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Both alleles of PSFT are required for maintenance of pool size of immature

hematopoietic cells and acute bone marrow regeneration
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Hematopoietic stem cells (HSCs) have a
very low rate of cell division in the steady
state; however, under conditions of hema-
topoietic stress, these cells can begin to
proliferate at high rates, differentiate into
mature hematopoietic cells, and rapidly
reconstitute ablated bone marrow (BM).
Previously. we isolated a novel evolution-
arily conserved DNA replication factor,
PSF1 (partner of SLD5-1), from an HSC-
specific cDNA library. In the steady state,

PSF1 is expressed predominantly in
CD34+KSL (c-kit~/Sca-1"/Lineage ) cells
and progenitors, whereas high levels of
PSF1 expression are induced in KSL cells
after BM ablation. In 1-year-old PSF1'/"
mice, the pool size of stem cells and
progenitors is decreased. Whereas young
PSF1'/~ mutant mice develop normally,
are fertile, and have no obvious differ-
ences in hematopoiesis in the steady
state compared with wild-type mice, intra-

venous injection of 5-fluorouracil (5-FU)
is lethal in PSF1*'~ mice, resulting from a
delay in induction of HSC proliferation
during ablated BM reconstitution, Overex-
pression studies revealed that PSF1 requ-
lates molecular stability of other GINS
components, including SLD5, PSF2, and
PSF3. Our data indicate that PSF1 is
required for acute proliferation of HSCs in
the BM of mice. (Blood. 2009;113:555-562)

Introduction

Tissue regeneration 1s one of the most tightly controlled processes
requiring an ordered program involving induction of proliferation
and differenuation of damaged-tissue stem cells. In the normal
state. hematopoietic stem cells (HSCs) undergo cell division at a
very low rate. However. if the bone marrow (BM) is ablated by an
anticancer drug or radioactivity, HSCs that are i a quiescent state
are stimulated to proliferate and restore the BM: self-renewal of
HSCs is involved in this process In a mouse experimental model.
only one HSC was found to be sufficient Lo reconstitute the entire
hematopoiesis.” In this system. il has been suggested that daughter
cells derived from HSCs can either commit to a program ol
ditferentiation that will eventually result in production of mature.
nonproliterating cells or retain HSC properties.

Several proteins thought 10 be involved in HSCs for induction
of self-renewal. including Wt and Notceh ligand families, have
heen isolated™ . however. what lies downstream of them in the
signaling pathway. especially molecules involved in DNA replica-
lon, 1s not known

PSFI1 (partner of SLIDS-1) is evolutionarily conserved and 1s
involved in DNA replication in lower cukaryotes,”™ and human.”
PSEI forms a tetrameric complex (GINS complexy with SLDS5,
PSF2, and PSF3. Recently. crystal structure of the human GINS
complex was reported." " In yeast, GINS complex associates with
MCM2-7 complex and CDC45, and this C-M-G complex (CDC45-
MCM2-7-GINS) regulates both the initiation and progression of
DNA replication.!# 17

Previously. we cloned the mouse ortholog of PSF/ from an
HSC-specific eDNA library.™ PSF1 is predominantly expressed in
highly proliferative ussues. such as testis and BM. Loss of PSF/

causes embryonic lethality around the implantation stage.'™ PSF/
embryos revealed impaired proliteration of multipotent stem cells.
e, the inner cell mass. In mice. PSFI is highly expressed in
proliterating HSCs and the hematopoietic progenitor cells (HPCs)
However, the biologic function of PSF1 in hematopoiesis is nol
understood

In this study. we used PSF/
PSET in hematopoesis. Here we show that haploinsutficiency ot

mice for studying the function of

PSF T causes loss ol regeneration capacity resulting from a delay in
induction of acute proliteration of HSCs after BM ablation, Our
data suggest that both alleles of PSF/ are essential for acute
proliferation of HSCs after BM ablation.

Methods
Mice

CS57BL/6 mice were purchased from SLC (Shizuoka. Japan). PSF ] mutant
mice and Ry /-deticient mice (Kunx/-deficient mice were a gift from Dr
I Watanabe. Tohoku University. Sendai, Japan) were mamtained and bred
as described. '™ Al animal studies were approved by the Animal Care
Commitiee of Kanazawa University and the Osaka University Ammal Care
and Use Committee. FFor BM ablation studies, 8-week-old wild-type and
PSEI mice were treated wath a single tarl vein mjection of S-Huorouract]
(5-FLU 150 mg/kg body weight. Kyowa Hakko Kogyo. Tokyo. Jupan)

Immunohistochemistry and FACS analysis

Tissue fixation. preparation of tissue sections, and stamning of sections with
antibodies were performed as desenibed previously. ' For immunohistochem
istry of fetal liver (FLy, rabbit anti-PSF1 antibody was used '™ Horseradish
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peroxidase-conjugated secondary antibodies were obtained from Juckson
ImmunoResearch Laboratonies (West Grove, PA). For immunocytochemis
try. we used monoclonal anti-PSF1 anubody (AhoS7.2: see next paragraph
below) as a first antubody and Alexa 488-conjugated antirat 1gG (Invitro-
gen, Carlsbad, CA) as a second antibody. Stained cells and the sections
were observed using an Olympus EX-70 microscope equipped with UPlank]
4/0.13 and LCPlanFl 20 /0.04 dry objective lenses (CMympus, Tokyo,
Tapan). Images were acquired with a CoolSnap digital camera (Roper
Scienthe, Trenton, NI, and processed with Adobe Photoshop version 8.0.1
software {Adobe Systems, San Jose, CA)

For the generation of monoclonal ann-PSE1 antibodies, cDNA encod-
ing the tull-length protem sequence of PSEL was amplified by polymerase
chain reaction (PCR), and then ¢DNA was ligated into pGEX-4T-1 vector

(GE Healtheare. Linle Chalfont. United Kingdom) tor the preparanon of

glutathione S-transferase (GST)-fusion prateins. PSF1-coding region was
amplified from the mouse NIH3T3 cDNA using the primers 5-GGA ATT
CAT GTT CTG CGA AAA AGC TAT G-3' (sense) and 3'-GGA ATT CTC
AGG ACA GCA CGT GCT CTA GA-3 tantisense ) and was subsequently
subcloned as a FcoRI-EcoRI fragment into the pGEX-4T-1 vector (G
Healtheare) in the correct reading frame 10 express the GST-PSFI fusion
protein. This construct was transtormed into Eschericlia coli IMTO9 strans
(Toyobo Engmeening, Osaka. Japan) to obtam GS'T-tagged fusion proteins
Recombinant GST-PSF1 was purified using glutathione-Sepharose 4B
column (GE Healtheare) according 10 the manufacturer’s instructions
Purificd GST-fused proteins were used as antigen for immunization of rats.
and rat/mouse hybridomas were established by standard procedures.™ A
stable hybridoma cell line, aho37.2, was obtained. The specificities of all
antibodies were determined by immunoblotting and immunocytochemistry.

Preparatnon of FL and BM cells and fluorescence-activated cell sorter
(FACS) analysis was as described previously 2! The antihodies used in
flow cytometnic analysis for hneage marker (Lin) were fluorescein isothio-
cyanate- or phycoerythrin-conjugated Gr-1 (RB6-8CS). Mac-1 (M1/70).
B220 (RA3-6B2). TERII9, anu-CD4 (GK1.5), and anti-CD8 (53-6.72)
Allophycocyanin-conjugated  anti-c-kit (ACK2), and biotin-conjugated
anti—Sca- 1 and CD34 were also apphed. Biotinylated anti-Sca-1 or CD34
was visualized with penidinin chlorophyll protein-streptavidin, These
antibodies were purchased from BD Biosciences (San Jose, CA). The
stamed cells were analyzed by FACSCalibur {BD Biosciences) and sorted
by JSAN (Bay Bioscience, Kobe, Japan). For immunocytochemistry of
HSCs from 5-FU—treated BM, 300 CD34' KSL cells were 1solated by
sorting from BM obtained from 5 mice 4 days after 5-FU reatment. The
average number of otal BM mononuclear cells and CD24 " KSL obtained
from right and left femurs and tibias after treatment with 5-FU was 9 3 plus
or minus 5.3 % 10 and 60 plus or minus 38, respectively

Far the analysis of apoptosis, cells were stained with anti-annexin V
antibodies (eBioscience, San Diego. CA). For platelet analysis. blood from
wild-type and mutant mice was obtained from the tail vemn and collected in
phosphate-buttered saline (PBS) containing 3.8 mM citric acid, 7.5 mM
tnsodium eitrate, and 10 mM of dextrose (PBS—acid-citrate-dextrose ). Cells
were stained with Auorescein ssothiocyanate conjugated anti CDA1 ann
body (eBioscience).

qRT-PCR

Total RNA was isolated using the RNAeasy Kit (QIAGEN. Valencia, CA)
accerdmg 1o the manufacturer’s mstructions. RNA was reverse transcribed
using the ExSeript RT Reagent Kit (Takara, Kyoto. Japan). Quantitative
reverse-transceription polymerase chain reaction (qRT-PCR) was performed
using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) on an
Mx30KK) system (Stratagene, La Jolla. CA). Levels of the specific amplitied
¢DNAs were normahized to the level of glyceraldehydes-3-phosphate dehydroge-
nase (GAPDH) housekeeping control cDNA. We used the following primer sets
5-GAA GGG CTC ATG ACC ACA GT-3" and 5'-GGA TGC AGG GAT
GAT GTT CT-3", for GAPDH, and 5'-CCG GTT GCT TCG GAT TAG
AG-3 and 5'-CTC CCAGCG ACC TCATGT AA-3' for PSE!
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Cell culture

I'he colony formation unit i culture (CFU-¢) assay was performed as
described previously.®! A total of 2 % 10° KSL-Mac-1 ™ cells that had
heen sorted from the BM of wild-type or 8K mice were placed in |
mb senisohd medium (MethoCult, StemCell Technologies. Vancouver,
BC) After 10 days of culture. the number ol colonies was counted

For the analysis of sensitivity of HSCs to 5-FU, 10" KSL cells dernived
mice were seeded onto semmsolid medium and
continuously cultured for 10 days with or without 5-FU (1 ng/mL 1o
I pg/mL). Each condition was represented by al least 3 wells. and cach

from wild-type or PSF/SY

experiment was performed in mplicate. To examine the number of
apaptotic cells in the population of colony-fornung cells. colonies grown in
methyleellulose semmisolid medium were harvested 6 days after the CFU-¢
assay was initiated, and the cells were swined with Cy5-conjugated
anti-annexin V antibody (eBioscience)

Cell-cycle analysis

Cells were sorted by FACS and fixed in 70% ethanol overnight. After
treatment with RNase A (0.5 mg/ml.; Sigma-Aldrich. 8t Louis, MO, cells
were labeled with 5 pg/mL propdium aodide (P and analyzed by
FACSCuahibur.

Transfection and immunoblot analysis

NIH3T3 cells were transfected with pEF-BOSE. pEF-Nag-PSEL, pEF-Myc-
SLDS. pEF- HA-PSF2. and/or pEF- VSVG-PSF3. and immunoblotung was
performed as previously described ' GAPDH was detected with anti-
GAPDH antibodies (Chemicon International, Temecula, CA) for endoge-
nous protein control. Transfection efficiency of each plasmid was deter-
mined by gRT-PCR (see “qRT-PCR™). We used the following primer sets:
§"-ATG GAC TAC AAG GAC GAC GAT GAC-3 and 5'-CTC CCA GCG
ACC TCATGT AA-Y (lor FLAG-PSF1): 5-GAG ATG AAC CGA CTT
GGA AAG GG-3" and §5-TCC TCA TCA CGC ATC TGT TC-3° (fon
VSVG-PSE2), 8 -TAC GAT GTT CCA GAT TAC GCG GG-3" and 5"-CAG
GATGTC GTC CAAAGA CA-3 (for HA-PSFI 5 -CTCATC TCAGAA
GAG GATCTGGG-3 and S GTGTGG TCCATATAC TCT TTG-3 (lor
Myve-SLDS5)

Transplantation study

For the analysis of sensinvity of HSCs to 5-FU in vivo, 8-week-old mice
were treated with 5-FU (see ~Cell culture™), and atter | day of 5-FL
treatiment. PSELY or PSEL BM mononuclear cells (Ly5.2. 4 % 10%)
were transplanted mto lethally irradiated (8.5 Gy) recipients (Ly5.1)
together with untreated normal Ly | BM cells (2 = 10%). Four weeks after
transplantation, donor contribution was determined by FACS using anti-
LyS I (eBioscience) and anti- Lin antibodies mixture

Results

PSF1 is predominantly expressed in proliferating immature
hematopoietic cells

Previously, we reported that PSF/ expression was predominantly
observed in immature cell populations in embryonic and adult
tissues. such as blastocysts and spermatogonium in the adult.'™
Moreaver, PSF1 expression was observed in immature hematopoi-
etic cells (HCs) designated as Lin~ c-kit™ Sca-1~ (KSL) at the
RNA expression level. To confirm whether PSFI protein s
expressed in HSCs or not, CD34 or CD34' KSL, Lin c-
kit*Sca-1- (KL) or Lin" cells from adult BM were sorted. and
expression of PSET was determined in each fraction (Figure TA). It
has been reported that CD34 - KSL cells in the adult mouse BM are
dormant and represent HSCs with long-term marrow repopulating
ability, whercas CD34 ' KSL cells are progenitors with short-term
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Figure 1. PSF1 expression in proliferating HSC population. (A.B) Immunostaining of several BM (A) or FlL-derved (B) HC population with anti-PSET antibody
(A) CD34 KSL {CD34 c-kit*Sca-1"Lin~ cells), 34 "'KSL (CD34 ' ¢c-kit a-1"Lin cells), KL (c-kit ' Sca-1 Lin cells). Lin~ (Lin s), and 5-FU KSL (5-FU-treated mouse
denved G034 KSL cealls). (B) KSL (c-kit* Sca-1°Lin cells), KL (c-kit*Sca-1 Lin cells), and Lin* {Lin~ cells) Green color shows PSF1 staining. Nucler were counterstained
with Pl (red). Bar represents 10 um. (C) ctions ol E12.5 FL fram wild-type (WT) or Runx1 mice were stamed with anti-PSF1 polyclonal antibody. Sections were
counlers o with hematoxylin (original magnification - 400). Arrows indicate FSF 1" cells. B 1t 50 pme (D) PSF T mRNA expression in various HC fractions of BM
o FL wicated in panel A, 5-FL KSL indicates KSL cells were sorted from BM of mice 4 days after treatment with 5-FU. The values were normalized 1o the amount ol
mBNA i cells from BM

econstitution capacity.” In the steady state. a high level of PSFI hermaore. 1o test the specificity of this staining in the FL. we
expression was observed in CD34° KSL cells and KL cells.  studied PSF1 expression in Runy/-deficient mice. which lack
whereas a very low level of PSFI expression was observed in definitive hematopoiesis™” and could not detect PSF1-positive
CDh34 KSL cells. However, no PSFL expression was detected ir in the FL an this mutant embryo (Frgure 1C) To contirm the
mature cells (Lin': Figure 1A). It was reported that, after BM - specific expression of PSEL in proliferative and immature HCs, we

ablation. all HSCs g'\pu;\\( 1234 in a sitwation when BM s acutely
reconstiuted 1o know whether PSFI expression in
HSCs correlates with cell eyele of HSCs. CD34° KSL
the BM 4 days after ablation of the BM by 5-FLU
cxpected. almost all CD34 KSI

antibody L|‘!_'_‘UIK‘ 1A)

* Therefore,
cells were
As
stained by anti-PSEI

sorted Trom

cells w

is known that HSCs in the FL contain cells that cycle
higher rate than those in the adult BM and HSCs express the Mac- |
antigen. " We sarted KSL rwithour Mag KL. and Lin® cells
from the FL at embryonic dav (E) 12.5 and determuned PSFI

expression. High PSEL expression was found in both KSL. and KI.
cells (Frgure 1B and Lin * cells did notexpress PSFL as seen in the
adult BM

[ L

(Figure 1), PSET was highly expressed in
BM-derived CD3d® KSL Lin Kit and  Fl-denved
Lin Kit™Secal " and Lin K KSL cells denved from BM at
1 day after 5-FU treatment also expressed higher amounts ol PSF/
KS1
v expressed in prohiferating HSCs and

performed gRT-PCR
and
L'L‘H\
I'hese results demonstrated that

transeript than CD34 cells

PSFlish

cnitors

o

Pool size of HSCs/HPCs is decreased in PSFT1'  old mice

To mvestigate how haploinsufliciency of PSF/ affects hematopoi

IN

the BM ol PSF/
ifferences were found in KSL cells (Figure

Although no
2A) and

and

analyzed mice

Wi
stgnificant ¢

mature cells populations (data not shown) between wild-type

On immunohistochemistry, PSFL expression was seen anoa - PSES 1 8 weeks of age. the relative number of KSL cells was
small population of round HCs i the FL at E12.5 (Figure 1C).  approximately 2-fold lower in one year-old mice compared with
However. i the adult hiver. which is no longer a hematopoietic wild-type littermates (1 2B In addition. the population of
organ. PSF1 expression was not observed (data not shown)  CD34 KSL cel T-HSC<). CD347 KSL cells (KSL: ST-HSCs

A Lin B Lin
wt +H-

c-kit

c-kit
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Figure 2. Haploinsufficiency of PSF1 for hematopoiesis. ooz b * i 6
(AB) Cells of ations n the BM from B-week-old mice oos | a
{A) and 1-year-cid mce (B) were analyzed. Percentage of each 10 F 2
indicated by box was represented. H1 and B2 in par 8 W ; 0 o 0
a5 fraction from c-kit'Sca-1 Lin cells and c-kit* Sca-1"Lin 2 i o wit +- wt +/-
cells, respectively iCJ Quantitative evaluation in percentage of each 08 e " Ter119 . CDa/8
5 of 1-y old wild-type (W1) or PSF1*
Mac-1/Gr-1 (myeloid), F (B cells) o il 2}
R119 (erythrod) HSCs populations & 0 .
studied in a C D 4K n. Populatior 20 ¢ r
1°Lin cells) and KL Lin  cells) 0 0
p c wt +- Wt /-
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Figure 3. Hypersensitivity of PSF1'' mice to 5-FU. (A) Survival curves after 5-FU
njection. O indicate PSF1*'~ 8-week-old mice (n = 10); and @, wild-type 8-week-old
mice (n - 10). (B) Number of mononuclear cells in the penpheral blood of wild-type
(@) and PSFI1'" (7) mice over time after 5-FU injection. 5-FU was injected nto
B-week-old mice on day 0 Means plus or minus SEM are shown (n = 10). "F < .05
vs those in PSF1° mice on days 2, 4, 6, 8, and 10 atter BM ablation with 5-FU
(C) Kinetics of BM cells alter 5-FU injection. +/+
o/, PSF1Y mice. Results ol FACS analysis are shown. SSC indicales side-
scattered lighl: and FSC, lorward-scattered light. Blue represents RBC; and red
leukocyles

ndicates wild-type mice; and

and e-kit* Sca-1 Lin~ (KL) were significantly decreased in PSF/
mice (Figure 2C). The relative cell number ol each type ol mature
HC such as myeloid cells (Macl/Gr-1" cells). T cells (CDA/CDS
cellsy, B cells (B220'). or erythroid cells (TERT119%) of the
PSFI'" BM was similar to that of the wild-type BM (Figure 20).
These data suggested that both alleles of PSFI gene are essential
for maintenance of the proper pool size of HSCs or HPCs
throughout life.

PS5F1°" mice show hypersensitivity for fluorouracil in the BM

Next. we ablated the BM by 5-FU injection, which kills cycling
HSCs/HPCs and Torces dormant HSCs into cyele. and studied the
ability of PSF{'Y mice o reconstitute BM - hematopoiesis and
analyzed the effect of haploinsufficiency of PSFT on HSCs and
HPCs (Figure 3A). Although the LDy, of 5-FU is 350 mg/kg in
normal mice. ™ the PSF/ mice died within 8 days after a single
injection with a lower dose 5-FU (150 mg/kg), whereas wild-type
mice did not die with this treatment. On 5-FU injection in PSF/] !

mice. the number of peripheral leukocytes decreased precipitously
over 7 days: however, in wild-type mice. the number of peripheral
leukocytes decreased over 4 days and then it began to increase by
day 6 (Figure 3B). After 5-FU injection. the forward scaterdihieh
population, which includes lymphocytes. granulocytes. and mono-
cytes. were reconstituted in the BM of wild-type mice afler
approximately day 7: however. such reconstitution was not ob-
served in the BM of PSE/7 mice (Figure 3C red-colored
population). We also calculated the number of peripheral red blood
cells and platelets; however, no signilicant differences were found
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Figure 4. Both alleles of PSF1 are required for acute reconstitution after BM
ablation. (A) Time course of c-kit and Mac-1 expresswon in Lin~ Sca-1°* cells dunng
BM reconstitution alter 5-FU injection (+/+, B-week-old wild-type mice, «/
8-week-old PSF17" mice). Resulls of FACS analysis are shown. Boxes indicate
HSC-containing populations. Percentage of all BM cells corresponding lo HSC
population indicated by the box is shown in the right corner of each hgure. (B) Total
number of KSL cells derived from the femurs and tibias of wild-type (@) and PSF1*
mice { ) anthe indicaled days before (day 0) and akter 5-FU injection as described in
panel A, "P - .05 versus that in PSF1'" mice on the respective day

between PSF7
(data not shown)

and PSETY mice in pormal and acute phase

PSF1 is essential for HSC proliferation after 5-FU treatment

Before 5-FU injection, there were no obvious differences in the
numbers of HSCs and HPCs in the BM between 8-week-old
wild-type and PSF/" mice (Figures 2A, 4A). 5-FU injection
induces HSCs into cycle. and it was reported that these cycling
HSCs weakly express Mace-1."" We therefore studied whether
5-FU injection promotes the proliferation of Mac-1"—expressing
HSCs. Before S-FU injection, the number of HSC population
designated as Mac-1 - KSL was not significantly different between
wild-type and PSFI'" mice as shown in Figure 2A (see also
Figure 4AB). Alter S-FU injection, the KSL cell population
decreased in both wild-type and PSFTY mice during the first few
days (Figure 4A). Four to 6 days after 5-FU injection, the
population of cycling Mac-1"-KSL cells increased dramatically in
wild-type mice, whereas very few of the KSL cells except for the
Mac-1""-KSL population appeared in the PSF1
4A). Because of this delay of recovery. the absolute number of
HSCs in the BM was approximately 59-fold lower in PSF//
mice compared with that in wild-type mice at 6 days after 5-FU
treatment (Figure 4B).

mice (Figure

Loss of PSF1 leads to delayed HSC proliferation in the acute
phase after BM ablation

Because it has been reported that the percentage of proliferating
HSCs reaches o maximum on approximately day 6 in normal
mice,” we sorted the total population of HSCs (KSL-Mac-1-)
and HPCs (Lin~Sca-1-e-kit"Mae-1 ") on day 6 after 5-FU
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Figure 5. Loss of PSF1 leads to delay of HSC proliferation in the A
acute phase. |A) Perceniage of KSLcells or HPCs (Lin c-kit ) Ir
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ESSENTIAL FOR BONE MARROW REGENERATION

5]

11 number of HSCs or HP( 40 0. i
FU injection as described in F 44 W = [ -
5. Mean o minus SEM are 5“30 T
sn ells oblained from & ) =
mice on day & afler 5-FL ates wild-lype mice, and a ) :5 I
. PSF1 ] ter |(CLST, containing - 30 £ 20 o

ells) U containing —~ 30 cells). (C) Companson 'een = o
wild-type & KSL cells for senstivity to 5-FU tloxicity Sorted 8 10 3‘9 | ‘
KSL cells from the BM ol B-week-old mice were seeded in semisohd 4
medium with indicated concentralion of 5-FU, and total CFU-C number o

was counted after 10 days of cultunng. Hesults are expressed as a
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injection and analyzed the cell cycle of those HSCs and HPCs. The
cells were analyzed Tor DNA content by P@ staining (Figure SA)
The percentage of HSCs in the S/G+/M phase was approximately
S0% lower in PSET
the percentage of HPCs in the S/G /M phase was not sigmilicantly
ditferent between PSFI
that hoth alleles of PSF1 are essential Tor acute BM reconstitution

mice than those in wild-type mice. whereas
and wild-type mice. These data suggest

When HSCs are cultured in semisolid media, they divide and
generate large colonies. including mature HCs 1FPSE haploinsud
ficiency leads o cell death in HSCs. HSCs cannot form colonies in
vitro, Theretore, next we investigated the in vitro colony-tforming
capacity ol HSCs (KSL-Mac-1 ™) that had been obtained on day 6
after 5-FU imjecuon by cell sorting (Figure SB). The HSCs from
PSF1*'" and PSFI”
colonies and clusters (data not shown). however, the HSCs from
PSEIY
(= 30 cells) compared with PSFT

mice faormed the same total numbers of

mice formed a markedly higher number of CEU clusters
In the case of HSCs
derived from wild-type mice. approximately 89% of all colonies

T1% of

cells
were large colonies: however. approximalely colonies
generated by HSCs from PSFT
deternmine whether haplonsufficiency of PSFT simply induced cell

mice were small colomes. To

death resulung i reduced colony size in CFU-c assay, we
examimed the number of apoptotic cells in the colonv-forming cell
population by staining with anti-annexin 'V antibodies (Table 1)
Na significant differences were Tound in the apoptotic cells with
and Lin~ population between
and PSF1'7 HSCs. These

data suggested that the decreased colony size in PSFI'T CEU-¢ is

respect to Lin Kit™. Lin~Scal ~.
cells from CFLU-¢ derived from PSF 17

Table 1. Percentage of apoptotic cells among CFU-c cell population

Genotype
Marker PSF1#/4 PSF1+/-
Lin~Kit* 39 = 33 38 = 29
Lin~ Scat-” 3 =23 26 =1.6
Lin 22=11 1.8 1.4

R | ]

Q00 300

Concentration (ng/mL)

100p—o—o o o o oo o oo

[Jcru A
Mcust inject with KL cells

% Survival
Fy [+;] [+
o o (=]

N
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o
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++ +/- days

not induced by actvation of DNA damage checkpoint and cell
death. These results indicated that PSF/
divide into daughter cells committed to a program of differentia

HSCs may not casily

ton. but haploinsufficiency did not induce cell death. Furthermore.
to test the possibility that PSETY
1o S-FL toxicity, KSL cells were sorted from BM ol wild-type o1
PSF!
or absence of 5-FUL Figure SC illustrates the effect of exposure o

HSCs are simply more sensitive
mice and seeded onto semisolid medium in the presence

various concentrations ol 5-FU on colony-forming activity of KSL
cells, KSL cells survived and those from wild-tvpe and PSE7

formed comparahle number of colonies, suggesting that deletion of
one PSE 1 allele of HSCs does not cause hypersensitivity tor 5-FLU
To support this interpretation, BM of wild-type or PSET mice
was collected after 1 day of S-FU treatment and transplanted into
lethally irradiated recipient mice together with untreated normal
cells as competitor. After 4 weeks ol transplantation,  donor
contribution was determined by FACS. The percentage of contrib-
uted cells (chimensm) was 56 plus or minus 12 and 24 plus or

minus 14 in recipients, which were transplanted with wild-type or

PSFI BM cells. respectively. although the contribution ol
PSF1 " -derived HSCs in recipient mice was slightly less. These
data suggested that deleton of one PSET allele of HSCs does nat

cause hypersensitivity for S5-FLU. Moreover, transplantation of
HSCs and HPCs that had been obtained from wild-type mice
completely rescued the lethality of S-FUNin PSFTYT amice (Figure
SD). These data suggest that the defect in acute reconstitution of the
BM in PSFI™
microenvironment in these mice.

It was reported that PSF1 15 essential for DNA replication i
yeast."™"7 This observation raises the possibility that haploinsuff
ciency of PSFT leads to abnormal DNA rephication. activation of

mice is not caused by disruption of the BM

DNA damage checkpoint. S-phase arrest. and cell death in mice. To
evaluate this possibility. apoptotic cells were quantified by FACS
analysis after staining with annexin V in 5-FU-treated or untreated
BM cells (Table 2). In PSFI*" BM cells. apoptotic cells from
Lin . Lin Kit*. or Lin Kit"Sca” cell populations were slightly
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Table 2. Percentage of apoptotic cells in various hematopoietic cell
populations

BLOOD, 15 JANUARY 2009 - VOLUME 113, NUMBER 3

Table 3. Relative mRNA expression in transfected cells

Plasmid used for transfection

Fr—— Aver_aga of
relative Flag-PSF1, VSVG-PSF2, VSVG-PSF2, HA-PSF3.

Marker PSF1+/* PSF1+/ expression HA-PSF3, Myc-SLD5 (GINS) Myc-SLDS (G-NS)
Normal state VSVG-PSF2 1 1.05

Lin~Kit*Sca1* 54 + 4 9.3=04 HA-PSF3 1 114

Lin~Kit~ 4,523 81 =02 Myc-SLD5 1 1.14

Lin~ TD=5 12 =08
5-FU treated’

. " B ;
t:: z:Scm ii i :T _g'f incomplete GINS complex, along .wi[h the destabilization of
Lin 47+ 50 4+ 1 other GINS components in PSF7°7 HSCs. Finally, we con-

"BM cells were collected from mice 6 days alter treatment with 5-FU

increased compared with the analogous populatons derived from
wild-type mice: however, none of these differences was statistically
significant. In addition, no obvious S-phase arrest was found in
PSFI1'" HSCs (Figure SA). We also examined the expression of
ATM. ATR. XCCRI. Brea2, and p2l in both wild-lype and
PSELT CD34-KSL cells by ¢RT-PCR: however. noe obvious
differences were found (data not shown). These data suggested that
haploinsufficiency does not lead 1o abnormal DNA replication or
increased activation of DNA damage checkpoint.

Taken together. these data indicate that both alleles of PSF] are
essential for promoting HSC cycling and that this requirement is
limited to HSCs.

PSF1 regulates molecular stability of other GINS components
in mutual manner

To address whether the silencing of one of the GINS compo-
nents, PSELL affects the cellular stability of other GINS
components. we performed ectopic expression of all GINS
component with or without PSFI (Figure 6). For the evaluation
of the transtection efficiency by plasmids, the amounts of
overexpressed gene transcripts were guantified by real-time
PCR: no significant differences were found between GINS and
G-NS condition for VSVG-PSF2. HA-PSF3. and Myc-SLDS
expression (Table 3). These data indicated that transfection
efficiencies of all plasmids were almost equivalent between
GINS and G-NS conditions. When all GINS components (PSFI,
PSE2. PSF3. and SLD5) were cotransfected. a stable “"GINS”
complex was formed. However. lack of PSFI led to destabiliza-
tion of PSF2. PSF3. and SLDS (G-NS: Figure 6A). These data
that lack of PSFI formation of an

resulls in the

suggest

== PSF3

Figure 6. PSF1 mutually reguiates molecular stability of other GINS compo-
nents. (A) Western biot analysis of GINS components ectopically expressed on
NIH3T3 cells. Cells were cotransfected with VSVG-PSF2, HA-PSF3, and Myc-SLDS
in the presence (GINS) or absence (G-NS) of Flag-PSF1 or empty vector (Vectar).
The blots were probed with specific antibodies as indicated. GAPDH was used as a
loading control. (B) Scheme of PSF1 expression in the course of HSC differentiation.
The level of PSF1 expression is represented by the dark gray area. Both alleles of
PSF1 are essential tor populations in the light gray area.

cluded that PSFI is expressed in proliferating HSCs and 1s
essential Tor BM regeneration and regulation of stem cell pool
size (Figure 6B,

Discussion

In this study. we showed that PSFI s highly expressed in
proliferating HSCs. and haploinsufficiency of PSF/ caused severe
delay ininduction of HSC proliferation during ablated BM
reconstitution and disrupted  pool size maintenance of HSCs
throughout life. In addition, we showed that PSF1 regulates protein
stability of other GINS components.

During embryogenesis. PSF! ' embryos show severe growth
detect in the inner cell mass, that is. the pluripotent stem cells. '™
This observation raises the possibility that PSFI could regulate the
proliferation and/or pool size for other ussue stem cells. Recently,
stem cells were identified in the smail intestine.™ Crypt base
columnar cells are stem cells and can be visualized by continuous
bromodeoxyuridine incorporation study. Our preliminary experi-
ment showed that the number of crypt base columnar cells also
decreased in adult PSF/'" mice compared with adult wild-type
mice (Figure S1. available on the Blood website: see the Supplemen-
tal Materials link at the top of the online article). Further
experiments may help establish the function of PSFI in the
regulation of cell proliferation and/or the pool size of various tissue
stem cells

So far, a muluplicity of molecules have been studied for their
role in cell-cycle progression. including extrinsic factors. such as
Notch and sonic hedgehog. Wnt3a. ete. and intrinsic factors. such
as Bmil, PTEN. p21. pl8. and others.’' However. the mechanism
of DNA replication in HSCs has not been elucidated. Although the
essential role of PSF1 in DNA replication has been reported in
yeast.® its function in mammalian cells has not been clearly
understood. We previously reported that PSFT was essential for cell
division of totipotential embryonic stem cells by gene-targeting
studies and showed that PSF/ was highly expressed in adulthood in
BM. testis. and ovary. where cell division of stem cells is actively
induced in the adult. Here we reported that PSFI is essential for
acute proliferation of HSCs. Taken together. it is clear that PSFI
plays important roles in cell proliferation of the stem cell system.
Moreover, we and other groups isolated mammalian PSF2, PSF2.
and SLDS. which together make up the GINS complex. and the
roles of these GINS component have been reported in cell
division.™ In this report. we found that PSF1 expression was weak
in slow cycling CD34- LT-HSCs and high in cycling CID34
ST-HSC. Therefore. the GINS complex is likely to closely associ-
ate with cell cycle of HSCs. Al present, molecules affecting PSFI
expression in dormant HSCs have not been isolated: however.
proliferating HSCs after BM ablation by 5-FU almost exclusively
express PSEI athigh levels. This suggested that PSFI expression is
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inductively. but not intrinsically. regulated in HSCs affected by
exogenous molecules produced from cells responding 1o BM
suppression. At present. although it is not clear whether PSF1 plays
arole in DNA replication of HSCs. isolation of molecules affecting

PSF1 expression in HSCs may contribute to the understanding of’

process ol self-renewal in HSCs.

It was reported that "GINS™ replication complex. which is
composed of PSFI, PSF2, PSF3. and SLD3. interacts with CDXC43
and MCM complex and is involved in the initiation of DNA
replication in lower eukaryote." " To determine whether haploin-
sutficiency of PSEI impairs DNA replication at stem cell level
resulting in reduced pool size of HSCs, we examined the expres-
sion levels of DNA-damage checkpoint genes. such as ATM. ATR.
XCCRI. BRCA2. and p21 in HSCs. No significant differences
were found between CD34 KSL cells derived from voung and old
PSFI and PSF1 BM (data not shown). These data suggested
that the decreased pool size of HSC population in PSFH BM s
not induced by activation of DNA damage checkpoint.

In this study. haploinsufficiency of PSEI severely suppressed
BM reconstitution by delaying the proliferation of the HSC

population. Based on our result. there are 2 possihilities to explain
this suppression not only by gene-dose effect. but also other
processes. As one possibility, PSF1 may bring about the molecular
stability  of DNA replication proteins. Overexpression studies
suggested that PSFI regulates stable expression of other GINS
components (Figure 6A). Thus. it is probable that lower expression
of PSF1 in HSCs of PSFT
SLIDS, PSEZ. and PSE3 in HSCs. Therefore. incompletely formed
GINS complex may have a dominant negative elfect and/or induce
instability of other DNA replication complexes. such as CDC45 or
MCMs. Another possibility is that PSFI may induce HSC specitic
gene expression for effective engraftment capacity. It was reported
that HSC's shift gene expression and engraftment phenotype with
cell eyele transit.™ Compared with HSCs from wild-lype mice,
HSCs obtained from 5-FU-injected PSFT7 mice expressed a
lower level of Mac-1, which appeared to be expressed in cycling
stem cells and to be involved in cell adhesion (Figure SA). Thus,
haploinsufticiency of PSET may affect HSC properties. As il is
thought that DNA replication of important genes tor cell function
oceurs in the early period of the S phase. it 18 possible that PSFI
regulates the expression of several genes involved in the formation
of the BM stem cell niche through DNA replication specifically in
HSCs. In addition, loss of PSFI causes abnormality of chromatin
segregation in mice and nematodes (MU, N.T., unpublished data,

mice may lead o down-regulation of
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Mayv 1. 2007). It has been also reported that PSE2 depletion inhibits
the transition of metaphase o anaphase through the suppression of
the attachment of tubulin to the Kinetochore. ™ These data sugzest
that the GINS complex might have roles in other biologic
processes,

It 1s also known that. after chemotherapy with anticancer drug.
some  patients have prolonged BM suppression for unknown
reasons. ™ Morcover, BM dysfunction resulting in pancytopenia is
observed with aging in elderly people for unknown reasons.
Haploinsufficiency of PSET in mice induced delay of BM recovery
alter 5-FU treatment and attenuated the number of HSCs with
aging. Therefore. attenuation of PSF1 expression in HSCs may
cause prolonged BM suppression atter chemotherapy and pancvto-
penia with aging. So far. the association of stem cell division with
DNA replication proteins in hematopoietic disorders has not been
reported. It is intriguing to analyze the relationship of hematopoi-
etic diseases and DNA replication protein. such as PSFI. Based on
our analysis. identilication ot PSF/-dependent genes probably
sheds light on the mechanism of DNA replication in HSCs and
ontogeny of hematopoictic disorders.
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Thyroid Transcription Factor-1 Inhibits Transforming Growth
Factor-3—Mediated Epithelial-to-Mesenchymal Transition

in Lung Adenocarcinoma Cells
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Abstract

Thyroid transcription factor-1 (TTF-1) is expressed in lung
cancer, but its functional roles remain unexplored. TTF-1 gene
amplification has been discovered in a part of lung adeno-
carcinomas, and its action as a lineage-specific oncogene is
highlighted. Epithelial-to-mesenchymal transition (EMT) is a
crucial event for cancer cells to acquire invasive and
metastatic phenotypes and can be elicited by transforming
growth factor-3 (TGF-3). Mesenchymal-to-epithelial transition
(MET) is the inverse process of EMT; however, signals that
induce MET are largely unknown. Here, we report a novel
functional aspect of TTF-1 that inhibits TGF-J-mediated EMT
and restores epithelial phenotype in lung adenocarcinoma
cells. This effect was accompanied by down-regulation of
TGF- target genes, including presumed regulators of EMT,
such as Snail and Slug. Moreover, silencing of TTF-1 enhanced
TGF-3-mediated EMT. Thus, TTF-1 can exert a tumor-
suppressive effect with abrogation of cellular response to
TGF-3 and attenuated invasive capacity. We further revealed
that TTF-1 down-regulates TGF-32 production in A549 cells
and that TGF-3 conversely decreases endogenous TTF-1
expression, suggesting that enhancement of autocrine TGF-3
signaling accelerates the decrease of TTF-1 expression and
vice versa. These findings delineale potential links between
TTF-1 and TGF-{3 signaling in lung cancer progression through
regulation of EMT and MET and suggest that modulation
of TTF-1 expression can be a novel therapeutic strategy for
treatment of lung adenocarcinoma. [Cancer Res 2009;69(7):0F1-9]

Introduction

Thyroid transcription factor-1 (TTF-1: the product of NKX2.1
gene), a homeodomain-containing transcription factor, is a master
regulator for lung morphogenesis, and TTF-1 null mice die
immediately at birth, resulting from profoundly hypoplastic lungs
(1). The importance of TTF-1 in human lung homeostasis is also
highlighted by the findings that individuals with T7TF-I/NKX2.1
haploinsufficiency exhibit congenital pulmonary disease (2). TTF-1
is mainly expressed in type Il pneumocytes and Clara cells and
regulates the expression of markers of these cells, i.e., surfactant

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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protein C (SPC) and Clara cell secretory protein (CCSP),
respectively (3).

Lung cancer is the most frequent type of cancers and causes
death of more than one million people annually. The prognosis
remains poor despite the recent advances in chemotherapies and
molecular-targeted therapies. Expression of TTF-1 has been shown
in all types of lung cancers, but its frequent expression is reported
in adenocacinoma (72.1%) and small cell carcinoma (90.5%; ref. 4).

Epithelial-to-mesenchymal transition (EMT) is the differentia-
tion switch directing polarized epithelial cells into mesenchymal
cells, which plays key roles during embryonic development (5, 6).
Mesenchymal cells arising through EMT significantly contribute to
various fibrotic conditions, and the process of tumor cell invasion
is also associated with EMT. In addition to the loss of cell-cell
adhesions, EMT is characterized by the up-regulation of mesen-
chymal markers, including fibronectin and N-cadherin, and
acquisition of fibroblast-like migratory and invasive phenotypes.

Recent studies revealed that several transcription factors,
including Snail, Slug, 8EF-1 (ZEB1), and SIP1, are involved in the
induction of EMT (7-9). These transcription factors repress
expression of E-cadherin and induce EMT when overexpressed in
epithelial cells. The inverse process, mesenchymal-to-epithelial
transition (MET), has been shown to occur during development
and to be perturbed in fibrotic disorders and cancer. In contrast to
EMT, however, it is largely unknown as to which signals induce
MET.

Transforming growth factor-p (TGF-B) is a multifunctional
cytokine that regulates a broad range of cellular responses (10).
Three isoforms of TGF-p ligands, ie. TGF-p1, TGF-p2, and
TGF-j33, show different expression profiles in various tissues,
including the lung. TGF-f3 binds to type II and type I serine/
threonine kinase receptors and transmits intracellular signals.
Smads are the major transducer of TGF-}3 signaling; Smad2 and
Smad3 are phosphorylated by the TGF-{3 type I receptor and form
complexes with Smad4. These complexes accumulate in the
nucleus and regulate transcription of target genes. TGF-p
suppresses growth of epithelial cells, whereas tumor cells
frequently lose the responsiveness to growth inhibitory activity of
TGF-P. Moreover, TGF-f3 is known to promote tumor progression
through a diverse repertoire of tumor cell autonomous and host-
tumor interactions. TGF-f is the major mediator of EMT and is
critically involved in epithelial-mesenchymal interactions during
lung morphogenesis (11).

In a model of chronic renal injury, bone morphogenetic protein-
7 (BMP-7) has been shown to reverse TGF-p-induced EMT (12),
and this finding encouraged us to explore the therapeutic strategy
to induce MET in cancer cells, most of which exist in an
intermediary phenotypic state of “partial EMT” with the potential
to undergo “full EMT.” Here, we studied the function of TTF-1 in
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lung cancer. Because TTF-1 positivity has been reported to be a
good prognostic marker in patients with non-small cell lung
cancer (13), we focused on lung adenocarcinoma in the present
study. Our results suggest that depletion of TTF-1 in lung
adenocarcinoma accelerates the process of EMT, leading to
progression of cancer.

Materials and Methods

Reagents and antibodies. TGF-31 was purchased from R&D Systems
and used at the concentration of 1 ng/mL. Anti-phosphorylated Smadz2,
phosphorylated Smad1/Smad3, fibronectin, and Snail antibodies were from
Cell Signaling. Anti-total Smad2/3, N-cadherin, E-cadherin, Z0-1, and CD31
antibodies were from BD Pharmingen (Transduction Laboratories). Anti-
TTF-1 antibody was from Lab Vision Corporation. Anti~c-tubulin and pan-
cytokeratin antibodies were from Sigma-Aldrich. LY364947 was from
Calbiochem and used at the concentration of 3 pmol/L.

Cell lines. A549 and Lewis lung cancer (LLC) cells were from Cell
Resource Center for Biomedical Research, Institute of Development, Aging
and Cancer, Tohoku University. NCI-H441 (H441) cells were from American
Type Culture Collection. LC-2/ad cells were from RIKEN BRC.

Cloning of the human TTF-1 ¢DNA. There are two alternative
transcripts of T7F-1 gene, and the short form consists of over 90% of
total transcripts (14). We cloned open reading frame of the short form from
the cDNAs of Lul39 cells,

Phase contrast and fluorescence microscopy. Phalloidin staining and
immunocytochemical analyses were carried out, as described previously
(15). Fluorescence was examined by a confocal laser scanning microscope
(Carl Zeiss). Cells were also photographed using a phase-contrast
microscope (Olympus).

Luciferase reporter assay. Human E-cadherin promoter construct was
kindly provided by Dr. F. van Roy (Ghent University). Luciferase activity was
determined as described previously (15).

Immunoblot analysis. Radicimmunoprecipitation assay buffer and lysis
buffer were used for immunoblotting of TTF-1 and other proteins,
respectively. Detailed procedures were described previously (16).

RNA isolation and reverse transcription-PCR. Total RNA was isolated
with RNeasy (Qiagen), and first-strand cDNA was synthesized using the
Superscript First-Strand Synthesis System (Invitrogen). Quantitative reverse
transcription-PCR (RT-PCR) analysis was performed using the ABI PRISM
7500 Fast Real-Time PCR System (Applied Biosystems) and Power SYBR
Green. The expression level was normalized to that of glyceraldehyde-3-
phosphate dehydrogenase. PCR primers are listed in Supplementary
Table S1.

Gelatin zymography. The cells infected with Ad-LacZ or Ad-TTF-1 were
cultured with serum-free media for 48 h, and the conditioned media were
collected. Equal amounts of samples were applied to a 10% (w/v)
polyacrylamide gel impregnated with 1 mg/mL gelatin. After electropho-
resis, the gel was stained with 0.5% Coomassie blue.

Wound healing and invasion assays. Wound healing assay was
performed as described previously (16). Video time-lapse imaging was
performed as described in the supplementary information. Images were
analyzed using the Image ] software (NIH).

Cell invasion assay was performed using a Cell Culture Insert (BD
Biosciences). Collagen IC was coated on the upper side of the chamber.
Cells were trypsinized and reseeded in each well at a concentration of 5 x
10* per well. After 8 h, the cells on the upper face of the filters were
removed, and the cells on the lower surface were fixed in methanol and
stained with 0.2% crystal violet and 20% methanol.

RNA interference and oligonucleotides, Transfection of small
interfering RNA (siRNA) was performed using HiPerFect reagent (QIAGEN),
Human TTF-1 siRNA (Stealth RNAi HSS$144278) and negative control
(Stealth RNAi 12935-200) were purchased from Invitrogen.

ELISA assay. The culture supernatantnts were acidified with 1 N HCI for
10 min, followed by neutralization with 1.2 N NaOH/0.5 mol/L HEPES. The
samples were then subjected to ELISA for TGF-B2 (R&D Systems).

Animal models and statistical analyses. C57/BL6 mice, 5 to 6 wk of
age, were obtained from Sankyo Laboratory. A total of 1 x 107 cells in
100 pL of PBS were injected s.c. into mice. Tumor volume was
approximated by using the equation, vol = (@ x b%) / 2, wherein vol is
volume, a is the length of the major axis, and b is the length of the minor
axis. The results were analyzed statistically by the multivariate ANOVA test
using JMP6 software (SAS Institute). Survival was analyzed by Kaplan-Meier
method, and P value was calculated by log-rank test. The excised samples
were put into OCT compound, frozen in dry-iced acetone, and further
sectioned for immunohistochemistry.

Results

Ectopic expression of TTF-1 in lung adenocarcinoma cells.
A549 lung adenocarcinoma cells lack TTF-1 expression, whereas
H441 cells endogenously express it (17). Adenoviral transduction of
TTF-1 (Ad-TTF-1) yielded similar levels of TTF-1 transcripts in
A549 cells compared with those in H441 cells infected with control
adenoviruses encoding LacZ (Ad-LacZ; Supplementary Fig. S1A4).
TTF-1 was located in the nucleus in A549 cells infected with Ad-
TTF-1 (Supplementary Fig. S1B), and the known targets of TTF-1,
including CCSP and SPC, were induced 96 h after adenoviral
transduction (Supplementary Fig. S1C).

TTF-1 inhibits EMT in lung adenocarcinoma cells. To study
the effects of TTF-1 in lung adenocarcinoma cells, we first
examined morphologic changes of A549 cells. TTF-1 caused
apparent changes from an elongated shape to a polygonal or
round appearance (Fig. 14). Because formation of cell-cell
adhesions is mainly dependent on E-cadherin system in epithelial
cells, we further explored whether TTF-1 influences E-cadherin
expression. Luciferase assay showed that TTF-1 enhances the
human E-cadherin promoter activity in a dose-dependent fashion
(Fig. 1B). Untreated A549 cells lacked E-cadherin expression at low
cell density as confirmed by immunocytochemistry. When the cells
proliferate to higher cell density, diffuse and weak E-cadherin
staining was heterogeneously observed (Fig. 1C). Forced expression
of TTF-1 resulted in stronger staining of E-cadherin on the cell
membrane or in the cytoplasm (Fig. 1C, bottom left). These findings
suggested that TTF-1 might restore the epithelial property, at least
partially, and prompted us to explore the effect of TTF-1 on EMT in
lung adenocarcinoma cells.

Because TGF-3 has been shown to elicit EMT in A549 cells (18),
we further investigated the effects of TTF-1 in the presence or
absence of TGF-B stimulation. In contrast to untreated A549 cells,
TGF-p triggered drastic morphologic changes to a spindle-like or
fibroblast-like appearance (Fig. 1C and D). E-cadherin staining was
completely lost in TGF-P-treated cells, regardless of cell density,
and actin reorganization was apparent by phalloidin staining,
showing the induction of EMT by TGF-{. Interestingly, EMT,
induced by TGF-[3, was clearly inhibited by ectopic TTF-1 (Fig. 1C
and D).

E-cadherin expression was enhanced by the TGF-p type 1
receptor inhibitor LY364947 (Supplementary Fig. $24), suggesting
that blockade of endogenous TGF-p signaling induces E-cadherin
up-regulation. TTF-1 further enhanced E-cadherin expression,
in addition to the effect of LY364947 (Supplementary Fig. S24).
TTF-1-mediated E-cadherin up-regulation and antagonism to
TGF-p-mediated EMT were further confirmed by immunoblotting
(Supplementary Fig. S2B). Besides loss of E-cadherin, EMT is
characterized by up-regulation of mesenchymal markers. TGF-[3-
mediated up-regulation of fibronectin was antagonized by TTF-1,
whereas that of N-cadherin was not significantly affected
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Figure 1. TTF-1 inhibits TGF-3-mediated EMT. A,
phase contrast microscopy of A549 cells infected with
Ad-LacZ or Ad-TTF-1. B, luciferase reporter assay of
human E-cadherin in A549 cells. Bars, SD. C,
immunocytochemistry for E-cadherin (green). Red,
TRITC-phalloidin; blue, TOTO3 (nuclei). A549 cells
infected with Ad-LacZ or Ad-TTF-1 for 48 h were
incubated with or without TGF-j31 for additional 48 h.
D, high magnification of the cells treated as in C. Red,
TRITC-phalloidin; blue, TOTO3 (nuclei).
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(Supplementary Fig. S2B8). LY364947 suppressed the induction of
fibronectin and N-cadherin by TGF-{ and up-regulated E-cadherin
expression (Supplementary Fig. §28).

In addition to E-cadherin, A549 cells were further immuno-
stained for other epithelial markers, i.e., ZO-1 and pan-cytokeratin
(Supplementary Fig. S§3). Z0-1 expression was observed in both
LacZ-expressing and TTF-1-expressing cells. In LacZ-transduced
cells, TGF-p treatment led to the reduction of its staining on the
cell membrane, whereas this effect was clearly antagonized by
TTF-1. Pan-cytokeratin expression was decreased but sustained
even after TGF-{3 treatment.

TTF-1 attenuates matrix metalloproteinase-2 activity, cell
migration, and invasive capacity of lung adenocarcinoma
cells. EMT is accompanied with enhancement of matrix metal-
loproteinase (MMP) activities that facilitate degradation of
extracellular matrices surrounding tumor cells. TGF-[3 treatment
enhanced the expression of MMP-2, as determined by quantitative
RT-PCR, and this effect was inhibited by TTF-1 (Fig. 24). LY364947

effectively blocked the effect of TGF- to induce MMP-2 in both of
the control and TTF-1-expressing cells (Supplementary Fig. S44).
Gelatin zymography further showed that MMP-2 activity was
enhanced by TGF-p, and this effect was inhibited by TTF-1
(Fig. 2B).

To analyze functional aspects of TGF-f-induced EMT and
antagonistic action of TTF-1, we performed wound healing and
invasion assays. TGF- treatment led to highly migratory behavior
of cells and earlier closure of wounds after 72 hours, despite of
its growth inhibitory action (Fig. 2C, top left). Expression of TTF-1
resulted in retardation of wound closure reflecting attenuated
migratory property, and TGF-{> treatment failed to enhance cell
migration in TTF-1-transduced cells in contrast to LacZ-trans-
duced cells (Fig. 2C, bottom left). These effects were quantitated by
time-lapse movies (Fig. 2C, right and Supplementary Videos).

The process of cancer invasion involves the degradation of
basement membrane and extracellular matrices that are mainly
composed of collagen. To determine the invasive capacity of lung
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cancer cells, we used chambers coated with collagen 1C. TGF-p
treatment resulted in increased number of migrated cells on the
lower face of the chambers. TTF-1-expressing cells showed
impaired migration through the filters, and the action of TGF-p
was completely antagonized by TTF-1 (Fig. 2D, left). Quantitation
of these results revealed that TTF-1 inhibited the invasive capacity
of lung adenocarcinoma cells and TGF-3 failed to restore it
(Fig. 2D, right).

TTF-1 negatively regulates the expression of molecules
involved in EMT. In A549 cells, ectopic TTF-1 inhibited the
induction of TGF-p target genes, Smad7 and PAI-1, which are
regulated by Smad pathway (Fig. 34). Despite of these striking
differences, phosphorylation of Smad2 or Smad3 after TGF-f
treatment displayed no significant difference between the control
and TTF-1-expressing cells (Supplementary Figs. S54 and S5B).
Next, we knocked down the expression of endogenous TTF-1 in
H441 cells. Transfection of TTF-1 siRNA effectively suppressed the
expression of TTF-1 (Fig. 38, left). TTF-1 knockdown resulted in
enhanced induction of Smad? and PAI-1 after T'GF-[» stimulation in
H441 cells (Fig. 3B, right), consistent with the results in A549 cells.

Recent data have shown that Smad3 physically interacts with
TTF-1 and regulates the transcription of the TTF-1 target gene SPB
(19, 20). Taken together, it is suggested that TTF-1 suppresses
Smad-mediated transcription of a subset of TGF-{3 target genes in
the nucleus and, thereby, inhibits TGF-p-mediated EMT in lung
adenocarcinoma cells.

We further explored the antagonistic effects of TTF-1 against
TGF-p-induced EMT. Expression of E-cadherin is regulated by
multiple transcription factors, including zinc finger transcriptional
repressors Snail and Slug (8). TTF-1 suppressed the basal
expression level of Snail and Slug, and their rapid induction after
TGF-p treatment was also inhibited by TTF-1 (Fig. 3C left).
Suppressed expression of Snail was also shown by immunoblotting
(Fig. 3C. right). Although LY364947 treatment suppressed the
expression of Snail and Slug after 24 h in LacZ-transduced cells, it
did not induce further decrease in TTF-1-transduced cells
(Supplementary Figs. S48 and S4C).

Luciferase assay showed that Snail or Slug suppresses the human
E-cadherin promoter activity, antagonizing the action of TTF-1
to enhance it (Supplementary Fig. $64). Furthermore, adenoviral
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transduction of human Snail resulted in down-regulation of
E-cadherin and up-regulation of N-cadherin and fibronectin,
mimicking the effect of TGF-B (Supplementary Fig. S68). These
results support the idea that Snail and Slug are involved in the
regulation of EMT in A349 cells, as previously described in other
cell types.

Recently, platelet-derived growth factor (PDGF) signaling (21)
and collagen I (22) have been reported to be involved in TGF-{3-
induced EMT. In A549 cells, TGF-{3 stimulation resulted in the
induction of PDGF-B and «l(I) collagen, whereas this effect was
blocked by ectopic TTF-1 (Supplementary Figs. S7A and S7B).
These results suggest that TTF-1 blocks EMT and induces
epithelial differentiation by suppression of an array of events
leading to EMT. In addition, induction of CTGF after TGF-p
treatment was also inhibited by TTF-1 (Supplementary Fig. S7C).
Thus, it is also suggested that TTF-1 can act as an antifibrotic
factor in cancer, as well as in fibrotic disorders, through down-
regulation of fibrotic factors.

Silencing of TTF-1 modulates epithelial phenotypes and
enhances TGF-3-mediated EMT. To further address the effect of
TTF-1 on TGF-p-induced EMT, we knocked down endogenous
TTF-1 in H441 cells. Control or TTF-1 siRNA was transfected at 0
and 72 hours in the presence or absence of continuous TGF-p
stimulation, and the cell morphology was examined at 144 hours
(Fig. 44), because it was previously reported that alveolar epithelial
cells undergo EMT when chronically treated with TGF-3 for
>144 hours (23). Silencing of TTF-1 in H441 cells resulted in
morphologic changes to a flattened or elongated shape with
decreased cell-cell attachment (Fig. 44). TGF-p treatment led to the
reorganization of actin stress fibers, whereas cell-cell adhesions
were sustained (Fig. 44 and Supplementary Fig. $84). The cells with
combined treatment of TTF-1 knockdown and TGF-R showed
impaired cell-cell attachment, and fibroblast-like cells were
frequently found when cultured at low cell density (Fig. 44, bottom).

H441 cells were also immunostained for E-cadherin, ZO-1, and
pan-cytokeratin (Supplementary Fig. S88). E-cadherin staining on
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Figure 3. TTF-1 down-regulates the molecules involved in EMT. A, quantitative RT-PCR. Kinetic expression of Smad7 and PAI-1 indicated as in Fig. 24. B, left,
immunoblotting of TTF-1 in H441 cells transfected with mock, control siRNA (si NTC), and siRNA for TTF-1 (si TTF-1). a-Tubulin was used as a loading control. Right,
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the cell membrane was clearly observed in H441 cells. In contrast
to A549 cells, E-cadherin expression was persistent even after
TGF-3 treatment. TTF-1 knockdown alone failed to significantly
suppress its expression, but simultaneous treatment with TGF-[3
resulted in loss of cell-cell adhesions and substantially decreased
E-cadherin staining, Irregular staining of Z0-1 was noted in H441
cells, and TTF-1 knockdown or TGF-J3 treatment led to its reduced
expression. Pan-cytokeratin expression was decreased but sus-
tained even after TGF- treatment or TTF-1 knockdown. Together
with the results in A549 cells, cytokeratins might be persistently
expressed in lung cancer cells with mesenchymal phenotypes,
consistent with the clinical findings that most lung cancer cells
keep expressing cytokeratins.

We next examined the effect of TTF-1 knockdown on both
TGF-p-mediated rapid induction of Snail or Slug and expression of
EMT markers. Consistent with the observations in A549 cells
(Fig. 3C), silencing of TTF-1 resulted in enhanced induction of Snail
and Slug (Fig. 48). Enhanced induction of Snail was also shown by

immunoblotting (Fig. 4C, left). We also studied the effect of chronic
exposure (144 hours) to TGF-p. TTF-1 knockdown resulted in
enhanced expression of Snail, and the induction of fibronectin
mediated by TGF-|5 was enhanced under the condition that TTF-1
was knocked down (Fig. 4C, right). These observations support the
action of TTF-1, which inhibits EMT mediated by TGF-f. Contrary
to the immunocytochemical observations (Supplementary Fig.
S88), E-cadherin expression was not significantly affected by either
TGF-p treatment or TTF-1 knockdown in a bulk population of the
cells cultured at high cell density (Fig. 4C right). This result
suggested that E-cadherin expression is retained by other
mechanisms that might overcome the effect of TGF- or TTF-1
in H441 cells cultured at high cell density.

Reciprocal regulation of TTF-1 expression and TGF-(
signaling. To address the effect of TGF-f on the expression of
TTF-1, we used two different lung adenocarcinoma cell lines, H441
and LC-2/ad, which endogenously express TTF-1. TGF-3 treatment
for 72 hours suppressed the expression of TTF-1 mRNA and protein

Cancer Res 2009; 69: (7). April 1, 2009

OF6

www.aacrjournals.org

— 173 —



TTF-1 Inhibits TGF-3—Mediated EMT

in both cell lines (Fig. 54 and B), and blockade of TGF-f} signaling
with LY364947 resulted in restoration of TTF-1 expression
suppressed by TGF-f3 (Fig. 58). These findings were consistent
with the previous report, showing reduced expression of TTF-1 in
alveolar epithelial cells undergoing EMT (23).

To examine the effect of TTF-1 on the expression of TGF-p
ligands, semiquantitative RT-PCR was performed for the three
isoforms of TGF-p in A549 cells. Transcription of TGF-p2 was
down-regulated by TTF-1, whereas expression levels of TGF-p1
transcripts were not significantly different between the control and
the TTF-1-transduced cells (Fig. 5C). Transcripts of TGF-p3 were
not detected in A549 cells (data not shown). Down-regulation of
TGF-p32 expression was further confirmed by quantitation of
TGF-[32 protein in the conditioned media (Fig. 51). Taken together,
reciprocal regulation between TTF-1 and TGF-p signaling has been
observed, suggesting that enhancement of autocrine TGF-§
signaling accelerates the decrease of TTF-1 expression and vice
versa.

TTF-1 inhibits tumor progression in vivo. To address the
effect of TTF-1 in vivo, we used a mouse syngenic model. Mouse
LLC cells stably expressing green fluorescent protein (GFP) or TTF-
1 were generated by retroviral gene transfer and were inoculated
into syngenic C57/BL6 mice. Retroviral transduction was con-
firmed by GFP fluorescence (Supplementary Fig. S94). LLCs cells
lacked TTF-1 expression, and ectopic TTF-1 was located in the
nucleus (Supplementary Fig. $98). Expression of TTF-1 resulted in
retardation of tumor growth (Fig. 64), and survival rate was
prolonged (Fig. 68). Blood vessel density was lower in the TTF-1-
expressing tumor, suggesting that TTF-1 expression might affect
tumor-stromal interactions (Fig. 6C and 7).

Discussion

In the present study, we showed that TTF-1 inhibits EMT in
response to TGF-3 and restores epithelial phenotypes in lung
adenocarcinoma cells, leading to suppression of cell migration and
invasion. TTF-1 abrogated TGF-f2Z-mediated induction of Snail and
Slug, which regulate the changes in gene expression patterns that
underlie EMT (9). On the other hand, expression profiles of other
factors that have been implicated in EMT, such as 6EF-1 (ZEBI)
and SIP1 (15), HMGA2 (24), and Twistl (25), suggested that they
are not involved in either TGF-B3-mediated EMT or the effect of
TTF-1 in A549 cells (data not shown). The mechanism of how
TTF-1 inhibits TGF-p-mediated EMT could be explained by
multiple mechanisms. One is the suppression of Smad-mediated
transcription of EMT-inducing molecules, such as Snail and Slug
(Fig. 3), as suggested by the recent findings that Smad3 physically
interacts with TTF-1 and regulates its transcriptional activity
(19, 20). We have also shown the importance of another pathway;
i.e., attenuation of autocrine TGF-{3 signaling by TGF-[32 down-
regulation (Fig. 5).

Accumulating evidence of genomic analyses revealed that TTF-1
gene is amplified in 10% to 15% of lung adenocarcinomas, and
in vitro studies further support the concept that TTF-1 acts as a
lineage-specific oncogene (26-28). On the other hand, the
functional significance of TTF-1 in other subsets of lung
adenocarcinomas, wherein TTF-1 expression is reduced or lost,
still remains to be elucidated.

It is TTF-1
differentiated carcinomas and relatively low in poorly differen-
tiated carcinomas (13). According to the classification of lung
adenocarcinomas into terminal respiratory unit (TRU) type and

reported that expression is high in well-
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non-TRU type by Yatabe and colleagues, the majority of TTF-1-
positive cases showed TRU morphology. Conversely, most of
adenocarcinomas with TRU morphology were TTF-1 positive
(29). These observations suggest that loss of TTF-1 expression is
associated with poor differentiation of adenocarcinomas. There-
fore, we believe that recent data showing the oncogenic role of
TTF-1 do not exclude the possibility that TTF-1 might act as a
tumor suppressor in another subset of lung adenocarcinomas,
possibly combined with the mutation or amplification of other
oncogenes.

We found that TGF-§3 suppresses the expression of TTF-1, and
this effect was inhibited by LY364947. Expression of TTF-1 might
be sustained by the feed-forward mechanism through binding of
TTF-1 to its own promoter (30). We have also shown that TTF-1
can attenuate TGF-p signaling by down-regulation of TGF-p2.
TGF-p signaling is often positively modulated through the
induction of TGF-p ligands of different isoforms (31). Thus,
enhancement of autocrine TGF-P signaling may accelerate the
decrease of TTF-1 expression, and conversely, TTF-1 may
attenuate autocrine TGF-p signaling. Because TTF-1 exerts a
tumor suppressive effect through inhibition of EMT, these
findings delineate a novel pathway that TGF-p accelerates lung
cancer progression.

Three isoforms of TGF-j5 ligands show different expression
profiles during lung branching morphogenesis. Whereas TGF-[31
expression is prominent throughout the mesenchyme, TGF-p32
is mainly localized to the epithelium of the developing distal
airways, TGF-p2 may be critical for determining the epithelial

cell behavior in a cell autonomous fashion. TTF-1 is expressed
at the tip of the developing distal airway and may play a role
in the maintenance of the epithelial polarity. Reciprocal
regulations between TTF-1 and TGF-p signaling, involved in
lung branching morphogenesis, may be recapitulated in lung
adenocarcinoma cells,

Loss of TTF-1
differentiation of adenocarcinomas, and our results showed that
TTF-1 inhibits EMT and invasiveness of lung adenocarcinoma
cells. Some clinical studies showed that TTF-1 positivity is a
good prognostic indicator in patients with non-small cell
lung cancer. Taken together, our present study sheds light on
the new functional aspect of TTF-1, which can inhibit cancer

expression may be associated with poor

progression.
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COUP-TFII regulates the functions of Prox1 in lymphatic
endothelial cells through direct interaction
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During embryonic lymphatic development, Prox1 homeobox transcription factor is expressed in
a subset of venous blood vascular endothelial cells (BECs) in which COUP-TFII orphan nuclear
receptor is highly expressed. Prox1 induces differentiation of BECs into lymphatic endothelial
cells (LECs) by inducing the expression of various LEC markers including vascular endothelial
growth factor receptor 3 (VEGFR3). However, the molecular mechanisms of how transcriptional
activities of Prox1 are regulated are largely unknown. In the present study, we show that
COUP-TFII plays important roles in the regulation of the function of Prox1. In BECs and
LECs, Prox1 promotes the proliferation and migration toward VEGF-C by inducing the
expression of cyclin E1 and VEGFR3, respectively. Gain-of-function studies showed that COUP-
TFII negatively regulates the effects of Prox1 in BECs and LECs whereas loss-of-function studies
showed that COUP-TFII negatively and positively regulates Prox1 in BECs and LECs, respectively.
We also show that endogenous Prox1 and COUP-TFII physically interact in LECs and that both
Prox1 and COUP-TFII bind to the endogenous cyclin E1 promoter. These results suggest
that COUP-TFII physically and functionally interact during differentiation and maintenance of

lymphatic vessels.

Introduction

Lymphatic vascular systems play critical roles in the
maintenance of tissue fluid homeostasis and the mediation
of the afferent immune response. Defects in the lymphatic
systems result in lymphedema. In pathological situations,
they serve as routes of the metastatic spread of malignant
tumors to regional lymph nodes. Because of such clinical
relevance, understanding of the molecular mechanisms
that govern lymphangiogenesis is crucial (Karpanen &
Alitalo 2008).

Numerous groups have shown that activation of
signaling pathways via vascular endothelial growth factor
receptor 3 (VEGFR3) by VEGF-C/D plays central roles
in the formation of lymphatic systems. Genetic ablation
of Vegf-c gene leads to the lack of lymphatic formation
(Karkkainen et al. 2004). Additionally, expression of VEGF-
C under skin-specific promoter induces hyperplasia of

Communicated by: Masayuki Yamamoto (Tohoku University)
*Correspondence: miyazono@m.u-tokyo.ac.jp

DOI: 10.1111/j.1365-2443.2008.01279.x
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cutaneous lymphatic vessels (Jeltsch et al. 1997; Veikkola
et al. 2001). Furthermore, inhibition of VEGFR3 signals
via VEGFR 3-Fc trap leads to diminishment of lymphatic
vessels (He et al. 2002).

However, lymphangiogenesis is not regulated only by
VEGFR3 signaling pathways. Recent reports have shown
that integrin 09/B1 complexes serve as receptors for
VEGF-C/D to regulate cell migration (Vlahakis et al.
2005). Furthermore, receptor tyrosine kinases including
Tie2 (Morisada er al. 2005), fibroblast growth factor
receptor 3 (FGFR3: Shin et al. 2006), platelet-derived
growth factor receptor B (PDGFRB: Cao et al. 2004)
and hepatocyte growth factor receptor (HGFR: Kajiya
et al. 2005) have been implicated in lymphangiogenesis.
Therefore, if there are transcription factors that regulate
these multiple lymphangiogenic signals, such master
regulators can be ideal candidates as targets of anti-
lymphangiogenesis therapies.

During embryonic lymphatic development, a homeobox
transcription factor Prox1 has been shown to play important
roles in the differentiation of venous endothelial cells

Genes to Cells (2009) 14, 425-434
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" into lymphatic endothelial cells (LECs; Oliver 2004). At

9.5 dpc of mouse development, Proxl starts to become
expressed specifically in a subpopulation of endothelial
cells located on one side of the anterior cardinal vein. At
this stage, venous endothelial cells express CID34, a blood
vascular endothelial cell (BEC) marker, and low level of
VEGFR3, whose expression becomes restricted to LEC
at later stages. Upon Prox1 expression, expression of
BEC markers decreases while expression of LEC markers,
such as podoplanin and VEGFR 3, increases. These Prox1
expressing cells start sprouting from veins and migrate
towards mesenchymal cells expressing VEGF-C. Impor-
tantly, in Prox1 deficient mice, the migration of LECs is
arrested, leading to complete lack of lymphatic systems
(Wigle & Oliver 1999; Wigle er al. 2002).

Being a transcription factor, Prox1 regulates the
expression of various target genes. When Prox1 was
adenovirally transduced into human dermal microvascular
endothelial cells (HDMECs), expression of LEC-specific
genes was up-regulated (Petrova et al. 2002). Although
Prox1-mediated induction of LEC-specific genes was not
observed in non-BECs, Prox1 was capable of inducing
the expression of cyclin E1 and E2 in various cell types.
These results suggest that Prox1 may induce cell prolifer-
ation and differentiation of BECs into the LECs.

We recently examined the effects of Prox1 on the
migration of two types of endothelial cells, mouse
embryonic stem cell-derived endothelial cells and human
umbilical vein endothelial cells (HUVECs) (Mishima
et al. 2007). Prox1 induces the expression of VEGFR3
and integrin o9, which results in the endothelial migration
towards VEGF-C. Furthermore, when Prox1 expression
was knocked-down in human dermal LECs (HDLECs),
expression of VEGFR3 and integrin o9 was attenuated
with decrease in the migration towards VEGF-C. These
results suggest that Prox1 serves as a master regulator in
the differentiation and maintenance of LECs.

However, the molecular mechanisms of how Prox1
regulates the transcription of its target genes have been
poorly understood. Shin and colleagues showed that Prox 1
directly binds to the FGFR3 promoter to induce its
expression in endothelial cells (Shin ef al. 2006). Prox1 has
also been shown to bind to the BB1-crystallin promoter
to regulate its expression in lens epithelium (Cui et al.
2004). While various transcription factors are involved
in the regulation of BB1-crystallin expression, the roles
of Prox1 binding proteins in the Proxl-mediated
transcriptional regulation have not yet been elucidated.

Qin er al. showed that Prox1 binds liver receptor
homologue-1 (LRH-1/NR5A2), a member of fushi tarazu
factor 1 subfamily of orphan nuclear receptors, which
positively regulates the expression of cholesterol 7-0t-

Genes to Cells (2009) 14, 425-434

hydroxylase (cyp7al) in liver. Prox1 negatively regulates
the transcriptional activities of LRH-1 by sequestrating
LR H-1 proteins from cyp7al promoter (Qin et al. 2004).
The suppression of the transcriptional activities of LR H-1
by Prox1 does not require the DNA binding domain of
Prox1. These results suggest that other nuclear receptor
family members may also physically and functionally
interact with Prox1.

Chicken ovalbumin upstream promoter transcription
factors (COUP-TFs) are orphan members of the steroid/
thyroid hormone receptor superfamily. Two genes termed
COUP-TFI (also known as EAR3/NR2F1) and COUP-
TFII (also known as ARP-1/NR2F2) are closely related
members and are expressed in various organs. COUP-TFs
play important roles in the regulation of organogenesis,
neurogenesis, and cellular differentiation during embryonic
development. In blood vessels, COUP-TFII is specifically
expressed 1n venous but not in arterial endothelium
(You et al. 2005). Targeted disruption of COUP-TFII in
endothelial cells results in the acquisition of arterial charac-
teristics in mutant veins, suggesting that COUP-TFII
has a enitical role in maintaining vein identity. As lymphatic
vessels are originated from veins, ablation of COUP-TFII
in endothelial cells causes the decrease in Prox1-expressing
cells (Srinivasan er al. 2007). However, the roles of COUP-
TFII in LECs have not yet been elucidated.

In the present study, we found that COUP-TFII is
expressed in LECs. By gain- and loss-of-function analyses,
we showed that COUP-TFII suppresses the transcriptional
activities of Prox1 to induce VEGFR3 and cyclin E1 in
HUVECs, which leads to the inhibition of Prox1-mediated
mnduction of endothelial cell proliferation and migration
towards VEGF-C. Interestingly, both gain- and loss-of-
function of COUP-TFII in HDLECs suppressed the
expression of VEGFR3 and cyclin E1, suggesting that
endogenous level of COUP-TFII is required to maintain
the characteristics of LECs. Furthermore, we showed that
COUP-TFII physically interacts with Prox1 and that both
COUP-TFII and Prox1 bind to the cyclin E1 promoter.
These results suggest that COUP-TFII regulates the
transcriptional activities of Prox1 in LECs via physical
interaction.

Results

COUP-TFII is expressed in human LECs

We first studied the expression of COUP-TFII in BECs
and LECs using HUVECs and HDLECs by Western
blot analysis (Fig. 1A). While COUP-TFII protein was
detected in both HUVECs and HDLEC:, its expression
level was lower in HDLECs, in which Prox1 was expressed.
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