormone secreted by adipocytes suppresses AMPK activity 
47

.  Adiponectin, a second 

hormone secreted by Adipocytes, stimulates AMPK activity 
48

.   

 

8. AMPK Functions 

Once activated, AMPK disseminates signaling events that serve to restore energy 

homeostasis.  The AMPK phosphorylation on serine 80 on Acetyl Co-A Carboxylase 

(ACC) 1 or serine 221 on ACC2, is not only a hallmark of AMPK activity but shuts down 

fatty acid synthesis while concomitantly up regulating β-Oxidation 
49

.  AMPK also 

phosphorylates HMG-CoA reductase on serine 872 and Glycogen synthase on serine 8 

which shuts down cholesterol and glycogen biosynthesis respectively 
50, 51

.  The AMPK 

mediated phosphorylation of Hormone sensitive Lipase on serine 554 and PFK2 on serine 

466 in cardiac cells or 461 in liver inducible forms, serve to increase catabolism by 

promoting fatty acid transport and glycolysis respectively 
52, 53, 54

.  Additionally, AMPK 

is protective against an array of ominous cascades, including inflammatory mediators, 

and adhesion molecule recruitment to the vascular endothelium, that extend beyond 

energy homeostasis and prevent pathological phenotypes.  Concurrently, AMPK 

positively influences an array of pro survival cellular systems including autophagy, 

cellular senescence, mitochondrial function, maintains a reductive cellular environment, 

and angiogenesis 
55, 56, 57, 58, 59

.  AMPK has the ability to indirectly and directly influence 

local inflammation within an organism.  For example, AMPK can indirectly 

transcriptionally suppress adhesion molecules such as VCAM-1 and MCP-1 thereby 

preventing monocyte recruitment and subsequent vascular inflammation 
60, 61

.  
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Additionally, AMPK is able to influence mitochondrial uncoupling which subsequently 

prevents oxidative damage thus preventing local inflammation 
62, 63

.  Additionally, 

AMPK’s phosphorylation on eNOS on serine 633 and 1177 increase NO bioavailability 

which has antihypertensive and anti-inflammatory properties and has been linked to 

angiogenesis 
64

.  Further, AMPK mediated transactivation of VEGF plays a major role in 

mediating angiogenic phenotypes 
59

.  In terms of progression through the cell cycle, 

AMPK promotes a G1/S phase cell cycle arrest through its phosphorylation of p53, a 

well-known tumor suppressor protein, on serine 15 
65

.  Despite the wealth of information 

pertaining to the functions of AMPK, it is postulated that it has thousands of 

uncharacterized targets.  Additionally, the extent to which it influences individual cellular 

systems or the number and types of proteins it targets is currently speculative.  To address 

this issue, we conducted an in silico bioinformatics analysis to screen the kinome for 

proteins that contain the AMPK consensus sequence to elucidate direct AMPK targets.  

From this bioinformatics screen, we identified several novel targets, two of which, 

Nucleolin and PARP-1 were further characterized because they represent two axes that 

AMPK utilizes to maintain vascular health.    While Nucleolin maintains endothelial 

lineage formation through KLF2, PARP-1 maintains an anti-inflammatory state by 

regulating BCL-6 transactivation which subsequently co-represses VCAM-1, MCP-1, 

and MCP-3.   

 

9. Nucleolin cellular Localization 
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Nucleolin is a ubiquitous protein that although predominantly located in the 

nucleolus, translocates into a variety of cellular locations including the nucleus, 

cytoplasm, and cell membrane 
66, 67

.  Within the nucleolus, nucleolin facilitates ribosome 

biogenesis and activates polymerase I (Pol I) mediated rRNA transcription 
68

.  In the 

cytoplasm, nucleolin binds to stem loop structures in the 3’ untranslated region of several 

mRNA’s to maintain their stability 
69, 70, 71

.  While shuttling into and out of the nucleus, 

nucleolin facilitates angiogenesis and acts as a chaperone 
72, 66

.  

 

10. Domains of Nucleolin 

Nucleolin is highly evolutionarily conserved.  It contains an N-terminal, a central, 

and a C-terminal domain.  The N-terminal domain is made up of primarily aspartic and 

glutamic acid residues.  The N-terminal domain contains several phosphorylation sites 

and is targeted by Casein Kinase II (CKII) and p34cdc2 
73, 74

.  Both of these 

phosphorylation events occur in a cell cycle dependent manner.  As cells progress 

through the cell cycle, nucleolin redistributes from the nucleus/nucleolus into the 

cytoplasm suggesting a phosphorylation dependent regulation of nucleolin localization 
75

.  

The central domain contains a bipartite nuclear localization sequence and two to four 

redundant nucleotide binding domains, called RRM’s, whose mutual inclusion, 

exclusion, or synergism may confer alternative functions 
76

.  Additionally, the RRM’s 

influence nucleolin’s cellular localization, participate in the modification, RNA structural 

chaperon activity, and processing of rRNA, and make protein-protein interactions with 

telomerase 
77, 78, 79, 80

.  While mammalian nucleolin contains four RRM’s, yeast and plant 
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homologues contain two 
81

.  The C-terminal domain is predominantly positively charged 

and is enriched with glutamine and asparagine amino acids (GAR).  Enzymatically, 

nucleolin can act as a helicase unwinding either DNA or RNA 
82, 83

.  Additionally, the c-

terminal domain mediates a large number of protein-protein interactions which include 

histone H1, U3 snoRNP, and ribosomal proteins 
84, 85, 86

.   

 

11. Nucleolin as a DNA and RNA binding protein 

Nucleolin can bind DNA sequences that fold into G-quadruplex structures as well 

as RNA stem loop structures 
87

.  Structural studies indicate that only RRM1 and 2 are 

required for nucleolin to bind to a RNA stem loop structure containing UCCCGA 

consensus sequence
 77

.  G-quadruplex structures located near telomeres allow nucleolin to 

facilitate genome maintenance and stability while those located within the genome allow 

it to act as an upstream enhancer protein 
87, 88

.  Analysis of the KLF2 promoter revealed a 

consensus sequence indicating the presence of a G-quadruplex structure.  Additionally, it 

has previously been reported that nucleolin is required for KLF2 induction 
89

.   

 

12. The KLF Family 

Krüppel-Like Factor 2 (KLF2) is part of a family of transcription factors (TFs) 

containing 17 members 
90

.  All KLF members are characterized by three Cys2 His2 Zinc 

fingers separated by conserved H/C linkers located in their c-terminal end that promotes 

folding into a ββα structure 
91

.  While the first two zinc fingers contain 23 amino acids, 

the third contains 21 amino acids; each recognizing three DNA base pairs 
92

.  Binding 
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studies have indicated that the KLF’s have a similar affinity for the CACCC consensus 

sequence located in euchromatin, and can compete with each other for binding.  Despite 

their c-terminal conservation, however, KLF members differ in their N-terminal domain 

which allows them to bind to different co-repressors, co-activators, and changes their 

regulation.  While KLF 1, 2, 4, 5, 6, 7 typically function as co-activators, KLF 9, 10, 11, 

13, 14, 16 function as co-repressors 
93

.  KLF 3, 8, and 12, typically function as co-

repressors through the recruitment of C-terminal Binding Protein (CtBP) 
94, 95

.  Together, 

the KLF members influence cellular functions such as proliferation and cellular 

differentiation while participating in the regulation of pathological phenotypes including 

metabolic disorders, cancer, and atherosclerosis 
96, 97, 98, 99, 100

. 

 

13. KLF family tissue distribution 

The tissue distribution of the KLF family members varies.  KLF6, 10, and 11 are 

ubiquitously expressed, KLF1 is expressed in erythroid tissues, KLF2 is highly expressed 

in lung and KLF4 and 5 are highly abundant in gastrointestinal tract.  KLF2, 4, and 6 are 

also expressed in endothelial cells 
101, 102, 103, 104, 105, 106, 107, 108

.  

 

14. KLF members in vascular function 

KLF6 is induced following vascular injury and transcriptionally regulates an array 

of genes involved in vascular remodeling 
108

.  The expression of both KLF2 and 4 are 

induced by PS and pro-inflammatory stimuli and have a large overlap in the promoters 

they influence 
109

.  KLF2 is required to maintain vascular patency as KLF2 -/- is 
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embryonic lethal leading to vascular instability and resulting hemorrhage 
110

.  Further, 

because KLF2 is a co-repressor for NF-κB transactivation, KLF2 depletion causes the 

vascular inflammation and permeability associated with sepsis 
111

.  Responding to 

pulsatile flow, KLF2 is up-regulated at the transcriptional level and its mRNA is 

stabilized 
112, 113

. 

 

15. Regulation of KLF2 expression 

Both AMPK and MEK5/ERK5/MEF2 pathways culminate in the transactivation 

of KLF2 
114, 115

.  While the MEK5 pathway results in HDAC5 release from the KLF2 

promoter and export from the nucleus in a phosphorylation dependent manner causing 

chromatin relaxation, AMPK regulates co-activator binding to exposed upstream 

enhancer elements 
116

.  Additionally, AMPK down regulates miR-92a thus preventing 

destabilization of KLF2 mRNA with PS.  In addition to PS, statins and metformin induce 

KLF2 expression through the CaMKKβ/AMPK and LKB1/AMPK pathways 

respectively.  Once expressed, the autoinhibitory domain of KLF2 can make contact with 

WWP1, a HECT-domain E3-ubiquitin ligase.  This interaction results in 

polyubiquitination of KLF2 and subsequent degradation by the proteasome 
117

. Although 

the regulation of KLF2 by post translational modifications are underexplored, it does 

contain an AMPK phosphorylation consensus sequence, which may contribute to its 

protein stability and/or regulation.   

 

16. KLF2 functions 
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Once activated, KLF2 promotes endothelial health by increasing the transcription 

of atheroprotective genes such as endothelial nitric oxide synthase (eNOS) and 

thrombomodulin (TM), while co-repressing genes associated with endothelial 

dysfunction such as angiotensin Converting enzyme, endothelin-1, and adrenomedullin 

118
.  Additionally, KLF2 is able to inhibit the phosphorylation and nuclear accumulation 

of Smad2, which results in suppression of the TGF-β- induced expression of plasminogen 

activator inhibitor 1 (PAI-1) 
119

.  Further, KLF2 has recently emerged as a factor that 

elicits a gene expression profile required for endothelial cell differentiation while 

preventing progenitor cells from differentiating into adipocytes 
97, 120

.  Because 

maintenance of the endothelial cell lineage within the arterial lumen is required for 

vascular health, the regulation of KLF2 expression must be precisely regulated.  

However, the precise mechanisms governing KLF2 transactivation remain elusive.  

Therefore, we Further delineated nucleolin’s contribution to AMPK mediated KLF2 

transactivation. 

 

 

17. PARP-1 Functions   

PARP-1 is an abundant and ubiquitous nuclear protein that uses NAD+ to 

synthesize poly(ADP-ribose), known as PAR, and "PARylates" itself, histones, and other 

nuclear proteins.  PARP-1 has been shown to play many roles that include epigenetic 

regulation (DNA methylation, chromatin remodeling, and histone modification), 

regulation of cell death, transcription, and genomic integrity.  Extensive auto-PARylation 
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of PARP-1 has been shown to inhibit its DNA binding and catalytic activity.  The extent 

of PARylation of PARP-1 seems to not only determine which function it will play but 

also the degree to which it will function 
121

.  PARP-1's catalytic activity is regulated by 

allosteric mechanisms via protein and DNA binding.  PARP-1 also undergoes many 

regulatory post-translational modifications such as phosphorylation, SUMOylation, 

ubiquitylation, and acetylation.  Phosphorylation of PARP-1 by ERK 1/2 has been 

reported to be required for maximal activity 
122

.  PARP-1 has 3 main domains: 1) N-

terminal DNA binding domain containing three Cys-Cys-His-Cys zinc fingers, a nuclear 

localization signal (NLS), and a caspase-3 cleavage site; 2) Auto-modification domain 

housing a BRCA1 c-terminal fold that mediates protein-protein interactions; and 3) c-

terminal domain containing a PARP signature motif (conserved) that binds NAD+ and  a 

"WGR" motif (Trp, Gly, Arg) 
123

.  

 

18. PARP-1 as a transcriptional regulator 

PARP-1 coregulates with a spectrum of DNA binding proteins and acts as a direct 

enhancer-binding factor 
124

.  PARP-1 binds in a sequence specific manner to DNA 

(TTGATATAAAT) 
125

.  This sequence is found in the first intron of the Bcl-6 promoter 

and has sequence homology between mouse and human.  PARP-1 has been implicated in 

the inhibition of Bcl-6 transcription 
125

.  While bound to DNA, PARP-1 promotes 

chromatin compaction resulting in transcriptional repression 
123

.  Once released from 

DNA, however, PARP-1 facilitates chromatin remodeling by inhibiting DNMT1 

resulting in alterations in the genomic methylation patterns 
126

.  Further, by PARylation 
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and inhibition of the histone demethylase KDM5B, PARP-1 inhibits histone 

demethylation while directly PARylating core histones, both of which result in chromatin 

relaxation 
124, 127

.  Taken together, when not associated with DNA, PARP-1 facilitates 

transcription by initiating chromatin relaxation.   

 

19. Bcl-6 a transcriptional repressor and inhibitor of endothelial inflammation. 

Bcl-6 is known to be a transcriptional repressor and is implicated as a therapeutic 

target in the development of various lymphomas as it is correlated to the control of cell 

proliferation, apoptosis and the inflammatory response 
128, 129, 130, 131

.  Bcl-6 has important 

functions in endothelial tissue.  It consists of 3 primary domains that associate with 

corepressors of transcription.  The C-terminal zinc finger domain binds to specific DNA 

sequences and associates with the putative zinc finger TF and oncoprotein, ETO.40.  The 

N-terminal poxvirus and zinc finder (POZ) domain associates with  SMRT (corepressor 

silencing mediator for retinoid acid receptor and thyroid hormone receptor) and NCoR 

(Nuclear Receptor corepressor) 
132

.  The protein center contains many acetylation sites 

and PEST domains (rich in proline, glutamic acid, serine and threonine, which is often 

present in proteins with short half-lives and may be a recruiting sequence for degradation 

machinery 
133

.  The center portion associates with the histone deacetylase complex 

referred to as the Mi-2/NuRD complex
134

.  

       Fan et al 2007 demonstrated that Bcl-6 is bound to PPARδ and treatment with 

PPARδ activators GWO747 and GW501516 promote release of Bcl-6 allowing it to 

function as a co-repressor of VCAM-1 and TNFα.  GW501516 is also an activator of 
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AMPK but the mechanism of this action is unclear 
135

.  Chromatin Immunoprecipitation 

(ChIP) with a Bcl-6 antibody exposed the potential that Bcl-6 translocates from the 

PPAR- δ promoter to the VCAM-1 promoter upon treatment of GW501516  resulting in 

reduced leukocyte adhesion to the vascular wall 
135

.  Bcl-6 is as a repressor of many other 

genes involved in leukocyte adhesion, activation, and recruitment (MIP-1α, MIP-1β, 

MCP-1, MCP-3, IP-10, P-Selectin, CD44, NF-κβ1) 
129, 130, 131

.   It is important to note 

also that Bcl-6 has been shown to interact with the NF-κβ repressing factor, which may 

play a role in decreasing NF-κβ's ability to act as a transcriptional activator for VCAM-1 

136
.  We show that AMPK increases Bcl-6 transcription in endothelial cells, by facilitating 

release of PARP-1's co-repressive function at the Bcl-6 locus.  This loss of repression 

increases Bcl-6 expression that subsequently inhibits the transcription of inflammatory 

mediators specific to monocyte adhesion and the development of atherosclerosis.   
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Chapter 2 

AMPK Phosphorylation of Nucleolin Transactivates Krüppel-like Factor 2 

2.1 Introduction 

Vascular homeostasis is maintained by the interplay between a diversified set of 

proteins that respond to environmental and hormonal cues.  These proteins regulate 

multiple cellular events involved in energy metabolism, inflammation and oxidative 

stress.  Alterations of these pathways can instigate pathophysiological states, leading to 

vascular disease.  AMPK is a Ser/Thr protein kinase that monitors and regulates the 

cellular energy status 
1
.  AMPK is also protective against an array of inflammatory and 

oxidative stressors and facilitates pro-survival processes including autophagy, 

senescence, mitochondrial biogenesis, and angiogenesis 
2, 3, 4

.  

Krüppel-like factor 2 (KLF2) is a lineage regulator of endothelium 
5
.  

Functioning as a TF, KLF2 can be induced in ECs by PS and 3-hydroxy-3-

methylglutaryl coenzyme A reductase inhibitors (ie, statins) 6, 7, 8
.  In addition, 

AMPK has been shown to transactivate KLF2, possibly through the ERK5/MEF2 

pathway 9
.   In conjunction with nuclear respiratory factor 1 (NRF1), KLF2 

transcriptionally regulates 70% of the PS-responsive transcriptome, including 

atherosprotective genes such as endothelial nitric oxide synthase (eNOS) and TM 
10, 11

.   

Our in silico bioinformatics screening revealed that the multifunctional protein 

nucleolin contains two putative AMPK phosphorylation sites.  Interestingly, nucleolin 

has been reported to be required for KLF2 induction 
12

.  Nucleolin contains an N-

terminal, a central, and a C-terminal domain.  The N-terminal domain is composed of 
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primarily Asp and Glu acid residues.  The central domain contains a bipartite nuclear 

localization sequence and four redundant nucleotide binding domains.  The C-terminal 

domain is predominantly positively charged and is enriched with Gln and Asn 
13

.  

Distributed in a variety of subcellular locations, nucleolin is involved in several cellular 

functions.  Within the nucleus, nucleolin acts as an upstream regulatory protein by 

binding to enhancer elements that form G-quadruplex structures 
14, 15

. Analysis of the 

KLF2 promoter revealed that it contains a G-quadruplex sequence potentially recognized 

by nucleolin.  Given in silico analysis revealed that AMPK can phosphorylate nucleolin, 

which could induce KLF2, we investigated whether such a regulating axis exists in ECs.  

Indeed, AMPK activation with AICAR, metformin and PS does increase nucleolin 

binding to the KLF2 promoter,   

 

2.2 Materials and Methods 

2.2.1 AMPK Kinase Assay 

AMPK kinase assays were conducted under the following reaction conditions: 50 mM 

HEPES, .375 mM AMP, .375 mM ATP, 9 mM MgCl2, 11 pM AMPK, and two 

micrograms of target protein.  Reactions were started with the addition of γP32 ATP and 

incubated at 37oC for 1 hour.  Following reaction termination with the addition of 

Lamelli Sample buffer (0.1% 2-Mercaptoethanol, 0.0005% Bromophenol blue, 10% 

sucrose, 2% SDS, 63 mM Tris-HCL pH 6.8) and boiling for 10 minutes at 100
o
C, 

proteins were resolved using SDS PAGE electrophoresis then stained with coomassie 

blue for 20 minutes.  Following overnight destaining,   the gels were sandwiched between 
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two sheets of paraffin paper and an autoradiograph was developed.  Identical reaction 

conditions were used if the substrate for the reaction was a peptide.  However, reactions 

were terminated by blotting samples onto whatman filter paper (Fisher cat # 3698-325), 

and rinsed three times in 1% phosphoric acid.  Individual filter papers were then washed 

in acetone and allowed to air dry for 5 minutes.  Filter papers were then placed into 

separate scintillation vials and 1 ml scintillation buffer was added (fisher cat# SX18-4) 

just prior to taking measurements on a Beckman LS 6500 scintillation counter.   

 

2.2.2 Isoelectric focusing 

Following treatment, cells were washed three times with Phosphate Buffered Sailine 

(PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4).  Cells were then 

lysed in a solution containing 5M urea, 2M thiourea, 2% CHAPS, and 2% SB 3-10, 10 

mM DTT, 0.2% (w/v) Bio-Lytes, 0.001% Bromophenol Blue.  A Protean IEF cell was 

utilized throughout the isoelectric focusing procedure.  Immobilized pH gradient strips 

(IPG) were then hydrated in cell lysates with the active rehydration setting for 12 hours.  

Samples were then focused at 8,000 V for 35,000 vhours.  Samples were then briefly 

equilibrated in in equilibration buffer (6M urea, 2% SDS, 0.375M Tris-HCL pH 6.8, 20% 

glycerol, 130 mM DTT) and resolved on an SDS PAGE gel prior to transferring to a 

PVDF membrane.  Immunoblotting was then conducted according to standard protocols.   

 

2.2.3 Immunofluorescence 
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Following treatment, 4% PFA was added to the culture medium to a final concentration 

of 0.75%.  After 10 minute incubation, cells were washed three times with PBS and 

incubated in blocking buffer (3% BSA in PBS) for 1 hour.  After blocking, cells were 

incubated in primary antibody diluted in blocking buffer overnight.  Cells were then 

stained with DAPI and images were taken with a Leica SP5 inverted confocal 

microscope.   

 

2.2.3 Co-Immunoprecipitation 

After washing three times with PBS, cells were lysed in FA lysis buffer (50 mM HEPES-

KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Sodium 

Deoxycholate, 0.1% SDS, Halt protease inhibitors) and scrapped from the surface of the 

plate.  Protein A conjugated sepharose beads were washed three times in FA lysis buffer 

and used to pre-clear the lysate.  A second set of protein A conjugated sepharose beads 

were washed three times in FA lysis buffer and then incubated with primary antibody.  

Following incubation, antibody bound sepharose beads were washed three times in FA 

lysis buffer, and incubates with cell lysates overnight.  Following incubation, sepharose 

beads were washed three times with FA lysis buffer.  50 μl of lamelli sample buffer 

(0.1% 2-Mercaptoethanol, 0.0005% Bromophenol blue, 10% sucrose, 2% SDS, 63 mM 

Tris-HCL pH 6.8) and boiled for 10 minutes.  Resulting proteins were then resolved with 

SDS PAGE and immunoblotting was conducted using standard protocols.    

 

2.2.4 Chromatin Immunoprecipitation 
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Following appropriate cell treatment, Formaldehyde was added in a drop wise manner 

into the medium for a working concentration of 0.75%.  Following a 10 minute 

incubation with gentile rocking, glycine was added to a final concentration of 125 mM.  

Cells were incubated for an additional 5 minutes.  Cells were then washed three times 

with Phosphate buffer Sailine (PBS).  Cells were then scraped from the surface of the 

plate in 500 µl FA lysis buffer ( 50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM 

EDTA, 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS and Halt Protease 

inhibitors).  Cells were sonicated with a Bioruptor 200 to achieve DNA fragments about 

500 base pairs long.  After removing an aliquot for loading control, target proteins were 

immunoprecipitated overnight at 4oC with protein A conjugated sepharose beads.  The 

beads were then spun down at 5,000g for 5 minutes and the supernatant was removed.  

The beads were washed three times with wash buffer (0.1% SDS, 1% Triton X-100, 2 

mM EDTA pH 8.0, 150 mM NaCl, 20 mM Tris-HCL pH 8.0) and eluted in 100 µl 

elution buffer (1% SDS, 100 mM NaHCO3).   All DNA samples were purified using 

Qiagen PCR purification kit (cat #28104) prior to qPCR analysis.   

 

2.2.5 qPCR methods 

RNA was purified using TRIzol reagent from Life technologies (cat # 10296-028).  

Following treatment, cells were washed three times with PBS and scraped from the plate 

in 1 ml TRIzol reagent.  After sitting at room temperature for 5 minutes, 500µl 

chloroform was added and the tubes were shaken for 15 seconds.  Samples were then 

centrifuged at 14,000 X g for 10 minutes and the aqueous layer was added to an equal 
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volume of isopropanol.  RNA was precipitated at -80oC overnight.  After thawing on ice, 

the samples were centrifuged at 14,000 X g for 15 minutes.  Resulting RNA pellets were 

washed three times with 75% EtOH and resuspended in 50µl nuclease free water.  2µg 

RNA was converted to cDNA using promega reverse transcriptase according to the 

manufacturer’s instructions (cat # M1701).  MRNA was then quantified via qPCR using 

cyber green qPCR master mix purchased from Bio Rad.  Results were calculated using 

the Δ-Δ ct method.  The following primers were used for analysis: 

 

2.2.6 Immunoblotting 

PVDF membranes from SDS PAGE followed by transfer were blocked for 1 hour in 

blocking buffer (5% milk in TBST (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% 

Tween 20)).  Membranes were then washed three times with TBST and incubated with 

primary antibody diluted in blocking buffer overnight and then secondary antibody.  

After washing three times in TBST, membranes were incubated with chemiluminescent 

HRP substrate and western blots were developed.   

 

2.3 Results 

2.3.1 AMPK Phosphorylation of Nucleolin 

Nucleolin contains two Ser residues flanked by the AMPK consensus motif 

βфβxxxS/Txxxф (Fig. 2.1A). To determine if AMPK can phosphorylate nucleolin, we 

performed in vitro kinase assays using recombinant nucleolin, active AMPK and (γ-

32
P)ATP followed by autoradiography.  These results show that AMPK can directly 
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phosphorylate nucleolin (Fig. 2.1B).  Isolelectric focusing was used for further validation.  

As shown in Fig. 2.1C, nucleolin isolated from AICAR treated AMPK
+/+

 mouse 

embryonic fibroblasts (MEFs) display an isoelectric shift indicative of in-cell 

phosphorylation by AMPK. To test whether the predicted human nucleolin Ser-328 

and/or Ser-571 are the AMPK phosphorylation sites, two synthetic peptides (S328 and 

S571) corresponding to human nucleolin amino acids 322-336 and 565-579 were used for 

in vitro kinase assay.  Ser-to-Ala mutant peptides, S328A and S571A, were used as 

negative controls.  While the peptide containing Ser-328 shows robust phosphorylation 

by AMPK, radioactivity incorporated into the Ser-571 containing peptide is marginal 

(Fig. 2.D).  The specificity of AMPK phosphorylation of S328 was verified by  increased 

molar concentrations of S328A, but not S571A, which could compete for SAMS peptide 

phosphorylation by AMPK (Fig. 2.1E & 2.F).   

2.3.2 AMPK Promotes Nuclear Translocation of Nucleolin 

Given the multifunctional nature of nucleolin and its ability to translocate into 

different compartments of the cell, we tested if nucleolin phosphorylation by AMPK 

alters its cellular location.  Nucleolin transiently translocates into the nucleus at 10 min 

after AICAR or metformin (Fig. 2.2A, 2.2B).  Because nuclear chaperone protein 

importin β recognizes the bipartpite nuclear localization sequence of nucleolin and is 

required for nucleolin translocation 
16

, we explored whether nucleolin interacts with 

importin β in response to AMPK activation.  As shown in Fig. 2.2C & D, AICAR 

treatment causes a transient increase in the interaction between nucleolin and importin β.  
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Taken together, Fig. 2.1 and 2.2 demonstrate that AMPK phosphorylates nucleolin 

facilitating its nuclear translocation in an importin -dependent manner.   

2.3.3 AMPK promotes nucleolin binding to the KLF2 promoter 

Nuclear localized nucleolin has been previously reported to be required for KLF2 

transactivation 
12

.  Additionally, the phosphorylation site on nucleolin is located in its 

central domain that contains 4 DNA binding motifs (Fig. 2.1A).  These two findings led 

us to investigate if AMPK phosphorylation of nucleolin regulates KLF2 transcription.  

First, we performed chromatin immunoprecipitation (ChIP) assays to determine if 

nucleolin directly binds to the KLF2 promoter.  A transient increase in the binding of 

nucleolin to the KLF2 promoter was observed in both AMPK
+/+ 

MEFs and ECs, but not 

in AMPK
-/-

 MEFs, treated with AICAR or metformin (Fig. 2.3A, B, & C) The temporal 

binding of  nucleolin to the KLF2 promoter follows that of nucleolin nuclear 

translocation.  To determine if phosphorylation of nucleolin by AMPK is required for the 

enhanced binding of nucleolin to the KLF2 promoter, we treated AMPK
+/+ 

MEF cells 

with AICAR and cell permeable phosphatase (PP1/PP2A) inhibitor Calyculin A or the 

AMPK inhibitor compound C.  Treatment with AICAR together with Calyculin A causes 

prolonged, rather than transient, binding of nucleolin to the KLF2 promoter (Fig. 2.3D).  

However, AICAR together with compound C abolishes the effect.  Further, cells 

transfected with a S328D phosphomimetic nucleolin display higher levels of binding 

regardless of treatment while the S328A dephosphomimetic mutant attenuates the 

interaction (Fig. 2.3E).   Taken together, Fig. 2.3D & E suggest that dephosphorylation of 

nucleolin caused its dissociation from the KLF2 promoter.  
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Containing a TATA binding box, the KLF2 promoter recruits TATA binding 

protein (TBP) and TBP associated factors (TAF’s) to initiate transcription.  Given 

nucleolin’s transient interaction with the KLF2 promoter, we next conducted ChIP assays 

to study whether AICAR or metformin treatment led to an increase in the binding of TBP 

to the KLF2 promoter.  As shown in Fig. 2.3F, a transient interaction between TBP and 

the KLF2 promoter was found in ECs treated with AICAR or metformin with a 

timeframe similar to that of nucleolin.  In summary, results presented in Fig. 2.3 indicate 

that the phosphorylation of nucleolin Ser-328 resulted in nucleolin binding to the KLF2 

promoter, which coincides with the TBP recruitment.   

2.3.4 Nucleolin transactivates KLF2 expression  

Consequent of nucleolin and TBP recruitment to the KLF2 promoter, KLF2 

transcription would be increased.  To test this possibility, we examined the expression of 

KLF2 in response to AICAR or metformin.  The AMPK
+/+ 

MEF cells show an induction 

of KLF2 mRNA after AICAR treatment.  However, this effect is not observed in AMPK
-

/-
 MEF cells (Fig. 2.4A).  An earlier time course conducted on human umbilical vein 

endothelial cells (HUVECs) showed that the peak of KLF2 mRNA expression occurs at 

30 minutes of treatment, and is sustained for at least 8 hours, but  blocked with the 

addition of compound C (Fig. 2.4B).  These kinetics coincide with nucleolin translocation 

and binding to the KLF2 promoter.  Because nucleolin can localize to multiple cellular 

compartments, it is possible that a fraction of the total cellular nucleolin resides in the 

nucleus.  To further delineate that the translocation of nucleolin is required for KLF2 

induction, we reasoned that knockdown of importin β would prevent nucleolin 
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translocation and subsequent KLF2 transactivation.  Consistently, knocking down 

importin β followed by AICAR or metformin attenuates KLF2 induction (Fig. 2.4C).  

Further, knockdown of nucleolin attenuates AICAR mediated KLF2 mRNA transcription 

(Fig. 2.4D).   

 

2.3.5 Nucleolin S328 regulates KLF2 protein levels in response to AICAR and PS 

Immunoblotting, validated that KLF2 protein levels are increased within 8 hours 

of AICAR treatment but attenuated if nucleolin or importin β are knocked down (Fig. 

2.5A & B).  To validate that phosphorylation of Ser-328 is important for the expression 

of KLF2, we transfected plasmids encoding native, S328A, or S328D mutant nucleolin 

constructs into HUVECs.  AICAR increased KLF2 protein levels in the native but not the 

S328A construct transfected cells.  Transfection with the S328D mutant construct 

resulted in sustained KLF2 protein levels regardless of treatment (Fig. 2.5C & D).  

Because PS activates AMPK leading to KLF2 induction, we wondered if knocking down 

nucleolin will prevent KLF2 transactivation.  After exposing HUVECs to PS, increased 

KLF2 mRNA and protein levels were observed in control but not nucleolin knockdown 

treatments (Fig. 2.5E, F, & G).  Taken together, the results presented in Figure 2.5 

demonstrate that the phosphorylation of Ser-328 on nucleolin is required for KLF2 

induction.   

2.4 Discussion 
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This study offers a novel mechanism which AMPK regulates KLF2 transcription.  We 

demonstrate that upon phosphorylation by AMPK, nucleolin interacts with importin β 

and translocates into the nucleus.  Nucleolin then activates KLF2 transcription by 

transiently binding to its promoter.  Upon dephosphorylation by PP2A, nucleolin is 

released from the KLF2 promoter and shuttles back out of the nucleus.  Despite the 

transient interaction between nucleolin and the KLF2 promoter, KLF2 mRNA levels 

remain elevated for a prolonged period of time.   

AMPK plays a vital role conferring endothelial homeostasis 
4
.  Metformin, PS, 

and statins can promote endothelial health by activating AMPK which in turn increases 

KLF2 transcription 
9, 17, 18

.  Wu W et. Al. demonstrated that the induction of KLF2 by 

AMPK occurs through the MEK5/ERK5/MEF2 pathway and that once expressed, the 

KLF2 mRNA is stabilized 
8, 9

.  Huddleson et. Al. demonstrated that the PI3K/AKT 

pathway also regulates KLF2 transactivation and that nucleolin not only binds to the 

KLF2 promoter, but is required for induction.  Pertaining to these studies, our results 

demonstrate that the post-translational modification of KLF2 by AMPK plays a key role 

in the KLF2 transcription induction.  We have previously shown that laminar flow caused 

a transient activation of both AMPK and Akt, but oscillatory flow activated only Akt, 

with AMPK being maintained at its basal level 
19

.  Furthermore, PS caused a sustained 

activation of AMPK 
9
.  Thus, AMPK phosphorylation of nucleolin seems to be the major 

mechanism of KLF2 induction in ECs under athero-protective flow.     

Nucleolin is a multifunctional protein that regulates a variety of essential cellular 

processes important for endothelial function including ribosomal biogenesis, mRNA 
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stability, chromatin decondensation, and angiogenesis 
20, 21, 22, 23, 24

.  It has also been 

reported that nucleolin can function as a transcriptional regulator of ribosomal RNA 

(rRNA) genes, a co-repressor at the c-MYC promoter, and a coactivator at the VEGF 

promoter 
25, 26

.  The N-terminal domain of nucleolin can be phosphorylated by CKII and 

p34CDC2 at multiple positions 
27, 28

.  Nucleolin proteolysis is well recognized in 

response to specific stimuli resulting in its phosphorylation in its N-terminal domain such 

as progression through the cell cycle 
29, 30

.  We observe no change in nucleolin protein 

abundance in response to AMPK activating stimuli.  Thus, the functions of Ser328 

phosphorylation by AMPK are independent of nucleolin protein levels.  In the current 

study, the phosphorylation of Ser328 on nucleolin represents a novel phosphorylation site 

and mechanism prompting nucleolin translocation and transcriptional activity.  Nucleolin 

can also act as a DNA and RNA helicase 
31

.  At the TATA Box, in the transcriptional 

initiation events, there is a high rate of abortion during Pol II promoter clearance because 

the antiparallel strands of DNA must be separated to facilitate elongation 
32

.  Thus, 

AMPK regulation of KLF2 via nucleolin may involve the regulation of the basal 

transcriptional machinery at the KLF2 promoter and nucleolin facilitation of the KLF2 

promoter clearance by unwinding DNA.   

KLF2 is a major regulator of the PS responsive genes 10, evoking a gene 

expression profile that exerts endothelial quiescence 
5
.  It further benefits ECs by 

inhibiting local inflammation by corepressing NF-κB transcription 
33

; transactivates 

eNOS inducing a reductive cellular environment and vasodilation 
34

; reduces localized 

coagulopathy through the transactivation of eNOS and TM, while co-repressing  PAI-1 
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35
.  Further, the PS-induction of KLF2 would be anti-inflammatory because KLF2 has 

been shown to be protective against endotoxic shock 
33

.  My results in this chapter 

provide experimental evidence linking two PS-inducible factors, namely, AMPK and 

KLF2, in their regulation of endothelial homeostasis.  
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Figure 2.1 

 

Fig. 2.1. AMPK phosphorylates nucleolin 

 (A) Nucleolin domains with conserved Ser-328 and Ser-571 located in an AMPK 

consensus sequences.  (B) Kinase assay with activated AMPK, nucleolin, and [γ-

32
P]ATP.    (C) Isoelectric focusing following nucleolin immunoblotting.  (D)AMPK 

kinase assay with wild type or Ser to Ala mutant peptides corresponding to putative 

AMPK phosphorylation sites.  (E, F) Competition assay using a S328A (E) or S571A (F) 

mutant peptide respectively in competition with SAMS peptide.   
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Figure 2.2 

 

Fig. 2.2. AMPK promotes nuclear translocation of nucleolin 

(A, B) Immunostaining of Nucleolin represented in yellow and the nucleus represented in 

blue following a time course of AICAR (1 mM) (A) or metformin (1 mM) treatment (B).  

(C, D) Co-Immunoprecipitation assay displaying an interaction between Nucleolin and 

Importin-β.  
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Figure 2.3 

 

Fig. 2.3 AMPK regulates nucleolin binding to the KLF2 promoter 

ChIP assay of nucleolin bound to the KLF2 promoter in AMPK +/+ (A), AMPK -/- (B), 

or HUVEC (C), treated with AICAR (1 mM) or metformin (1 mM) for 0, 10, or 60 

minutes.  (D) ChIP assay displaying nucleolin bound to the KLF2 promoter following a 

time course treatment with metformin and/or calyculin A.  (E) Following transfection 

with native, S328A, or S328D mutant nucleolin constructs, cells were treated with 

AICAR or Metformin and Nucleolin binding to the KLF2 promoter was analyzed.  (F) 

ChIP assay of TBP bound to the KLF2 promoter following a time course of AICAR or 

metformin treatment.   
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Figure 2.4 

 

Fig. 2.4. Nucleolin is required for KLF2 transactivation  

(A) qPCR results assessing the abundance of KLF2 mRNA in AMPK
+/+

 and AMPK
-/-

 

MEF cells following treatment with AICAR for 0, 1, or 4 hours.  (B) KLF2 mRNA 

abundance in HUVECs treated with metformin, AICAR, or metformin in the presence of 

Compound C.  (C) KLF2 mRNA abundance in HUVECs transfected with control, 

nucleolin, or importin β siRNA followed by treatment with AICAR and Metformin alone 

or in conjunction with Compound C for 6 hours.  (D) KLF2 mRNA abundance in 

HUVECs transfected with native, S328A, or S328D mutant nucleolin constructs 

followed by AICAR, Metformin, or metformin in the presence of Compound C.   
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Figure 2.5 

 

Fig. 2.5. Nucleolin is required for KLF2 protein expression  

(A, B) Immunoblotting and analysis of KLF2 protein levels after HUVECs were 

transfected with control, nucleolin, or importin β siRNA, then treated with AICAR or left 

untreated for 8 hours.  (C,D) Immunoblotting of KLF2 protein levels after HUVECS 

were transfected with plasmids encoding native, S328A, or S328D mutant nucleolin, then 

treated with AICAR then let untreated for 8 hours.  (E) KLF2 mRNA abundance in 

HUVECs transfected with control or nucleolin siRNA followed by exposure to static or 
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PS conditions.  (F, G) KLF2 immunoblot and analysis of cell lysates from HUVECs 

transfected with ctrl or NCL siRNA and exposed to PS for 8 hrs.   
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Table S2.1. Primers used for mRNA qPCR 

 

 

 

 

Name Species Sequence 

eNOS Homo 

sapiens 

Forward GGTACATGAGCACTGAGATCG 

Reverse ACGATGGTGACTTTGGCTAG 

eNOS Mus 

musculus 

Forward AAGTCCTCACCGCCTTTTC 

Reverse TGACACAATCCCTCTTTCCG 

KLF2 Homo 

sapiens 

Forward CAAGACCTACACCAAGAGTTCG 

Reverse GTGCCGTTTCATGTGCAG 

KLF2 Mus 

musculus 

Forward CCAAGAGCTCGCACCTAAAG 

Reverse GTGGCACTGAAAGGGTCTGT 

TM 

 

Homo 

sapiens 

Forward GCTCATAGGCATCTCCATCG 

Reverse CCAATAACGCTCACCCTCC 

TM Mus 

musculus 

Forward TGAATGTCGAAACTTCCCTGG 

Reverse GGTGCTTTTAAGTTGCCAGAG 

Beta Actin Homo 

sapiens 

Forward CATGTACGTTGCTATCCAGGC 

Reverse CTCCTTAATGTCACGCACGAT 

GAPDH Mus 

musculus 

Forward AGGCCGGTGCTGAGTATGTC 

Reverse TGCCTGCTTCACCACCTTCT 
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Table S2.2. Primers used for ChIP 

 

 

 

 

 

 

 

 

Name Species Sequence 

eNOS Homo 

sapiens 

Forward AGCCAATTCCCTTCTCAGTG 

Reverse GCCCGCAGTATTCCTCTTATG 

eNOS Mus 

musculus 

Forward GACACTTGACAGGATTGGAGG 

Reverse ACAATGGGACAGGAACAAGG 

KLF2 Homo 

sapiens 

Forward CTGGAGTGTAGTGGTGTGATTGTATC 

Reverse CTAAATTTAGCCGCGGTATATAAGCC 

KLF2 Mus 

musculus 

Forward ATTACCCTCTTGCTTTCTCCAG 

Reverse TCACCTCCCACAAACATACAC 

TM Homo 

sapiens 

Forward CTCCTTGCGATCCTGTCTTC 

Reverse CAGCCCTCTTTCATCTCTTGG 

TM Mus 

musculus 

Forward GCCCTAGTATTGTTTCCCCTG 

Reverse ACACTCACACTCACACTTCC 
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Chapter 3 

AMPKα2 exerts its anti-inflammatory effects through PARP-1 and Bcl-6 

3.1 Introduction  

Toxins, disturbed blood flow, hyperlipidemia, and hyperglycemia often elicit 

vascular inflammation by triggering the expression and release of proinflammatory 

cytokines such as TNF-α and IL-1β to increase the expression of adhesion molecules and 

chemoattractants such as vascular cell adhesion molecule-1 (VCAM-1) and monocyte 

chemotactic proteins (MCP) in endothelial cells (ECs) 
1, 2, 3

.  Inhibition of these cytokines 

mitigates endothelial inflammation.  For example, clinical trials using anti-TNF-α 

monoclonal antibodies (mAbs) to treat various inflammatory diseases not only alleviates 

the targeted diseases, but also improves vascular function 
4, 5

.  AMP-activated protein 

kinase (AMPK), which is activated under various environmental and metabolic stresses, 

exerts anti-inflammatory effects on vasculature, in part through inhibition of 

chemoattractants and adhesion molecules by regulating STAT3, NF-κB, and p300 

pathways 
6, 7, 8, 9

.  

Poly [ADP-ribose] polymerase 1 (PARP-1) is an abundant and ubiquitous nuclear 

protein that uses NAD
+
 to synthesize poly(ADP)-ribose (PAR) to "PARylate" itself and 

other nuclear proteins 
10

.  PARP-1 also acts as a transcriptional regulator via direct 

interaction of its zinc finger domains with the sequence TTGATATAAAT within target 

genes
 11

.  PARP-1 is involved in multiple cellular functions, e.g., repair of DNA single- 

and double-strand breaks, mitosis, cell fate after genotoxic insults, etc. 
11, 12, 13, 14, 15

.  

PARP-1 knockdown is anti-inflammatory since it acts as a co-activator of NF-κB-
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mediated transcription to activate pro-inflammatory pathways such as p38 MAPK and 

JNK, and inhibit B cell lymphoma-6 (Bcl-6)-exerted anti-inflammatory function 
11, 15, 16

.  

In vivo, PARP-1 knockout mice are protected from septic shock and hyperglycemia-

induced endothelial dysfunction 
17, 18

.  Furthermore, reduction of atherosclerosis has been 

found in PARP-1 knockout mice in ApoE-null background 
19

.  

The transcriptional repressor Bcl-6 contains a C-terminal zinc finger domain, a 

central domain that interacts with the histone deacetylases, and an N-terminal poxvirus 

and zinc finger (POZ) domain that associates with various co-repressors 
20, 21

. 

Dissociation of Bcl-6 from apo-peroxisome proliferator-activated receptor (PPAR)-δ 

promotes Bcl-6 promoter binding and inhibition of MCP-1, MCP-3, and macrophage 

inflammatory protein (MIP)-1β in macrophages 
22, 23

.  PARP-1 represses Bcl-6 

transcription by sequence-specific binding to the first intron of the Bcl-6 gene, and 

PARP-1 knockdown induces the expression of Bcl-6 
11

.  

Because the DNA binding domain of PARP-1 has a consensus sequence for 

AMPK phosphorylation and the activated AMPK is anti-inflammatory, we proposed that 

AMPK facilitates PARP-1 suppression of Bcl-6.  Thus, this study investigates (1) the 

effects of AMPK phosphorylation of PARP-1 on its DNA binding, (2) increase in Bcl-6 

expression by the dissociation of phosphorylated PARP-1 from the Bcl-6 intron 1, and (3) 

suppression of inflammatory genes by the increase in Bcl-6.   

3.2 Materials and methods 

3.2.1 Kinase assay 
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AMPK kinase assays were conducted in 50 mM HEPES, 0.375 mM AMP, 0.375 mM 

ATP, 9 mM MgCl2, 11 pM AMPK, and two micrograms of target protein in a 50 µl 

reaction volume at 37
o
C for 1 hr.  Proteins were then resolved using SDS PAGE 

electrophoresis followed by Coomassie blue staining and autoradiography.  Identical 

reaction conditions were used if the substrate for the reaction was a peptide 

(corresponding to PARP-1 residues 171 to 183).  However, reactions were terminated by 

blotting samples onto whatman filter paper, and rinsed three times in 1% phosphoric acid.  

Individual filter papers were then washed in acetone and allowed to air dry for 5 min.  

Filter papers were then placed into separate scintillation vials and 1 ml scintillation buffer 

was added just prior to taking measurements on a Beckman LS 6500 scintillation counter.   

 

3.2.2 Genomic DNA isolation 

Cells were lysed in 10 mM tris pH 7.4, 1 mM EDTA, 1 mM EGTA, 1mM NaF, 

20 mM Na4P2O7, 2 mM Na3VO4, 0.1% SDS, 0.5% Sodium Deoxycholate, 1% Triton X-

100, 10% Glycerol, 1mM PMSF, and protease inhibitors.  Cell lysates were phenol 

chloroform extracted and the RNA was removed with the addition of RNase A suspended 

in 20 mM Tris pH 7.4.  After an hour incubation at 37
o
C, reactions were extracted with 

phenol chloroform, precipitated with an equal volume of isopropanol and a 1/10 volume 

of potassium acetate, and re-suspended in 50 µl nuclease free H2O.   

 

3.2.3 Bcl-6 reporter construct and luciferase assay 

The two Bcl-6 promoters were sub cloned into PGL4.17 using freshly isolated 

genomic DNA.  The full length promoter sequence was amplified using Phusion HF 
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polymerase with the forward primer sequence: TTT CTC CTT CTT CTC TAC CCC 

CCC and reverse primer sequence: TAG ATA CAC ATA GAA AAC TTG GAG CC.  

The PARP-1 deletion construct is a truncated version of the full length in which the 

sequence cloned ends just prior to the PARP-1 binding site according to the following 

reverse primer: TCG GCA TTT ATT TTA ACA CCT GAC AG.  The same forward 

primer was used to generate the truncated promoter.  The full length Bcl-6 promoter or 

the truncated mutant were transfected into HUVEC cells using lipofectamine 2000 

reagent (Invitrogen) according to the manufacturer’s instructions.  β-galactosidase control 

plasmid was also transfected equally into all cell groups as a loading control.  Cell lysates 

were aliquoted into a 96 well plate and the reactions were started with the addition of 

either luciferase substrate or β-Galactosidase substrate.  Luminescence was measured 

using a plate reader set to count photons for 5 seconds per well.   

 

3.2.4 DNA Pull down 

PARP-1 binding sequence 

(ATCTATTGATATAAATGTATCTATTTATTGATTCTAGCTG and its compliment 

CAGCTAGAATCAATAAATAGATACATTTATATCAATAGAT) located in the first 

intron of Bcl-6 were synthesized and biotinylated in the 5’ end by Integrated DNA 

Technologies.  The DNA sequence was immobilized onto streptavidin conjugated 

dynabeads (Invitrogen) according to the manufacturer’s instructions and then washed 

several times in buffer B-100 (20mM HEPES pH=7.4, 100mM KCl, 10% glycerol, .01% 

Triton X-100, 1 mM PMSF, protease inhibitors).  Cells were lysed in buffer B-100 and 

the resulting cell lysates were incubated with the DNA conjugated dynabeads overnight 



68 
 

at 4
o
C.  The beads were then washed three times with B-100 prior to analyzing bound 

proteins with SDS-PAGE followed by immunoblotting.   

 

3.2.5 ChIP assay 

Following cell treatment, protein was cross linked to DNA with the addition of 

formaldehyde.  Cells were washed three times with phosphate buffer saline (PBS) and 

then scraped from the surface of the plate in 500 µl FA lysis buffer (50 mM HEPES-

KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Sodium 

Deoxycholate, 0.1% SDS and Halt Protease inhibitors).  Resulting cell lysates were 

sonicated with a Bioruptor 200.  Target proteins were immunoprecipitated overnight at 

4
o
C with protein A conjugated sepharose beads in the presence of desired antibody.  The 

beads were washed three times with wash buffer (0.1% SDS, 1% Triton X-100, 2 mM 

EDTA pH 8.0, 150 mM NaCl, 20 mM Tris-HCl pH 8.0) and eluted in 100 µl elution 

buffer (1% SDS, 100 mM NaHCO3).   All DNA samples were purified using Qiagen 

PCR purification kit prior to qPCR analysis.  Primers used for qPCR analysis of 

immunoprecipitated DNA can be found in supplementary table 2.  

 

3.2.6 Co-Immunoprecipitation 

Co-Immunoprecipitation was conducted according to standard protocols.  Following 

lysing the cells in 50 mM HEPES pH= 7.4, 140 mM NaCl, 1 mM EDTA, 1% Triton X-

100, 0.1% Sodium Deoxycholate, 0.1% SDS and Halt protease inhibitors, proteins of 

interest were immunoprecipitated under gentile agitation at 4
o
C overnight with protein A 

conjugated sehparose beads bound to the targeting antibody.  Beads were then washed 
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with 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM NaCl, and 20 mM Tris 

followed by the addition of Lamelli sample buffer prior to boiling at 100
o
C in preparation 

for immunoblotting.   

 

3.2.7 Immunoblot 

Following treatment, cells were lysed in 10 mM tris pH=7.4, 0.1M NaCl, 1 mM 

EDTA, 1 mM EGTA, 1mM NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 0.1% SDS, 0.5% 

Sodium Deoxycholate, 1% Triton X-100, 10% Glycerol, 1mM PMSF, Protease 

inhibitors.  Resulting cell lysates were subjected to SDS-PAGE analysis and 

immunoblotting with standard protocols.   

 

3.2.8 Immunofluorescence 

Immunofluorescence experiments were conducted according to standard protocols.  

Briefly, cells were fixed with paraformaldehyde for 10 minutes before blocking with 5% 

goat serum, 0.05% Tween-20, 0.1% glycine, 3 mM EDTA, 150 mM NaCl, pH= 7.4.  

After several washes with TBST, samples were incubated with primary and secondary 

antibodies and images were generated using a Zeiss 510 confocal microscope.   

 

3.2.9 Monocyte binding assay 

Monocyte binding assays were conducted using a Cytoselect adhesion assay kit 

according to the manufacturer’s instructions.  Briefly, cells cultured in a monolayer were 

transfected with control RNA, AMPK siRNA, or Bcl-6 siRNA.  Following treatment, 

cells were incubated with fluorescent labeled THP-1 cells for 1 hour.  After several 
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washes, images were taken using a Nikon fluorescence microscope.  Following imaging, 

cells were lysed and fluorescent measurements were recorded using a plate reader.   

 

3.2.10 qPCR 

RNA was purified using TRIzol reagent from Life technologies.  2µg RNA was 

converted to cDNA using Promega reverse transcriptase according to the manufacturer’s 

instructions.  CDNA was then quantified via qPCR using cyber green qPCR master mix 

purchased from Bio-Rad.  Results were calculated using the Δ-Δ ct method.  Primers used 

for qPCR analysis can be found in the tables below: 

 

 

3.2.11 Cell Culture 

Cell were cultured in DMEM (Thermo Scientific cat # SH3024301) supplemented with 

10% FBS and Primocin antibiotic (InvivoGen cat# ant-pm-1).  Upon transfection, the cell 

medium was replaced with OMEM (Life Sciences cat# 31985-070).  Equal 

concentrations of siRNA or plasmid were delivered to the cells with Lipofectamine 2000 

(Life Sciences cat# 11668-019) according to the manufacturer’s instructions.    

 

 

3.2.12 Statistics 

Statistical analysis was conducted on all data sets represented.  Data are expressed as 

means ± SEM (n = at least 3).  Comparisons of mean values between 2 groups were 

evaluated using a two-tailed Student’s t test, Wilcoxon signed-rank test or Mann-Whitney 

U test. When more than 2 groups of normal distribution were evaluated an ANOVA was 

http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=31985070
http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=11668019
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performed along with a Bonferroni or Tukey post-hoc test.  Unless otherwise indicated, 

*p<0.05 was considered statistically significant.   

 

3.2.13 Transfection 

For transfection, cells were grown to 50% - 60% confluency followed by treatment with 

siRNA and Lipofectamine 2000 in reduced serum medium. Four hours after transfection, 

the medium was changed to fresh complete medium and cells were kept in culture for 72 

hours before experimentation.  

 

3.2.14 Fluid Shear Stress  

The parallel-plate flow channel was used to conduct shear stress experiments. Cells were 

exposed to a laminar flow at 5 dyne/cm
2
 for 6 h, and then the magnitude of shear stress 

was increased to 12 dyne/cm
2
 for different time intervals.  

 

3.3 Results 

3.3.1 AMPK Phosphorylation of PARP-1 attenuates its binding to the Bcl-6 intron 1  

Analysis of PARP-1 protein revealed an AMPK phosphorylation consensus 

sequence at Ser-177 in its DNA binding domain (Fig. 3.1A).  Negatively charged PO4
-
 

incorporation onto this domain would create electrostatic repulsion and reduce the 

affinity of PARP-1 for DNA.  Thus, we postulated that phosphorylation may suppress 

PARP-1 binding to the conserved first intron of Bcl-6 
11, Fig. 3.1B

.  To investigate whether 
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AMPK can phosphorylate PARP-1, in vitro kinase assays were performed using active 

AMPKα2, PARP-1, and [γ-
32

P]ATP.  Autoradiography showed [
32

P] incorporation onto 

PARP-1 (Fig. 3.1C).  Further, in vitro kinase assays showed that a peptide with S177A 

substitution was not able to cause such phosphate incorporation, which occurred using a 

peptide identical to the native PARP-1 sequence spanning Ser-177 and the SAMS 

peptide, a standard AMPK substrate (Fig. 1D).   

We next examined whether AMPK-phosphorylated PARP-1 modulates PARP-1 

binding to the Bcl-6 intron 1.  Chromatin immunoprecipitation (ChIP) assay using 

primers to the PARP-1 binding site in the Bcl-6 intron 1 (table S3.2) showed that AICAR 

or metformin decreased PARP-1 binding to the Bcl-6 intron 1 in HUVECs (Fig. 3.1E).  

Similar results were observed with wild-type (WT), but not AMPK-null, MEFs (Fig 

3.1E).  To further validate regulation of PARP-1 binding by AMPK phosphorylation, a 

biotinylated nucleotide segment of Bcl-6 intron 1, including the PARP-1 binding 

sequence, was conjugated to streptavidin beads to pull out PARP-1 from cell lysates.  

Phosphorylation by AMPK should decrease PARP-1 affinity for the nucleotide sequence.  

As expected, AICAR decreased PARP-1 binding to the DNA sequence in WT but not in 

AMPK-null MEFs (Fig. 3.1F).  To determine if phosphorylation of PARP-1 Ser-177 

mediates interaction between PARP-1 and the Bcl-6 intron 1, we overexpressed the WT 

PARP-1, dephosphomimetic S177A, or phosphomimetic S177D PARP-1 mutants in 

HUVECs.  ChIP assays (Fig. 3.1G) revealed that binding of PARP-1 S177D to Bcl-6 

intron 1 was weaker than that of PARP-1 S177A with or without AICAR treatment.   

3.3.2 AMPK phosphorylation of PARP-1 leads to Bcl-6 transactivation 
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Because Bcl-6 transcription is inhibited by PARP-1 binding to its intron 1 (11), 

we reasoned that AMPK-induced phosphorylation of PARP-1 Ser-177 may affect Bcl-6 

transactivation. Hence, we constructed a luciferase reporter Bcl-6-Luc driven by the Bcl-

6 promoter conjugated to its native intron 1 and a mutant Bcl-6-Luc(Δ) reporter with the 

PARP-1 binding sequence deleted.  As shown in Fig. 3.2A, AICAR and metformin 

increased the luciferase activity in HUVECs transfected with Bcl-6-Luc reporter.  Adding 

the AMPK inhibitor Compound C with metformin blocked the luciferase activity.  In 

contrast, HUVECs transfected with Bcl-6-Luc(Δ) maintained a high level of 

luminescence regardless of treatments.  Parallel ChIP experiments (Fig. 3.2B) using 

primers specific to Bcl-6-Luc revealed that AICAR or metformin decreased the binding 

of PARP-1 to the Bcl-6 intron 1 compared to control and metformin + Compound C.  The 

binding of PARP-1 to Bcl-6-Luc(Δ) was much less than Bcl-6-Luc under all conditions.  

To further confirm that AMPK phosphorylation of PARP-1 leads to Bcl-6 transcription, 

the Bcl-6-Luc-transfected HUVECs were infected with a virus encoding constitutively 

active AMPK (Ad-AMPK-CA) or a dominant negative form of AMPK (Ad-AMPK-DN).  

Bcl-6-Luc luciferase activity was greater in HUVECs infected with Ad-AMPK-CA than 

Ad-AMPK-DN; it was also higher in HUVECs transfected with phosphomimetic PARP-

1 S177D than the PARP-1 S177A mutant (Fig. 3.2C).   

Since AMPK phosphorylation of PARP-1 increased Bcl-6 transcription, we 

measured endogenous Bcl-6 mRNA level upon AMPK activation.  Consistent with the 

luciferase activity assay using the Bcl-6 reporter constructs, AMPK activation by 

metformin (Fig. 3.2D) or AICAR (Fig. 3.2E) increased Bcl-6 mRNA levels in HUVECs.  



74 
 

AMPKα siRNA transfection abolished this induction (Figs. 3.2D & 3.2E).  Importantly, 

PARP-1 knockdown increased the level of Bcl-6 mRNA irrespective of treatment (Fig. 

3.2F).  Metformin and AICAR also increased Bcl-6 protein level (Figs. 3.2G & 3.2H), 

and this was blocked upon AMPK inhibition with Compound C (Fig. 3.2G) or AMPK 

knockdown (upper panel, Fig. 3.2H).  Consistent with the results in Fig. 3.2F, PARP-1 

knockdown produced a sustained increase in Bcl-6 (lower panel, Fig. 3.2H).  To 

demonstrate the effects of PARP-1 Ser-177 phosphorylation on Bcl-6 expression, we 

overexpressed the WT PARP-1, dephosphomimetic S177A, or phosphomimetic S177D 

in HUVECs.  AICAR increased Bcl-6 expression in cells overexpressing WT PARP-1, 

but not in those expressing the S177A mutant (upper panel of Fig. 3.2I).  PARP-1 S177D 

still sustained high levels of Bcl-6 expression under AICAR treatment (lower panel of 

Fig. 3.2I).  Together, the data in Figs. 1 and 2 suggest that AMPK phosphorylation of 

PARP-1 at Ser-177 decreases the binding of PARP-1 to the Bcl-6 intron 1, thereby lifting 

the transcriptional repression of Bcl-6 mRNA.   

3.3.3 AMPK-dependent induction of Bcl-6 inhibits VCAM-1, MCP-1, and MCP-3 

transcription  

Bcl-6 is a transcriptional repressor of several adhesion molecules and 

inflammatory mediators, including VCAM-1, MCP-1, and MCP-3 
23, 24

.  Using ChIP, we 

observed increased Bcl-6 binding to the promoters of VCAM-1, MCP-1, and MCP-3 in 

HUVECs treated with AICAR or metformin, but not when AMPKα had been knocked 

down (Fig. 3.3A).  Further, AICAR and metformin attenuated the mRNA expression of 

VCAM-1, MCP-1, and MCP-3, except when AMPKα was knocked down (Fig. 3.3B).  
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To verify that AMPK modulates this Bcl-6-induced transcriptional repression via PARP-

1, we knocked down PARP-1 to increase Bcl-6 expression, as illustrated in Fig. 2H.  This 

led to inhibition of VCAM-1, MCP-1, and MCP-3 expression (Fig. 3.3C).  In 

complementary experiments, knockdown of Bcl-6 enhanced the expression of VCAM-1, 

MCP-1, and MCP-3, with or without metformin  (Fig. 3.3D).   

To confirm that AMPK phosphorylation of PARP-1 at Ser-177 suppresses these 

inflammatory genes, PARP-1 was knocked down in MEFs, which were then transfected 

with an MCP-1 promoter luciferase reporter together with the WT, S177A, or S177D 

PARP-1 constructs.  After also infecting the cells with Ad-AMPK-CA or Ad-AMPK-DN, 

the MCP-1 promoter activity decreased in cells expressing activated AMPK and WT 

PARP-1 (Fig. 3.3E).  MCP-1 promoter activity was higher in MEFs expressing S177A 

than those expressing S177D (Fig. 3.3E), regardless of co-expression of AMPK-CA or 

AMPK-DN.  These results suggest that PARP-1 phosphorylation at Ser-177 plays a 

crucial role in suppressing MCP-1 transcription.  Because VCAM-1, MCP-1, and MCP-3 

are involved in recruiting monocytes to ECs, we investigated the AMPK-PARP-1-Bcl-6 

cascade effect on monocyte recruitment to ECs.  As illustrated in Figs. 3.3F and 3.3G, 

monocyte adherence was prevented by AICAR and metformin, but increased by 

Compound C.  Consistent with these findings, AMPKα and Bcl-6 knockdowns were 

associated with excessive monocyte-EC adhesion, while PARP-1 knockdown attenuated 

monocyte adhesion.  The data in Fig. 3.3 suggest that the AMPK-induced 

phosphorylation of PARP-1 at Ser-177 reduces VCAM-1, MCP-1, and MCP-3 

expression, thus attenuating monocyte recruitment to ECs.   
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3.3.4 Pulsatile shear stress induces the AMPK-PARP-1-Bcl-6 anti-inflammatory 

cascade 

In the vasculature, ECs are subjected to various types of blood flow patterns.  In 

particular, pulsatile flow (PS) activates AMPK 
25

 and is associated with anti-

inflammatory effects 
6, 7, 8, 9

.  To explore the beneficial effect of the AMPK-PARP-1-Bcl-

6 pathway under flow conditions, we examined the effects of PS on transactivation of 

Bcl-6 and inhibition of VCAM-1, MCP-1, and MCP-3.  ChIP experiments confirmed that 

PS reduced PARP-1 binding to the Bcl-6 intron 1 (Fig. 3.4A) to induce Bcl-6 in ECs, but 

not when AMPKα was knocked down (Fig. 3.4B).  As expected, PS also increased Bcl-6 

binding to VCAM-1, MCP-1, and MCP-3 promoters and repressed their expression (Figs. 

3.4C & D).  These effects were reverted if AMPKα or Bcl-6 had been knocked down 

(Figs. 3.4C & D).  Consistent with these findings, PS reduced the MCP-1 promoter 

activity in ECs co-transfected with WT (Fig. 3.4E) or S177D PARP-1, but not S177A 

PARP-1.  In line with the results in Fig. 3.3G, PS also attenuated monocyte binding, but 

not when AMPKα and Bcl-6 had been knocked down.  PARP-1 knockdown led to 

inhibition of monocyte adhesion (Fig. 3.4F).  Furthermore, overexpression of PARP-1 

S177D in ECs increased, while PARP-1 S177A decreased, monocyte adhesion under 

both static and PS conditions (Fig. 3.4G).  Together, Fig. 3.4 confirms the role of PS-

activated AMPK in its phosphorylation of PARP-1 in ECs to prevent monocyte 

recruitment.   

3.3.5 The AMPK-PARP-1-Bcl-6 pathway in the vessel wall in vivo 
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We next investigated whether the AMPK-PARP-1-Bcl-6 anti-inflammatory 

cascade is functional in the vasculature in vivo.  Thoracic aortas were isolated from WT 

and AMPKα2
-/-

 mice with or without metformin administration.  ChIP assays indicated 

less PARP-1 bound to the Bcl-6 intron-1 in the aortas of metformin-treated WT than in 

the untreated control WT mice.  This difference in PARP-1/Bcl-6 binding was not seen in 

the AMPKα2
-/-

 mice (Fig. 3.5A).  Consistent with this finding, Bcl-6 mRNA and protein 

levels increased with metformin treatment in the aortas of WT, but not AMPKα2
-/-

, mice 

(Fig. 3.5B).  Because TNF-α is an inflammatory cytokine that mediates obesity-induced 

vascular inflammation, we tested whether metformin blocks TNF-α-induced VCAM-1, 

MCP-1, and MCP-3 expression.  Compared to TNF-α alone, TNF-α administration with 

metformin increased Bcl-6 binding to the VCAM-1, MCP-1, and MCP-3 promoters in the 

aortas from WT, but not AMPKα2
-/-

, mice (Fig. 3.5C) to decrease expression of VCAM-

1, MCP-1, and MCP-3 (Fig. 3.5D).  Together, these results demonstrate that the AMPK-

PARP-1-Bcl-6 anti-inflammatory cascade is functional in vivo.   

3.4 Discussion 

Aberrant activity and/or expression of PARP-1 are present in ECs under 

abnormally elevated levels of ROS, TNF-α, or angiotensin II to cause vascular 

inflammation (Mathews 2008, Los 2002, Zhu 2011).  Such pro-inflammatory conditions 

are linked to decreases in AMPK activity and Bcl-6 expression.  It has been shown that 

the binding of PARP-1 to the Bcl-6 intron 1 decreases Bcl-6 expression 
11

 and that 

PARP-1 knockdown or AMPK activation becomes anti-inflammatory in many cell types, 

including ECs.  Here, we report an anti-inflammatory pathway that links AMPK, PARP-
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1, and Bcl-6 together.  Our results indicate that AMPK phosphorylates PARP-1 at Ser-

177 to decrease its binding to Bcl-6 intron 1.  This decrease in binding increases Bcl-6 

expression promoting its function as a co-repressor to attenuate the transcriptional 

induction of pro-inflammatory molecules (e.g., VCAM-1, MCP-1, and MCP-3) in ECs.  

As summarized in Fig. 3.5E, AMPK activation and/or PARP-1 deficiency mediates an 

anti-inflammatory phenotype. The AMPK-PARP-1-Bcl-6 pathway deduced in this study 

plays a key role in the functional consequences of AMPK activation, PARP-1 

phosphorylation, and Bcl-6 induction to reduce inflammation in ECs.   

In lipid-laden macrophages, pro-inflammatory PPARδ sequesters Bcl-6 and 

prevents it from co-repressing MCP-1 and MCP-3 transcription 
22, 23

.  Deletion of PPARδ 

in transplanted bone marrow-derived macrophages increases the availability of Bcl-6 to 

lead to reduction of atherosclerotic lesion area in recipient mice 
22

.  Treatment with the 

PPARδ agonist GW0742 increases the free Bcl-6 level to inhibit angiotensin II-induced 

vascular inflammation 
29

.  Our current study demonstrates an alternative pathway in 

which AMPK phosphorylation of PARP-1 also leads to an increase in the level of Bcl-6.  

This notion is supported by the reduced atherosclerosis in both AMPKα1
-/-

/ApoE
-/-

 and 

PARP-1
-/-

/ApoE
-/-

 mice 
19, 30

.  Mechanistically, this pathway is supported by the current 

findings that AMPK phosphorylation of PARP-1 and knockdown of PARP-1 have 

similar effects on induction of Bcl-6 (Fig. 3.2H) and on inhibition of expression of 

inflammatory markers (Fig. 3.4D).  AMPKα2 has been reported to inhibit NF-κB to 

attenuate inflammatory cascades 
31

.  On the other hand, AMPKα1 has been suggested to 
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mediate the expression of pro-inflammatory cytokines or anti-apoptotic proteins via NF-

κB 
32, 33

.  Thus, it is likely that AMPKα2 phosphorylates PARP-1 with a higher affinity.   

NF-κB is a transcription factor that activates inflammatory genes including 

VCAM-1, MCP-1, and MCP-3.  Although AMPKα2 and Bcl-6 attenuate NF-κB activity 

8, 34
, it is unlikely that NF-κB plays a functional role in mediating Bcl-6 transactivation, 

given that the Bcl-6 promoter does not contain a “GGGACTTTCC” consensus NF-κB 

enhancer element.  Instead, PARP-1 may act as a transcriptional co-repressor by binding 

to the Bcl-6 intron 1 
11

, and dissociation of PARP-1 from Bcl-6 DNA would restore Bcl-6 

transcription to suppress NF-κB activity 
34

.  It is noted that ERK1/2 phosphorylation of 

PARP-1 at Ser-372 and Thr-373 is important for maximal PARP-1 enzymatic activity, 

and that JNK phosphorylation of PARP-1 mediates H2O2-induced cell death 
35

.  

However, since AMPK activation attenuates the ERK1/2 and JNK pathways 
36, 37

, it is 

unlikely that ERK1/2 and JNK are involved in mediating PARP-1 binding to the Bcl-6 

intron 1 and transactivation of Bcl-6.   

Metformin has been shown to improve an array of inflammatory events, including 

diabetes mellitus and post-surgical endotoxin induced inflammation 
38, 39

.  Further, 

AICAR administration provides anti-inflammatory effects in vascular cells in vitro and in 

vivo 
6, 9, 40

.   The non-uniform distribution of atheroma in the arterial tree underscores the 

importance of the local flow patterns in inflammation.  Athero-protective flow patterns 

often elicit anti-inflammatory phenotypes of endothelium.  Clinically, the pleiotropic 

effects of statin on the vessel are attributed to the anti-inflammatory effect and enhanced 

bioavailability of nitric oxide (NO).  A common effect of metformin, AICAR, athero-
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protective flow, and statin on ECs is AMPK activation 
25, 41, 42, 43

.  Thus, AMPK not only 

serves as a master regulator in energy homeostasis, but also a key player in anti-

inflammation. 

Since AMPK activation and/or PARP-1 deficiency mediates an anti-inflammatory 

phenotype, the AMPK-PARP-1-Bcl-6 pathway can be implicated in the intervention of 

other inflammation-related diseases such as metabolic syndrome and insulin insensitivity.  

For example, adipose tissue plays an integral role in endothelial inflammation through the 

release of TNF-α and subsequent expression of inflammatory cytokines and adhesion 

molecules exacerbating obesity-related vascular disease 
44

.  Consistent with our 

hypothesis, metformin exhibited the effects of the AMPK-PARP-1-Bcl-6 anti-

inflammatory cascade in adipocytes to mitigate TNF-α-induced inflammation (Fig. 3.S).   

As summarized in Fig. 3.5E, we demonstrate that PARP-1 remains bound to the 

Bcl-6 intron 1 to suppress the transcription of Bcl-6.  Upon activation of AMPKα2, 

PARP-1 becomes phosphorylated leading to its dissociation from the Bcl-6 intron 1.  This 

dissociation leads to transcriptional upregulation of Bcl-6 and subsequent co-repression 

of VCAM-1, MCP-1, and MCP-3 to maintain an anti-inflammatory phenotype.   
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Figure 3.1 

 

Fig. 3.1.  AMPK phosphorylates PARP-1 to decrease its binding to the Bcl-6 intron 

1   

(A) PARP-1 domains with conserved Ser-177 of the AMPK phosphorylation sequence.  

(B) Bcl-6 intron 1 with PARP-1 DNA binding sequence.  (C) Autoradiograph and 

Coomassie blue stain of PARP-1 in kinase assays using AMPKand [γ-
32

P]ATP. (D) 

Kinase assay with PARP-1 peptides containing Ser-177, S177A, or SAMS as control. (E) 

ChIP assay of PARP-1 binding to Bcl-6 intron 1 in HUVECs, AMPK
+/+ 

or 
-/-

 MEFs, 

treated with AICAR (1 mM) or metformin (1 mM).  (F) Bcl-6 intron 1 binding site used 

to pull-down PARP-1 from AICAR treated AMPK
+/+

 or 
-/- 

MEF cells. (G) ChIP using 

anti-FLAG to assess binding to Bcl-6 intron 1 in HUVECs transfected with FLAG-tagged 
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native, S177A, or S177D PARP-1 plasmids with control or AMPK siRNA; then treated 

with AICAR, metformin, or Compound C (20 nM).  * p < 0.05.  
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Figure 3.2 

 

Fig. 3.2.  Bcl-6 expression is enhanced by AMPK phosphorylation of PARP-1 

(A, B) HUVECs were transfected with Bcl-6-Luc or Bcl-6-Luc(Δ) constructs; then 

treated with AICAR, metformin (met), or metformin + Compound C for luciferase assay 

or ChIP using anti-PARP-1 and primers for Bcl-6-Luc or Bcl-6-Luc(Δ).  (C) HUVECs 

transfected with Bcl-6-Luc, infected with Ad-AMPK-CA or Ad-AMPK-DN, and co-

transfected with S177A or S177D for luciferase activity.  (D-F) Bcl-6 mRNA levels in 

HUVECs transfected with control, AMPK, or PARP-1 siRNA; then treated with met or 

AICAR.  (G) Bcl-6 expression in HUVECs treated with metformin or metformin + 

Compound C.  (H) Bcl-6 expression in HUVECs transfected with control, AMPK 

siRNA, or PARP-1 siRNA; then treated with AICAR.  (I) Bcl-6 and Flag-PARP-1 
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expression in HUVECs transfected with PARP-1, S177A, or S177D; then treated with 

AICAR or AICAR + Compound C.  * p < 0.05.   
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Figure 3.3 

 

Fig. 3.3.  AMPK induction of Bcl-6 attenuates the expression of VCAM-1, MCP-1, 

and MCP-3.   

(A-B) HUVECs were transiently transfected with control or AMPK siRNA; then treated 

with AICAR or metformin for 1 hr.  ChIP assays were performed to determine the 

binding of Bcl-6 to VCAM-1, MCP-1, and MCP-3 promoters (A), and the abundance of 

VCAM-1, MCP-1, and MCP-3 mRNA was analyzed using qPCR (B).  (C) HUVECs 

were transfected with control or PARP-1 siRNA, and levels of VCAM-1, MCP-1, or 

MCP-3 mRNA were determined.  (D) HUVECs were transfected with control or Bcl-6 

siRNA, and then treated with or without metformin.  Levels of VCAM-1, MCP-1, or 

MCP-3 mRNA were determined.  (E) HUVECs were transfected with the MCP-1-Luc 

reporter (50 nM).  After transfection, cells were infected with Ad-AMPK-CA or Ad-
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AMPK-DN (5 MOI) and lysed; luciferase activity was then measured.  (F) Effects of 

AMPK, PARP-1, and Bcl-6 knockdown and AICAR or metformin treatment on 

monocyte attachment to HUVECs.  (G) Quantification of the results in panel F.   * p < 

0.05.   
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Figure 3.4 

 

Fig. 3.4.  PS induces the AMPK-PARP-1-Bcl-6 pathway 

(A, B) HUVECs were transfected with control, AMPK, PARP-1, or Bcl-6 siRNA and 

then subjected to PS for 2 hr.  (A) shows ChIP assays for the binding of PARP-1 to the 

Bcl-6 intron 1 and (B) is the level of Bcl-6 mRNA.  (C) Cells were transfected with 

control, AMPK, or PARP-1 siRNA and subjected to PS for 2 hr.  ChIP was performed 

to determine the binding of Bcl-6 to VCAM-1, MCP-1, and MCP-3 promoters.  (D) Cells 

were transfected with control, AMPK, or Bcl-6 siRNA, and then subjected to PS for 2 

hr.  The VCAM-1, MCP-1, and MCP-3 mRNA levels were quantified.  (E) HUVECs 

were transfected with the MCP-1-Luc and FLAG-PARP-1, S177A, or S177D, and then 

subjected to PS, lysis, and luciferase activity measurement.  (F) Cells were transiently 

transfected with control, AMPK, PARP-1, or Bcl-6 siRNA, and then subjected to PS or 



95 
 

static conditions and quantification of monocyte attachment.  (G) Cells were transfected 

with FLAG-PARP-1, S177A, or S177D.  After PS treatment, the monocyte attachment 

was quantified.  * p < 0.05.   
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Figure 3.5 

 

Fig. 3.5.  AMPK regulates Bcl-6 transactivation and the subsequent repression of 

VCAM-1, MCP-1, MCP-3 in vivo 

(A-B) AMPK
+/+

 and AMPKα2
-/- 

mice were injected with saline (Ctrl) or metformin (200 

mg/kg) for 5 hr.  (A) The level of PARP-1 binding to the Bcl-6 intron-1 in extracted 

aortic tissues was analyzed using ChIP followed by qPCR.  (B) The levels of Bcl-6 

mRNA and protein were assessed using qPCR and immunoblotting, respectively.  (C-D) 

AMPK
+/+

 and AMPKα2
-/- 

mice were injected with TNF-α (25 µg/kg) alone for 5 hr or 

with TNF-α (25 µg/kg) for 1 hr followed by metformin (200 mg/kg) for 4 hr.  (C) The 

level of Bcl-6 binding to the promoters of VCAM-1, MCP-1, and MCP-3 in extracted 

aortic tissues was assessed using ChIP analysis followed by qPCR.  (D) mRNA levels for 
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VCAM-1, MCP-1, and MCP-3 were then assessed in the aorta using qPCR.  (E) A 

graphic illustration of the anti-inflammatory effect of the AMPK-PARP-1-Bcl-6 pathway.   
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Figure 3.S 

 

Fig. 3.S Metformin attenuates TNF-a induced VCAM-1, MCP-1, MCP-3 mRNA 

abundance through AMPK in adipose tissue in vivo  

(A-B) AMPK
+/+

 and AMPKa2
-/-

 mice were injected with TNF-a (25 mg/kg) alone for 5 

hr or 1 hr followed by metformin (200 mg/kg) for 4 hr. (A) The level of BcL-6 binding to 

the promoters of VCAM-1, MCP-1, and MCP-3 in extracted adipose tissues was assessed 

using ChIP analysis followed by qPCR. (D) mRNA levels for VCAM-1, MCP-1, and 

MCP-3 were then assessed in adipose tissue using qPCR. 
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Table S3.1. Primers used for qPCR 

 

 

Name Species Sequence 

Bcl-6 Homo 

sapiens 

Forward ACAGTGACAAACCCTACAAGTG 

Reverse TCCAGAGTGAATTCGAGTGTG 

Bcl-6 Mus 

musculus 

Forward ACCTGAAAACCCACACTCG 

Reverse CGAAAGCATCAACACTCCATG 

MCP-1 Homo 

sapiens 

Forward ATCAATGCCCCAGTCACC   

Reverse AAGACCCTCAAAACATCCCAG 

MCP-1 Mus 

musculus 

Forward GGTCCCTGTCATGCTTCTG 

Reverse TGGTTGTGGAAAAGGTAGTGG 

MCP-3 Homo 

sapiens 

Forward AGACCAAACCAGAAACCTCC 

Reverse GTCAGCACAGATCTCCTTGTC 

MCP-3 Mus 

musculus 

Forward CAAGAGCTACAGAAGGATCACC 

Reverse CACTGATTCTTGCAAAGTCCC 

VCAM-1 Homo 

sapiens 

Forward TGAATGGGAAGGTGACGAATG 

Reverse ACTTGACTGTGATCGGCTTC 



100 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VCAM-1 Mus 

musculus 

Forward ATCTCTTGTTTGCCTCGCTAG 

Reverse ACCATGTCTCCTGTCTTTGC 

GADPH Homo 

sapiens 

Forward ACATCGCTCAGACACCATG 

Reverse ATGACAAGCTTCCCGTTCTC 

GADPH Mus 

musculus 

Forward AGGCCGGTGCTGAGTATGTC 

Reverse TGCCTGCTTCACCACCTTCT 
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Table S3.2.  Primers used for ChIP 

Name Species Sequence 

Bcl-6 intron 1 Homo 

sapiens 

Forward CGCTCCCTTTTGTGCATTTAG 

Reverse TTCGGACTTTACCACTGCTAC 

Bcl-6 intron 1 Mus 

musculus 

Forward GGTGCCTAATACTCTAGCTGG 

Reverse TCCTCTCCTACCCATAAACTCG 

MCP-1 Homo 

sapiens 

Forward GCTTCCCTTTCCTACTTCCTG   

Reverse TGCTGTCTCTGCCTCTTATTG 

MCP-1 Mus 

musculus 

Forward AAAAGGATGCTACAGAGGAAGG 

Reverse CCAGAAGGGTCATGTAGGTAAC 

MCP-3 Homo 

sapiens 

Forward ATGTCTCTTTGTGGACTCGTG 

Reverse GTAGGTGAGGTAGGGTCTATGTAG 

MCP-3 Mus 

musculus 

Forward ATGCTGAGACCTGACACTAAAG 

Reverse GTTTCCTCTCCCTCTTTCTCTG 

VCAM-1 Homo 

sapiens 

Forward CTTATTTTTCCCTCCTTGTCTTTTAGTG 

Reverse CTCTATGTTCCTTTTCCCCCCAGTG 

VCAM-1 Mus Forward TTCTGATGGGCAAGCATTTTG 
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musculus Reverse GAAAGGACGTTGATGCAGAATG 

GAPDH Homo 

sapiens 

Forward ACATCGCTCAGACACCATG 

Reverse ATGACAAGCTTCCCGTTCTC 

GAPDH Mus 

musculus 

Forward AGGCCGGTGCTGAGTATGTC 

Reverse TGCCTGCTTCACCACCTTCT 
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Chapter 4 

Summary and Perspectives 

1. Introduction 

Endothelial function plays an integral role in maintaining vascular homeostasis.  

Shear stress induces mechano transduction pathways within the endothelium that 

ultimately results in circulating factors that exert anti-inflammatory and anti-oxidative 

effects on the vasculature.  In the studies presented here, AMPK activation by shear stress 

and pharmacological agents such as metformin positively regulates endothelial function 

by both increasing KLF2 and Bcl-6 transactivation through nucleolin and PARP-1, 

respectively.  Originating from a common kinase, these pathways maintain two 

interrelated but different components of endothelial homeostasis.  The 

AMPK/nucleolin/KLF2 pathway serves to regulate endothelial health by regulated redox 

and coagulation reactions through eNOS and TM.  Additionally, KLF2 maintains lineage 

differentiation of progenitor cells into functional endothelium.  The AMPK/PARP-1/Bcl-

6 anti-inflammatory cascade, on the other hand, culminates in the inhibition of VCAM-1, 

MCP-1, and MCP-3 to inhibit endothelial dysfunction.    

 

2. AMPK, PARP-1, and nucleolin in the diabetic setting 

Metformin is used to improve insulin sensitivity in type II diabetics.  However, an 

added benefit of metformin is the prevention of atherogenesis in part through its anti-

inflammatory effects 
1
.  We show that activation of the AMPK/PARP-1/Bcl-6 pathway 
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with metformin abrogates TNFα-induced vascular inflammation by inhibiting VCAM-1, 

MCP-1, and MCP-3 expression (Fig. 3.5). The inhibition of these molecules has an 

inhibiting effect on the pathogenesis of atherosclerosis.  Further typified by Type II 

diabetes associated with increased adiposity is the reduction in AMPK activation in 

response to exercise 
2
.  Metformin activated KLF2 transcription through the 

AMPK/nucleolin cascade results in KLF2 expression which can ultimately prevent 

atherogenesis through eNOS activation.  Together, these two pathways represent two 

axes activation of AMPK by metformin may utilize to promote endothelial health in 

patients with type II diabetes.      

 

3. AMPK in exercise conditioning 

Onset of exercise conditioning leads to activation of AMPK which down 

regulates inflammatory mediators.  Exercise is the most apparent life style modification 

that prevents and reverses vascular diseases.  In the context of vascular homeostasis, 

exercise increases cardiac output, which translates to increased blood flow and perfusion 

of the vasculature.  This shifts the deflection point at bifurcated vasculature regions to 

reduce the detrimental effects exerted by disturbed flow.  Mechano-sensitive endothelial 

cells lying downstream of branch points and bifurcations within the vasculature shift 

from responding to disturbed flow to laminar flow patterns.  However, the exact 

biochemical underpinnings involved in this transition are unknown.  Exercise, which is a 

metabolic stress, causes the activation of AMPK and may be responsible for enhanced 
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glucose uptake 
3
.  AMPK β1β2

-/-
 mice display defects in their ability to maintain 

mitochondrial content and glucose uptake during exercise 
4
.  Thus, it is hypothesized that 

the beneficial effects of exercise are mediated by AMPK 
3
.  Further demonstrated in this 

study is AMPK’s regulation of nucleolin to increase KLF2 expression and transcription 

activity on eNOS and TM genes.  Nucleolin’s involvement in the regulation of KLF2 

transactivation appears to be transient and involves early kinetics.  This mechanism has 

implications upon the onset of exercise causing a shift in the flow pattern deflection 

point.  Cells initially exposed to disturbed flow patterns experience a shift in the local 

hemodynamics to a pulsatile laminar flow pattern with resulting activation of the 

AMPK/nucleolin/KLF2 pathway.  This pathway aids to counteract oxidative stress and 

inflammation of the vasculature.  Likewise, activation of the AMPK/PARP-1/Bcl-6 

pathway is likely to result in reduced monocyte recruitment to endothelial cells located at 

branch points and bifurcations in the vasculature.  Together, these two pathways both 

positively influence endothelial health resulting from exercise conditioning.    

 

4. Nucleolin in the regulation of translation 

Here we present a mechanism by which AMPK activates KLF2 transcription 

through nucleolin.  However, nucleolin is a multifunctional protein that maintains a 

variety of cellular locations.  Primarily localized to the nucleolus, nucleolin plays an 

essential role in ribosome biogenesis.  Nucleolin export from the nucleolus results in 

deficient rRNA transcription, processing into functional ribosomes, and ribosome 
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assembly 
5
.   Consistently, AMPK suppresses translation 

6
.  Thus, the implication of PS 

induction of AMPK-nucleolin pathway is that AMPK, through phosphorylation of 

nucleolin, may blunt ribosomal biogenesis and assembly.  This effect may result in a 

decrease in general translation.  However, translation of mRNA’s that compete most 

efficiently for the recruitment of the available ribosomes, such as those essential for 

cellular survival and maintenance of energy homeostasis, may maintain their active level 

of translation.  Heavily tied to translation is the maintenance of mRNA stability.  

Cytoplasmically localized nucleolin binds to stem loop structures in the 3’ untranslated 

region of specific mRNA’s 
7
.  Therefore, the phosphorylation of nucleolin by AMPK is 

likely to induce release of nucleolin/mRNA interactions as it translocates into the nucleus 

to facilitate KLF2 transactivation.  The abandoned mRNAs may become destabilized 

facilitating their degradation.  This would ultimately remove unnecessary mRNAs from 

competing for a reduced pool of available ribosomes thus providing selectivity for 

translation of “necessary” mRNAs.  Thus, the relationship between AMPK and 

translation may occur through nucleolin by reducing ribosomal abundance and 

destabilizing specific mRNAs.   

 

5. Epigenetic functions of Nucleolin and PARP-1 

When localized to the nucleus, in addition to functioning as an upstream 

regulatory protein, nucleolin can influence chromatin remodeling.  Angelov et. al. 

reported that nucleolin not only possesses histone chaperone activity but can up regulate 

the activity of SWI/SNF which promotes chromatin remodeling 
8
.  Further, nucleolin 
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depletion impacts histone dynamics by altering the dissociation constant rate of H2B and 

H4 
9
.  Therefore, it seems plausible that AMPK can influence chromatin remodeling 

through the phosphorylation of nucleolin. Chromatin remodeling is an orchestrated 

process that involves histone and DNA modifications that reduce the interaction between 

histones and DNA.  For Example, Histone Acetyltransferases can acetylate histone N-

terminal tails resulting in reduced charge-charge interactions between histones and DNA 

10
.  PARP-1 has a similar effect by ADP-Ribosylating histone H1 

11
.  Finally, DNA 

methylation at CpG regions can result in chromatin condensation by recruiting methyl 

binding proteins to the local area.  However, once the intermolecular interactions between 

histones and DNA are released, repositioning histones can occur.  This remodeling 

process not only occurs in promoters but also in the open reading frame of genes for 

transcription activation.  Upon AMPK activation, it is likely that nucleolin can facilitate 

the movement or removal of histones from the promoters and open reading frames in the 

AMPK responsive transcriptome.   

 

6. Maintenance of the genome through Nucleolin and PARP-1 

It has also been reported that nucleolin is required for genome stability 
12

, it 

colocalizes with the DNA repair protein BRCA1 
13

, and associates with Telomerase to 

maintain telomere length 
14

.  Further, nucleolin is directed to the cell membrane in cells 

displaying cancer phenotypes 
15

.  Given AMPK activation promotes genome stability 
16

, 

it seems plausible that the phosphorylation of nucleolin by AMPK may influence DNA 

repair.  
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PARP-1 also plays an important role in epigenetic regulation and DNA repair.  By 

ADP-ribosylating H2A on K13, H2B on K30, and H3 on K27 and 37, and H4 on K16, 

PARP-1 influences chromatin remodeling 
11

.  Therefore, AMPK, by activating PARP-1 

17
, can promote chromatin remodeling of genes required to maintain cellular homeostasis.  

Similarly, ADP-ribosylation of histones is an important part of DNA repair, which 

PARP-1 is intimately involved 
18

.  Thus, in addition to the regulation of nucleolin, 

AMPK may promote DNA repair through the phosphorylation of PARP-1.   

Oxidative stress is a major factor resulting in dysfunctional endothelium at branch 

points and bifurcations in the vasculature 
19

.  Resulting from oxidative stress, an increase 

in single nucleotide polymorphisms, and single and double stranded breaks occurs 
19

.  In 

the vasculature, p53 is activated by pulsatile flow resulting in enhanced DNA repair, 

genome stability and endothelial health 
20

.  Responding to pulsatile flow or metformin, 

AMPK is activated resulting in phosphorylation of PARP-1 and nucleolin.   Because both 

of these enzymes can facilitate maintenance of the genome, it is plausible that they 

contribute to endothelial health by repairing DNA damage caused by oxidative stress.   

 

7. PARP-1 and inflammation 

In Chapter 3, we report that AMPK phosphorylation of PARP-1 results in 

dissociation of PARP-1 at the Bcl-6 intron 1.  This is analogous to PARP-1-deficient 

mice displaying reduced atherosclerosis lesion formation.  It has also been reported that 

AMPK can activate PARP-1 
21

.  PARP-1 activation is associated with an increase in 
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inflammatory related disorders with an associated increase in MCP-1 expression 
22

.  In 

our study, activation of AMPK has an overriding protective effect against the expression 

of MCP-1.  NF-κB is a transcription factor that is required for MCP-1 transactivation 
23

.  

AMPK, however, inhibits NF-κB signaling 
24

.  Taken together, AMPK can inhibit MCP-

1 expression by preventing NF-κB while promoting Bcl-6 binding to its promoter.  

VCAM-1 has a similar mechanism of regulation 
25

. 

Increased PARP-1 activity has been associated with the genotoxic levels of PAR.  

The enzyme Poly(ADP-ribose) glycohydrolase (PARG) recycles the PAR formed by 

PARP-1.  Under conditions where PARP-1 remains constitutively activated or hyper 

activated allowing the accumulation of PAR within the cell, PARP-1 may promote cell 

death pathways 
26

.  Therefore, the level of activation of PARP-1 in relation to PARG 

requires strict regulation.  However, PARP-1 activity is also beneficial because it is 

associated with DNA double stranded break repair.  Our data in chapter 3 indicates that 

AMPK phosphorylation of PARP-1 is beneficial to endothelial health. Although never 

reported, PARG contains an AMPK consensus sequence demonstrating that AMPK may 

regulate the activity of PARP-1 and PARG relative to each other to maintain PAR at safe 

levels.   

 

8. Bcl-6 in macrophages 

Chronic inflammation is correlated to atherosclerosis.  We report that Bcl-6 

activation in endothelial cells through the AMPK/PARP-1/Bcl-6 pathway results in an 

anti-inflammatory phenotype.  However, endothelial cells are subjected to a variety of 
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circulating factors including bone marrow derived macrophages 
27

.  Previous studies 

indicate that the phenotypic state of macrophages can contribute to atherogenesis 
28

.  

Transplantation of bone marrow from Bcl-6 knockout mice attenuates atherosclerosis 
29

.  

Further, PARP-1 and AMPK are both expressed in macrophages
30, 31

.  Although not 

tested, the AMPK/PARP-1/Bcl-6 anti-inflammatory pathway presented in chapter three 

may be intact in macrophages and contribute to an antiatherogenic phenotype.    

 

9. AMPK may regulate additional coactivators and corepressors of Bcl-6 

transcription 

Analysis of the Bcl-6 promoter revealed several sequences that are important for 

transcriptional regulation including a TATA box, a CACCC consensus sequence, an E-

box, GATA-1 sites, SP-1 sequence, and an AP-2 binding sequence.  Deletion studies 

conducted demonstrated that the first 657 nucleotides 5’ to the transcriptional start site 

significantly drove transcription 
32

.  E-boxes are recognized by a variety of transcription 

factors including the CLOCK-BMAL1 complex 
33

, c-Myc 
34

, MyoD 
35

, and E47 
36

.  

However, whether these proteins can regulate the Bcl-6 promoter have not been studied.  

On the other hand, the Forkhead transcription factor AFX can directly bind to the Bcl-6 

promoter inducing a 4-7 fold increase in Bcl-6 transactivation 
37

.  In response to 

Prolactin, Stat5a binding to the Bcl-6 promoter inducing its transactivation 
37

.  ZEB1 and 

CtBP, however, can form a repressive complex at the Bcl-6 promoter and ZEB1 is 

required for control of Bcl-6 expression 
38

.   
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Several transcription factors that bind to the Bcl-6 intron 1 may be governed by 

AMPK phosphorylation.  Although there are currently no reports that any of the KLF 

transcription factors can regulate Bcl-6 transcription, CACCC consensus sequences 

located in the Bcl-6 promoter are recognized by members of the KLF family of 

transcription factors.  Our data in chapter 2 indicates that AMPK can activate KLF2 

expression through Nucleolin.  Therefore, it is plausible that AMPK can regulate Bcl-6 

transactivation through the AMPK/nucleolin/Klf2 pathway.  The c-Myc binding protein 

contains an AMPK consensus sequence and is a major player that facilitates c-Myc 

binding to E-box sequences.  Further, nucleolin can corepress c-Myc transcription 

suggesting that the AMPK/nucleolin pathway (Chapter 2) may regulate c-Myc expression 

39, 40
.  Taken together, the phosphorylation of the c-Myc binding protein in addition to 

transcriptional suppression of c-Myc may result in transactivation of Bcl-6.  Further,  

MyoD contains an AMPK phosphorylation consensus sequence.  Therefore, 

phosphorylation of MyoD may be a contributing factor in the regulation of Bcl-6 

transcription by AMPK.  In summary, transcriptional regulation of the Bcl-6 promoter 

may involve an elaborate signaling network that heavily relies on AMPK signaling.   

 

10. Summary 

From the knowledge gained by this study as well as from literature, AMPK has 

emerged as a regulator of endothelial health through the phosphorylation and interaction 

with numerous factors.  The collective interpretation from our study as well as others 

demonstrates that a concerted effort between multiple transcription factors and chromatin 
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remodeling enzymes influence the transcription of KLF2.  Of importance, AMPK 

directly influences KLF2 transcription through the phosphorylation of nucleolin and by 

regulating the MEK5/ERK5/MEF2 pathway.  Complementing the anti-inflammatory 

phenotype due to KLF2 up-regulation, inhibition of PARP-1 binding to the Bcl-6 

promoter prevents VCAM-1, MCP-1, and MCP-3 expression and subsequent monocyte 

recruitment.  Others have reported that PPARδ sequesters Bcl-6 from binding to the 

MCP-1 and MCP-3 promoters 
41

.  We demonstrate an additional transcriptional 

regulation that influences Bcl-6 co-repressing MCP-1 and MCP-3 transactivation.  Taken 

together, our studies demonstrate the ability of AMPK to positively regulate endothelial 

health.   

AMPK has become a useful target for therapeutic intervention because it can 

regulate a variety of signaling pathways, all of which are beneficial for vascular health.  

Specifically, targeting PARP-1 for medicinal intervention may be detrimental to cellular 

health because PARP-1 inhibition or hyper-activation both have cytotoxic outcomes.  

AMPK, however, may provide a promising therapeutic link by influencing anti-

inflammatory outcomes on a system wide level.   
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