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1.3.3. TGN1412 M MABEL B

MABEL (Minimal Anticipated Biological
Effect Level) i, & b TR/NBEOA W E
BrELBLFHRENLHR. T2bb, v b
TORESHBOTRO L Z 212063 2 8
ETHH. b r@E#kS &% MABEL LT 28
ETHZET, WEBKRRRIC BT 268
RECEOBIZZENTEL L2002
(H8)e LUTFIZ, WMRIN—THb0MER
ZZ#%|2, TGN1412 ® MABEL iZ 2w T~
-

(1) ENEEE

MABEL D8 HIZ i3, M 5EESEE 2K
WO—DL i, BMRI/V—THo0HEH
Tid. R9WCRLAEBY, CD28D ¥ —
F == RS D Hifk D43 A5 201
KOV, B EELH IR AT ET 2,
EWVH RO B &, 0.1 mg/kg D TGN1412 %
BEH Shice b CRFEESEHRD CD28 0 5H X

06%12 % LBEHENTVE, ZDEHIC
BOWERNO SR ZRTRETIE, EEEHE
BRKBIZALTWwWZdDLELILNS,
TGNUM12D X ) T T2  EBREHOEE
oo T, MDA EA LA Lz & &
5L, AREBRETRETHAH (F10),
B EAEHS5~10% 2% 2 TGN1412 0 B
i&. 0.001 mg/kg BEEE %229,
2) ErEREAVERBOEE

TGN1412 L [{ CAR# Mk E 2 o~
AP F CD28 Hifk 5A.11 # W - BT,
E b THIRROMAARD 5N 2 HB/NEED0.1
ug/ml THh-7:%, Zhid. v bOmEDEE
Z25L, EX70kg:T5E. $0.0036
mg/kg X5 L7BEOBREIZHIET 2,
(3) BYERVERBRORE

XV APT v b CD28 HifkJI316 # /-
BR T, NOEL (No Observed Effect Level)
2¥< 03 mg/kg. FEHREE LR TERILEA1
~dmg/kg L ENTWwAE, LAaWNoT, oD
ABCR T2, EWENEESZD 5128/
B3, 03~1mg/kgTHhHrLEI LML,
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A safe starting dose in man should be driven by pharmacology & toxicology

MABEL Therapeutic Range Unacceptable Toxicity
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10 / 100 1000 10000
Min Effective Dose or Exposure
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Target occupancy (%)

TGN1412|1 L HCD28 S HFDOH
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Dose TGN1412 : 0.1 mg/kg

Body weight : 70 kg

Molecular weight TGN1412 : 150,000

Blood volume : 5L , Plasma volume : 2.5L

T lymphocyte count at baseline (before dosing) : 1.3 x 10° cells per L blood
CD28 receptors per T cell : 150,000 (Bryl et al. J. Immunol. 167, 3231, 2001)
Kd : 1.88 nM (TeGenero, information in public domain)

Binding affinity (Kd) = [A][BY[C]

[A] = free mAb .
[B] = free ligand A + Y P AY
[B] €]

[C] = mAB-ligand complex
A
AB/C = 1.88 W

Calculation

Total TGN1412 concentration in plasma immediately post-dosing
=0.1x70/150,000/2.5 x 10°= 18.7nM (A+C)

Total ligand (CD28) concentration exposed to plasma at baseline
=1.3 x 10° x 150,000 (receptors/cell) x 5/ Nax 1/25x10°=0.648nM (B +C)

= Drug-ligand concentration (C) immediately post-dosing = 0.587 nM
— Percentage CD28 receptors occupied by TGN1412 = 90.6%

< Expert Scientific Group Final Report (P.29) &4 &IZ1ER >
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WG HEE 90%

FURTZALCREBEYULEEILND

100—

ZEHSEE>10%

EESIOOR. MEMROCF~OR
B8, #ERFMERORNSIZE
S FI=A+TLHESLRD

S HEI0%
CD2BFI=AFTRELEALRDILANL
(A0.001 mg/kg IZHE4)

0.0001

Dose (mg/kg)
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5H D)%,

3H50% &5,

H9DL)ITENEFRLRKD L0013, BENGFORENBEMTRITELR S WIS,
B FHrEEP, BRI —ETRVIBRL YICHEETA2BE81E, FRIEBH TRV, #2
T, FEORNG TFORESRE SN MAOREL Y+ EVERETE 25613,
UToRXICEIWVENSEERZBMETE 2L shTws (B11 : BPOoBRIZEBOEEIC L

Ro=1/(1+Kd[nM]/ (187 [nM/mg/kg] x Dose [mg/kg])
B 21X, Kd[nM]® 200 53D 1 DIEIZHIET 2 B [mg/kgl # %5 s 754, IHOENSEFE

ENSHEOHMN

HNEORELN NG F (REF)ORESVTHBEEALLIELIL. ARLESEMND,

BTFORICEYRMESTELMETIOLNTES,

Kd [nM]

Fractional ligand occupancy (Ro)=1/(1+

187 [nM/mg/ kg] xDose [mglkg)

Body weight : 70 kg
Molecular weight : 150,000
Blood volume : 5L , Plasma volume : 2.5L

AB/C = Kd

A w=

(Al [B] [c]

A+C = Dose [mg/kg] x 70 [kg] / 150,000 / 2.5 x 10€

= 187 [nM/mg/kg] x Dose [mg/kg]

Ro = C/(C+B)

1/(1+B/C)

1/ (1+Kd/A)

1/ (1+Kd/(A+C))

1/ (1+Kd/(187xDose))

A>>BDEE A>>CEFALNDLHOT, A= A+C

CNLDFREN S, TGN1412 ® MABEL 12
0.001 mg/kgBELZZ2 6N 5, L7zdo T,
EMERSRBELTHEETEELS LRIZ.
NOAEL %= £#(23k® 51 72 0.1 mg/kg & H#k
LTEVWSOHETH S 0.001 mg/kg Th - 7=
tEzZ6Nhs (H12),

TGN1412 Dk bRIEREG R, A=21F
MG Sh7-REHETH 5 50 mg/kg &
NOAEL & LTHEHEN2 IL6 4 LoH 4

22 KA FEFROBE 2 ~TGN1412,

< Expert Scientific Group Final Report (P.30) &4 EIZFRL>
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TGN1412: MABEL dose calculation

Toxicology Pharmacology
NOAEL 50,0malkg MABEL
HED 16.0mg/kg -justify based on pharmacology

-Adjust for anticipated exposure in man
(not done)

-adjust for inter-species differences in
affinity / potency (not done)

Apply > 10-fold safety factor:  1.6mg/kg
Increased to 160-fold: 0.1mg/kg

In vitro T cell proliferation (0.1pg/m!) murine parent
to TGN1412 (5.11A1) = ~0.003mg /kg in man

Initial 10% receptor occupancy —0.001mg/kg in man

-adjust for anticipated exposure in man
-include anticipated duration of efiect
-adjust for inter-species differences in affinity / potency

l

|

“Maximum Recommended Starting Dose”

-define anticipated safety window based on NOAEL and MABEL
-appropriate safety factor based on potential risk

0.001maglkg
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JEREER) (B A1 1N7 b EED
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SOIERRER - BERRERE KO X HIXIT) r
MY AL oz BRIZE A2REHHR
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LAY A7 ERORED, FRKRBROR Y
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FEEFLETH D,

(2) FERRERABRICBIL T :
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Bo
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- TGN1412 X 3P L 7= 1E I #HE & R o Hifk
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mEREMRE OLEEREH T MY
YHRERORBEBITTAILICED, B |
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et 5z, B AEREORENL
HTHY., REBOEBLED, HLOBE
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15. SEOEZE
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LB E/7u—FLHETHY ., REMME
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lZBWTH, B v~ FOHEBIZ, FATH
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24 kit 4 FEIFER OB /s ~TGN1412,
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7xz0 V¥, GCSFRIL2%2EDHA +h A4
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A Central Role for Nicotinic Cholinergic Regulation of
Growth Factor-Induced Endothelial Cell Migration

Martin K.C. Ng, Jenny Wu, Edwin Chang, Bing-yin Wang, Regina Katzenberg-Clark,
Akiko Ishii-Watabe, John P. Cooke

Objective—An endothelial nicotimce acetylcholine receptor (nAChR) participates in atherogenesis and tumorigenesis by
promoting neovascularization. To date, the mechanisms of nAChR-mediated angiogenesis and their relationship to

angiogenic factors, eg, VEGF and bFGF, are unknown.

Methods and Results—Nicotine induced dose-dependent human microvascular endothelial cell (HMVEC) migration, a
key angiogenesis event, to an extent which was equivalent in magnitude 1o bFGF (10 ng/mL) but less than for VEGF

(10 ng/mL). Uncxpectedly, nAChR antagonism not only

abolished nicotine-induced HMVEC migration but also

abolished migration induced by bFGF and attenuated migration induced by VEGF. Transcriptional profiling identilied
gene expression programs which were concordantly regulated by all 3 angiogens (nicotine. VEGF, and bFGF). a notable
feature ol which includes corepression of thioredoxin-interacting protein (TXNIP), endogenous inhibitor of the redox
regulator thioredoxin. Furthermore, TXNIP repression by all 3 angiogens induced thioredoxin activity. Silencing
thioredoxin by small nterference RNA abrogated all angiogen-induced migration while silencing TXNIP strongly
induced HMVEC migration. Interestingly. nAChR antagonism abrogates growth factor (VEGF and bFGF)}mediated

induction of thioredoxin actuivity.

Conclusions—Nicotine promotes angiogenesis via stimulation of nAChR-dependent endothelial cell migration. Further-
more, growth factor-induced HMVEC migration, a key angiogenesis event. requires nAChR activation—an effect
mediated in part by nAChR-dependent regulation of thioredoxin activity. (Arterioscler Thromb Vasc Biol. 2007;27:

106-112.)

Key Words: nicotine m angiogenesis m endothelium m vascular endothelial growth factor m fibroblast growth factor

he nicotinic acetylcholine receptor (nAChR) is a pentam-

eric ligand-gated cationic channel.! The nAChR was first
described in neurons, but has recently been identified in many
cell types including endothelial cells (ECs) and vascular
smooth muscle cells.” Intriguingly, ECs also synthesize and
store acetylcholine.® Recently, we serendipitously discovered
that nAChR activation causes ECs to form capillary tubes in
vitro, and promotes angiogenesis in vivo.??

Pathological as well as physiological forms of angiogene-
sis are mediated by EC nAChRs. For example, by activating
the EC nAChR. nicotine accelerates tumor angiogenesis and
tumor growth in a murine Lewis lung cancer model.* The
acceleration of tumor growth by environmental tobacco
smoke is also mediated by nAChR-induced angiogenesis.
Furthermore. nAChR activation by nicotine stimulates the
neovascularization and progression of  atherosclerotic
plaque.* On the other hand. activation ol the nAChR in a
murine model of diabetic ulceration enhances wound angio-
genesis and healing.?

To date. the mechanisms of nAChR-mediated angiogenesis
and their relationship to established angiogenic growth fac-
tors, such as VEGF and bFGF. are unknown. We therefore
sought to study and compare the effects of nAChR activation
on EC migration, a key event in angiogenesis. alongside those
induced by VEGF or bFGF. In this article. we report an
unexpectled observation: pharmacological antagonism of the
nAChR fully blocks bFGF-induced EC migration, and sub-
stantially suppresses the endothelial response to VEGF.
Furthermore, by microarray analysis. we identify gene ex-
pression  progrums which are concordandy regulated by
nicotine, VEGF, or bFGF, and confirm the role of one of
these genes in the cholinergic component of growth factor-
induced endothelial cell migration.

Methods

For Methods. please refer to the Data Supplement. available online
at htip:/fatvb ahajournals.org.
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Figure 1. Role of nAChR in human microvascular endothelial
cell (HMVEC) migration. A, Representative microphotographs of
the HMVEC migration assay: after wounding of the monolayer
with a razor blade, HMVECs migrate into the denuded area. B,
Nicotine stimulates dose-dependent HMVEC migration which is
maximal at a nicotine concentration of 10~ mol/L (P<0.001 vs
control). C, Effects of hexamethonium (HEX), a nAChR antago-
nist, on HMVEC migration induced by nicotine (10°8 mol/L),
VEGF (10 ng/mL), and bFGF (10 ng/mL). Values are expressed
as a percentage of migrating cells per high-powered field in
vehicle-treated wells. *"F<0.001.

Results

A Cholinergic Component of Growth
Factor—-Mediated Endothelial Cell Migration

The effects of nicotine on human microvascular endothelial
cell (HMVEC) migration were studied using standard wound-
ing migration assays. Figure 1A depicts typical microphoto-

graphs of in vitro HMVEC migration in the presence ol

vehicle or nicotine. Nicotine stimulated EC migration in a
dose-dependent manner with maximal stimulation at 107

Cholinergic Regulation of Endothelial Cell Migration 107

mol/L. producing cell migration that was 216+9% that of
vehicle-treated ECs (P<<0.001 versus control. Figure 1B).
Stimulation with VEGF or bFGF also induced EC migration
with maximal effects at 10 ng/mL (data not shown). Nicotine-
induced EC migration at 10—" mol/L was equivalent in
magnitude to that observed for bFGF (10 ng/mL) but less
than for VEGF (10 ng/mL: P=NS for nicotine versus bFGF:
P<0.01 for nicotine versus VEGF; Figure IC). To further
investigate the effects of nAChR-dependent pathways on EC
migration. we studied the effect of the nAChR antagonist,
hexamethonium (HEX, 107" mol/L), on EC migration in-
duced by nicotine, VEGF, and bFGF. Hexamethonium abro-
gated nicotine-induced EC migration (Figure 1C). Unexpect-
edly, in addition to ubolishing NIC-induced EC migration.
HEX abolished migration induced by bFGF (P=NS versus
control) and reduced migration induced by VEGF (P<0.01
for VEGF+HEX versus VEGF alone; Figure 1C). Similar
results were observed with the nAChR antagonist,
mecamylamine (107" mol/L: supplemental Figure I). The
nAChR-related effect was dose-dependent: in the case of
VEGF, cell migration was aticnuated by 26+ 12%, 43+9%.,
and 52+ 12% by HEX concentrations of 10™* mol/L, 107"
mol/L, and 107" mol/L, respectively (P<0.05 lor trend).
Nicotinic receptor activation is known to stimulate EC
proliferation.* Interestingly. nAChR antagonism ulso signifi-
cantly atenuated VEGF- and bFGF-mediated EC prolifera-
lion as assessed by bromodeoxyuridine incorporation (sup-
plemental Figure II). The nAChR antagonist-related effects
were not the result of cellular toxicity as addition of hexa-
methonium or mecamylamine alone did not induce cell death
as examined via 3-[4.5-dimethylthiazol-2-y1]-2.5-diphenyl
tetrazolium bromide (MTT) assays. nor did mecamylamine or
hexamethonium induce apoptosis in VEGF- or bFGF-treated
cells as assessed by anncxin V staining (data not shown).

Previous in vitro and in vivo data have implicated a central
role for the #7-nAChR isoform in mediating nAChR-induced
neovascularization.” Consistent with this. selective inhibition of
the %7-nAChR isoform by =-hungarotoxin (10~ mol/L) abro-
gated nicotine effects (P=NS versus control) and significantly
attenuated bFGF and VEGF-induced EC migration by 50+ 11%
and 38+ 3%, respectively (P<<0.03 for stimulus versus stimulus
+ =-bungarotoxin; Figure 2A). We also studied HMVEC
#7-nAChR mRNA cxpression in response 1o nicotine, VEGF,
and bFGF over a 24-hour tme course. At | hour, nicotine,
VEGF, and bFGF all induced >10-fold downregulation of
#7-nAChR expression compared with vehicle-treated conditions
(P<<0.05 versus control for all angiogens; Figure 2B). However,
by 6 hours. there was significant upregulation of %7-nAChR
expression by nicotine (12%0).8-fold), VEGF (11 *1.3-fold), and
bFGF (4£0.2-fold: P<<0.001 versus control; Figure 2B). By 24
hours, HMVEC =7-nAChR expression in all conditions had
retumned to levels similar to control (P=NS versus control).
These data suggest that nicotine. VEGF, and bFGF induce acute
stimulation of =7-nAChR with subsequent early downregulation
of =7-nAChR expression by negative feedback followed by
upregulation at 6 hours, These findings are consistent with a role
for nAChR in growth factor signaling pathways.
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Figure 2. Role of the =7-nAChR isoform

in growth factor-mediated EC migration.

0Cantrol A, Effects of =-bungarotoxin (=-BT), a
ONicotine | specific inhibitor of the =7-nAChR iso-

form, on EC migration, Coadministration
of =-BT (107 mol/L) abrogated the
migragenic effects of nicotine (1078
mol/L; P=NS vs control) and significantly
attenuated the effects of bFGF (10
ng/mL) and VEGF (10 ng/mL). B, Effects
of nicotine, VEGF, and bFGF on EC
+7-nAChR expression at 1, 6, and 24
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Identification of Shared Transcriptional Responses
to Nicotine, bFGF, and VEGF by

Microarray Analysis

To further evaluate a cholinergic contribution to growth
factor—induced EC migration, and to identify commonly
regulated genes that may be required for HMVEC migration,
we performed microarray analysis of HMVECs after expo-

Treatment condition
e NiCcoling
— E(GF

FGF

L
=
&

Time (Hours)

hours as assessed by relative real-time
RT-PCR. "P«0.05; *"P<0.001 compared
with control.

sure to nicotine, VEGF, or hFGF. At 24 hours after trea
each of these stimuli induced profound transcriptional
changes in HMVECs (Figure 3), resulting in differential
expression of a total of 3072 genes uniquely identified by

{ment,

UniGene. as well as 312 expressed-sequence tags, all of
which were represented by 4070 nonredundant cDNA clones.

To study relationships between gene expression programs

Gene-Expression
Ratio

a2

Figure 3. Hierarchical cluster analysis of
transcriptional effects of nicotine, VEGF, or
bFGF in human microvascular endothelial
cells at 24 hours. A, Overview of the two
way (genes against conditions) hierarchical
cluster of 15 experiments (each condition
was studied in quintuplicate) and 4070 non-
redundant cDNA clones with significant
change in expression at 24 hours. Data from
ndividual elements or genes are represented
in rows and experiments in columns. Red
and green denote expression levels greater
or less, respectively, than control values.
Gray denotes technically inadequate or
missing data. The ntensity of the color

FAs LA R 3]
1L 1)

4

reflects the magnitude of the change from
baseline. The dendrogram above the matrix
represents similarities in patterns of expres-
sion between experimental samples. B
through G, Zoom boxes of concordantly
expressed gene clusters, whose location are
indicatec by vertical colored bars adjacent to
the dendrogram. Owing to space limitations,
only genes discussed in the text are indi-
cated by UniGene symbol,
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induced by nicotine, VEGF. or bFGF, data for all differen-
tially expressed genes at 24 hours were hierarchically clus-
lered by gene and by array, thereby organizing genes and
experimental samples on the basis of similarity of expression
patierns (Figure 3A through 3F).* The cluster dendrogram
shows that all 3 stimuli induced distinct wanscriptional
signatures which cluster within 3 distinct groups. but there is
a closer relationship between the VEGF- and bFGF-induced
expression profiles, which cluster together on the same
dendrogram branch (Figure 3A).

Within the distinct transcriptional profiles induced by nico-
tine. VEGF, or bFGF. we identified 6 clusters with concordant
gene expression (3 clusters of commonly activated and 3
commonly corepressed genes; Figure 3B through 3F). The
characteristics of these clusters provide insights into shared
cellular processes that may be requisite for angiogen-induced
cell migration. The first activation cluster (Figure 3B). the
“migraton cluster,” was enriched for genes associated with
cytokinetic processes including migration-associated G protein
signaling (Rho GTPase regulatory proteins and RIN2). integrin
binding (ERBB2IP and ADAMY), cell cycle regulation and
proliferation (RRM2. MDM2. AHR, MLLT4, and MUTYH).
NF-kB activaion (BCLIO and CASP8AP2), and migration-
associated oxidoreductase activity (LOX and ASPH). Signifi-
cantly, three Rho GTPase activating proteins (GAPs) including
ARHGAPS, ARHGAP2I1, and ARHGAP24 and one Rho
guanine nucleotide exchange factor (GEF), ARHGEF7. were
concordantly upregulated in this cluster. Rho GEFs and
GAPs, by respectively controlling the activation and inacu-
vation of small Rho GTPases (Cdc42 and Rac). regulate the
orchestration of cytoskeletal and adhesive changes during
cytokinesis.”

A smaller second coactivation cluster (Figure 3C) includes the
p21-activated kinase PAKI. an effector for the Rho GTPases
Rac and Cde42, that facilitates cell migration by coordinating
lormation of new adhesions at the leading edge of the cell with
detachment at the trailing edge.'" Other genes in this activation
cluster comprise zinc finger proteins and genes involved in
nucleic acid metabolism. Interestingly, all three angiogens in-
duced activation of the VEGF receptor, FLT1, an effect that was
stronger for bFGF-treated cells than for nicotine or VEGF
(Figure 3D, which contains 3 nonredundant ¢cDNA clones for
FLT1). In addition to the coinduction of FLT1 by all three
stimuli. we found that several isoforms of nAChR subunits are
upregulated by VEGF at 24 hours (supplemiental Table 1),
suggesting other potential synergistic interactions belween
VEGF and cholinergic signaling pathways.

The first repression cluster (Figure 3E) contains genes that are
strongly downregulated by bFGF, many of which are also
concordantly repressed by nicotine and VEGF. A dominant
theme among concordantly repressed genes 1s the downregula-
lion of chemokine genes (principally of CC class) involved
leukocyte chemotaxis (CCL2, CCL7. CCLS, CCL20. und
CX3CL). Another promincnt feature is the robust repression of
thioredoxin interacting protein (TXNIP) (Figure 3E). a protein
that hinds and inhibits thioredoxin. a major intracellular antiox-
idant. Other corepressed genes in this cluster have been impli-
cated in apoptosis (TNFRSFIB, EP300), signal transduction
(CD53, SQSTMI1). and cell adhesion (ICAMI). The second
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repression cluster (Figure 3F) included two Ephrin receptors:
EPHB4, a marker of venous differentiation and EPHA2, an
inhibitor of cell migration which suppresses integrin function.
Other genes within this group were associated with tumor
suppression, microtubular polymerization, and signal ransduc-
tion. The striking feature of the third cluster of corepressed genes
1s a strong enrichment for metallothioneins (MT1E, MTIF,
MTI1G, MTIL. MT1X. MT2A. and MT3; Figure 3G). Melal-
lothioneins (MTs) comprisc a superfamily of small cysteine-rich
proteins with high affinity for metal ions and antioxidant
activity. By serving as a cellular reservoir for zinc and copper.
MTs regulate the function of proteins requiring these metals
such as DNA and RNA polymerases, zinc finger transcription
[actors, and p53.'" Other genes in this cluster are involved in
diverse functions including cell proliferation/apoptosis (MYC,
ERCC2), lipid transport (PTLP), calcium ion transpor
(CACNAID), and actin binding (COTLI1).

In summary, the transcriptional signatures of nicotine, VEGF,
and FGF. while distinct, demonstrate many overlapping features.
By hierarchical cluster analysis. we have identilied a series of
shared angiogen-dependent EC (ranscriptional programs, with
implications for understanding shared mechanisms in EC
migration/angiogenesis.

Role of Thioredoxin Interacting Protein in the
Cholinergic Contribution to Growth
Factor—Induced EC Migration

As nAChR antagonism modulates VEGF- and bFGF-dependent
EC migration. we hypothesized that some of the transcriptional
effects shared by nicotine, VEGF, and bFGF may be nAChR-
dependent. Thioredoxin interacting protein (TXNIP), a gene nol
previously associated with EC migration, was downregulated by
all three angiogens. TXNIP 1s the endogenous inhibitor of
thioredoxin. Thioredoxin is o major redox regulator of protein
function increasingly implicated in tumorigenesis.'>** In mi-
croarray data from 3 nonredundant cDNA clones for TXNIP.
nicotine. VEGF, and bFGF consistently decreased TXNIP ex-
pression—a {inding confirmed by RT-PCR. which demonstrated
decreased expression by 42£4%, 33*6%, and 26+7% relative
Lo control, respectively (P<0.001 for all stimuli; Figure 4A). As
in vivo reduction of TXNIP expression in the order of 30% to
40% has been associated with >3-fold increases in thioredoxin
activity,” we hypothesized that TXNIP downregulation may
influence thioredoxin activity and play a role in angiogen-
mediated EC migration.

Using a standard assay for thioredoxin activity.'s we found
that addition of nicotine or VEGF induced thioredoxin activity
significantly above vehicle-treated cells (P<<0.001 versus con-
trol for all stimuli; Figure 4B). The addition of bFGF induced o
less robust (P<0.05 versus control) but significant increase in
thioredoxin activity (Figure 4B). Notably. coadministration of
hexamethonium inhibited nicotine-, VEGF-. or bFGF-induced
thioredoxin activity (Figure 4B: P<0.001 for each stimulus
versus stimulus + hexamethomium). Hexamethonium alone had
no significant effect on thioredoxin activity. Consistent with
these results, nAChR antagonism abrogated nicotine. VEGF.
and bFGF-mediated repression of TXNIP mRNA expression
(P=NS versus control for each stimulus + hexamethonium;
Figure 4A). Transfection of small interference RNA (siRNA)
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against thioredoxin abrogated nicotine-. VEGF-, or bFGF-
induced thioredoxin activity and abolished cell migraton in-
duced by nicotine. VEGF, or bFGF (P=NS versus control [or
each sumulus + siRNA; Figure 5A and 5B). Furthermore. in the
absence of angiogenic stimuli, siRNA against TXNIP signifi-
cantly stimulated thioredoxin activity (P<<0.0001 versus control;
Figure 6A) and strongly stimulated HMVEC migration (Figure
6B, P<0.0001 versus control). These studies indicate that
inhibition of TXNIP by cholinergic or growth factor activation
promaotes endothelial cell migration, via derepression of thiore-
doxin activity. Furthermore, VEGF- or bFGF-mediated regula-
tion of TXNIP expression is dependent on activation of nAChR
(Figure 4A).

Discussion
We report @ cholinergic contribution to growth factor-induced
endothelial cell migration. The salient observations are that: (1)
activation of nAChR induces EC migration similar in magnitude
to that observed for hFGF or VEGF; (2) antagonism of nAChR
markedly attenuates the migragenic effects of bFGF or VEGF on
ECs; (3) the nAChR-dependent ellects of bFGE and VEGF on
EC migration are due, in large part, to activation of the
«7-nAChR isoform; (4) nAChR activation induces a transcrip-
tional profile that has many overlapping features (o those
induced by bFGF or VEGF. particularly for genes involved in
EC migration; (5) downregulation of TXNIP with subsequent
induction of thioredoxin activity is shown to be important to the
migragenic effects exerted by each of the stimuli: (6) antagonism
of the nAChR abrogates VEGF- or bFGF-mediated regulation of
TXNIP expression. In toto, our findings identify a novel role for

g - Figure 4. Role of nAChR in growth fac-
tor-mediated regulation of TXNIP expres-
i T sion and thioredoxin activity in ECs.
! Effects of nicotine (107# mol/L), VEGF (10
ng/mL), and bFGF (10 ng/mL) with/with-

T out coadministration of hexamethomium
(107" mol/L) on TXNIP expression (A) and
on thioredoxin activity (B) in human
microvascular endothelial cells. Values
for thioredoxin activity are expressed as
a percentage of control (vehicle-treated
cells). “P<0.01.

the nicotinic cholinergic pathway in growth factor-mediated EC
migration, a critical event in angiogenesis,

Previous studies have demonstrated that ECs synthesize.
store. and release acetylcholine'® and  express  functional
nAChRs.* Increasing evidence suggests that such nonneuronal
nAChRs are involved in the regulation of vital cell functions,
such as mitosis, differentiation, organization of the cytoskeleton,
cell-cell contact, locomotion, and migration.!” Thus, acetylcho-
line. originally identified as a neurotransmitter, may function as
an autocrine factor that modulates migration of endothelial cells.
We and others have previously shown that exogenous nicotine,
at pathophysiologically relevant concentrations. promotes angio-
genesis in a number of in vivo settings, including inflammation.
wound healing, ischemia, tumor. and atherosclerosis.*7!* Fur-
thermore, inhibition of nAChR, in the absence of exogenous
nicotine. reduces the angiogenic response in vitro and i vivo,
indicating that there exists an endogenous cholinergic pathway
[or angiogenesis.® In contrast, recent work has shown that VEGF
and FOF, originally identified as angiogenic growth factors,
exert neurotrophic effects and promote neurogenesis.'®*" These
and other data suggest that there may be interdependence

.

between “vascular”™ and “neuronal” factors and processes.

In this study. we found that nicotine induced dose-dependent
nAChR-mediated EC migration which was maximal at concen-
rations consistent with those found in moderate smokers (107
mol/L). Surprisingly, coadministration of nAChR antagonists,
hexamethonium, or mecamylamine. significantly attenuated the
migragenic response of ECs (o both VEGF and bFGF. Although
several nAChR isoforms cexist, we have previously identified a
principal role for the =7-nAChR isoform in nAChR-mediated

A B Figure 5. Efeects of gene knockdown of thi-
o 200 300 oredoxin by small interference RNA (siRNA)
2 = *hk >k bt e i on induction of thioredoxin activity in human
2B ' 5 250~ e+ ., | microvascular endothelial cells (HMVECs) by
£ 5200 A % £ 200 on % | nicotine (107 mol/), VEGF(10 ng/mL), or
- b E_'na 150 - N %‘J ‘ bFGF (10 ng/mL) (A) and HMVEC migration
E ; 100 - i = - ;\\\ ? i induced by nicotine, VEGF, or bFGF (B).

e = - T 100 v \ ‘//’ ! Scrambled (randomly arranged) siRNA had
£ ) O g \ % i no efiect on thioredoxin activity or HMVEC

0= | & é | migration (data not shown). Values for thiore-

Nicotine - - + + - . L, Nicotine e B i mem doxin activity and migration are expressed
bFGF T . bFGF e e e as a percentage of control (vehicle-treated
VEGF " - e & VEGF L T cels). TXN indicates thioredoxin. "F=0.01;
SIRNA(TXN)- + -+ - + -+ SIRNA(TXN) Fowd = oW Ph0m.
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Figure 6. Efiects of gene knockdown of thioredoxin interacting
protein (TXNIP) by small interference RNA (siRNA) on thioredoxin
activity (A) and human microvascular endothelial cell (HMVEC)
migration (B). Scrambled (randomly arranged) siRNA had no effect
on thioredoxin activity or HMVEC migration (data not shown). Val-
ues for thioredoxin activity and migration are expressed as a per-
centage of control (vehicle-treated cells). ""P<0.0001.

angiogenesis in vitro and in vivo.® Consistent with these (ind-
ings, we now find that VEGF and bFGF both induced changes
in =7-nAChR expression consistent with activation of =7-
nAChR. Moreover, the =7-nAChR selective antagonist,
=-bungarotoxin, attenualed VEGF and bFGF-induced EC mi-
gration to a similar cxtent as for the nonsclective antagonists,
hexamethonium. and mecamylamine. These latter findings sug-
gest that nAChR-dependent pathways, particularly via =7-
nAChR activation, are involved in the modulation of growth
factor—induced EC migration.

To study the relationship between nicotine and angiogenic
growth [actors at a genomic level. microarray analysis was
performed after HMVEC exposure (o nicotine, VEGF, or hbFGF.
By hierarchical clustering, we found that each stimulus induced
distinct but overlapping transcriptional responses, with concor-
dant gene expression being concentrated within six largely
functionally coherent gene clusters. A major functional theme
among concordantly expressed genes was the coregulation of
cell motility-related processes by all three angiogens. In partic-
ular, a “migration” cluster of concordantly activated genes was
strongly enriched for genes involved in cytokinetic-related pro-
cesses such as the Rho GTPase cell motility pathways, integrin
binding. cell cycle regulation, and NF-«B activation. Our find-
ings with regard to activation of Rho GTPase pathways by
VEGF and bFGF are consistent with previous studies?! and
reinforce the central role of Rho-related regulation of actomyo-
sin cytoskeletal organization EC migration during angiogenesis.
We previously demonstrated that nAChR-dependent endothelial
tube formation in vitro is dependent on NF-«B activation.® The
migration cluster included two genes associated with NF-xB
activation: BCLIO, an important activator of NF-kB down-
stream of protein kinase C, and CASPRAP2 (aka FLASH).
which coordinates downstream NF-kB activity via a TRAF2-
dependent pathway ** In addition. many genes within the migra-
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tion cluster have been implicated in oncogenesis (MDM2,
ADAMSY, BCLIO, etc). a finding pathogenetically consistent
with the role ol angiogenesis in cancer.

The majority of concordantly regulated genes revealed by our
microarray analyses have not been previously associated with
angiogenesis. These include the p53 inhibitor MDM?2 (activated
by all three stimuli) and TXNIP. C-C chemokines, and metal-
lothioneins (repressed by all three stimuli). These concordant
wranscriptional profiles provide further evidence for a cholinergic
component of the angiogenic pathways. For example, our
findings of coinduction of FLT1 by all three stimuli. and of
nAChR subunit induction by VEGF are consistent with interac-
ton between the signaling pathways.

Of the coregulated genes identified by hierarchical clustering.
we focused our attention on TXNIP. Originally identified in
HL-60 leukemia cells weated with 1,25 dihydroxyvitumin D,
(and previously known as Vitamin Dy upregulated protein 1).
TXNIP is an endogenous inhibitor of the ubiquitous redox
protein thioredoxin.'? Thioredoxin. a major redox regulator of
profein function and signaling via thiol redox control. has been
implicated in the regulation of cellular responses 10 oxidative
stress and  apoptosis.®® Thioredoxin selectively regulates the
activity ol DNA-binding proteins: [or example. two transcription
factors concordantly regulated by the three sumuli. NF-xB. and
p53, require thioredoxin reduction for stimulation of DNA
binding.*** Increasing cvidence implicates TXNIP and thiore-
doxin in tumorigenesis. Thioredoxin expression is increased in
several human primary cancers. whereas TXNIP is strongly
downregulated in human twmor tissues.'*25 Inhibition of thiore-
doxin signaling with experimental antitumor agents such as
PX-12 (I-methylpropyl 2-imidazolyl disulfide) and pleurotin
reduces tumor cell production of HIF-1« and VEGF in vitro and
inhibits tumor angiogenesis in vivo.?* We hypothesized thal
repression of TXNIP may play a role in mediating growth
factor—mediated EC migration.

In the present study, we found that nicotine, VEGF, and bFGF
stimulated thioredoxin activity—a finding consistent with their
common suppression of TXNIP. Gene knockdown of thiore-
doxin by siRNA reversed the effect of growth factor stimulation
and abrogated the effect of nicotine, VEGF. or bFGF on EC
migration. These findings are consistent with a critical role for
thioredoxin in mediating growth factor—induced EC migration.
Interestingly, the increase in thioredoxin activty induced by each
of the three stimuli could be blocked by nAChR antagonism.
Finally, gene knockdown of TXNIP alone, without addition of
growth factors. induced EC migration. Our findings indicate that
TXNIP, by regulating of thioredoxin activity, may play an
important role in angiogenesis mediated by growth factor recep-
tors or nAChRs. The mechanism whereby thioredoxin mediates
EC migration is poorly understood but may involve stimulation
of hypoxia-inducible factor-la (HIF-1a), o transcription [actor
that plays a central role in mediating the angiogenic response (o
hypoxia. Overexpression of thioredoxin in a variety of malignant
cells has been shown to induce HIF-1a expression and VEGF
production.?” Induction of HIF-lea in human endothelial cells
upregulates the expression of multiple angiogenic factors includ-
ing the angiopoietins which are potent stimulators of cell
migration via Tie-2 signal transduction pathways.** Moreover,
as cellular redox stale is an important determinant of Rho



