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ABSTRACT

The Induction of Differentiation for THP-1 Cells by
Activation of CD44-Associated Signal Transduction
Pathway; The Elucidation of Its Mechanism

June-Won Cheong

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professo¥oo Hong Min)

Ligation of CD44 with anti-CD44 monoclonal antibddyAb), A3D8, induces mo-
nocytic differentiation of human leukemia cell linEHP-1. However, the underlying
molecular mechanisms remain largely unknown. Herei@ examined the importance
of extracellular signal-regulated kinases, p38 geiteactivated protein kinase (MAPK),
and phosphatidylinositol 3-kinase (P13-K)/Akt patlywan the A3D8-induced terminally
differentiated THP-1 cells. THP-1 cells showed Iogw changes typical of mature
monocytes and an increased expression of mongmgtifis antigen CD14 (from 1.8+
0.1% to 38.2+3.2%) and of myeloid-specific antige®11b (from 6.6+0.6% to 66.6
+1.6%) 72 hours after A3D8 treatment. The increasahe expression of these diffe-
rentiation antigens was dose- and time-dependddil4 Qigation with A3D8 mAb led
to rapid and sustained activation of the esseii@ises in the extracellular signal-
regulated kinase pathway such as phospho-Raf-EpipidMEKL/2, and phospho-ERK1/2.
In addition, Ser473 Akt phosphorylation was alsseped shortly after the cells were
treated with A3D8 mAb and was sustained thereaftercontrast, the phosphorylation
of p38 MAPK was dramatically decreased by CD44titiga Pre-treatment of cells with
MEKZ1 inhibitors, PD98059 and U0126, potently intédi THP-1 differentiation. Pre-
treatment of cells with PI3-K inhibitor LY294002 sal resulted in nearcomplete



inhibition of A3D8 mAb-induced differentiation andiso blocked the A3D8-induced
MEK/ERK activation, but not the activation of Raf-1

Taken together, these findings demonstrated thatctbss-talk between the activa-
tion of A3D8-inducible PI3-K/Akt pathway and the fREEK/ERK pathway in THP-1
cell exists, and plays a critical role during COgghtion-induced THP-1 differentiation.

Key Words: CD44, differentiation, THP-1 cells, Raf-1I/MEK/ERIRI3-K/Akt
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[. INTRODUCTION

Acute myeloid leukemia (AML) is characterized bye thlockage of myeloid diffe-
rentiation at various stages. The differentiatidoct can be overcome after treatment
with either chemical agentssuch as all-trans retinoic acid or monoclonal balies
(mAbs) that target antigens such as on leukemitéblaThe CD44 antigen is expressed
on the surface of leukemic blasts in the majorify AWML *°. Because CD44 is a
functional receptor that plays an important role transmitting signals that can
modulate cell proliferation, survival and differationd”’, it can be used as a target
molecule to induce terminal differentiation of AMhblasts. It has been reported that
the ligation of CD44 with two mAbs, A3D8 and H9@iggers terminal differentiation
of AML blasts on the basis of antigenic, functionahd cytologic criterf. However,
the molecular mechanisms involved in the CD44-iadudifferentiation of leukemia
cells have not been elucidated.

Emerging evidence implicates that the mitogen-atty protein kinase (MEK)/
extracellular signal-regulated kinase (ERK) and p88P kinase (MAPK) pathways are
involved in the differentiation of certain cell 8%"". In the case of hematopoietic
cell differentiation, antisense oligonucleotidesd attominant-negative mutants targeting
MEK-1 have been shown to inhibit macrophage-likéfedtntiation of TF-la cefld
Sustained activation of the ERK/MAP kinase pathwag been shown to be required
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for the megakaryocytic differentiation of K562 &8l Differentiation of U937 cells to
monocytes/macrophages induced by 12-O-tetradeghodybl-13-acetate (TPA) was accom-
panied by activation of ERK1 and ERKZlike in HL-60 cells® and K562 celf$
undergoing mononuclear and megakaryocytic diffeton, respectively, induced by
this agent. In contrast, inhibition of ERK actiesti by PD98059 blocked differentia-
tion of ML-1"" and U937 cell§. While these observations indicate an involvenwnt
MEK/ERK/MAP kinases in hematopoietic differentiatjo the detailed role of the
MEK/ERK/MAP kinase pathway in myeloid different@ti remains poorly understood.

Phosphatidylinositol 3-kinase (PI13-K) and the sdtimeonine kinase AkU/PKB pathway
regulate widely divergent cellular processes innfydcell growth, survival, apoptosis,
and metabolisii®’ PI3-K/Akt pathway also has been demonstrated etoctoicial in
the regulation of cellular differentiation includirchondrocytés, myoblast€, Th cell§’,
neuronal celf§, and adipocytéd The RaffMEK/ERK and PI3-K/Akt signaling pathways
are often simultaneously activated in response rtawty factors and hormones. In
some systems, the small guanine nucleotide bindintein, Ras acts as an upstream
positive effector of both the Raf/MEK/ERK pathwaypdathe PI3-K/Akt pathway.
Cross-talk between the Raf/MEK/ERK and the PI3-K/Adathways may switch the
biologic response and modulate differentiation, shewn for myoblast differentiation,
by cell type-specific mechanisths However, the roles of these two pathways in the
process of CD44 ligation-induced monocytic difféieion of THP-1 cells have not
been previously been elucidated. This prompted custiidy the roles of Raf/MEK/
ERK and PI3-K/Akt in A3D8-induced terminal diffetetion of THP-1 cells.

In this study, we demonstrated that CD44 ligatioith wASD8 mAb induces the
terminal differentiation of THP-1 cells by promdircross-talk between Raf/MEK/ERK
and Akt/PKB pathway in THP-1-leukemia cells. Thesult may provide a new expe-
rimental basis for a differentiation therapy in AML



1. MATERIALS AND METHODS

1. Chemicds and antibodies

The anti-human CD44 mAb, A3DS8 (IgGl), was obtaineomf Sigma Immunoche-
micals (St Louis, MO). Isotype control mAb (immundgltin G1; IgG1), was from
Coulter- Immunotech (Miami, FL). MEK-1 specific itdiors PD98059 and UQ0126,
PI3-K inhibitor LY294002 and Raf-1 inhibitor ZM3363 were purchased from
Calbiochem (La Jolla, CA). Rabbit polyclonal antitesd against total Akt/PKB, Raf-1,
MEK1/2, ERK1/2, and p38 MAPK were obtained from ICBIgnaling Technology
(Beverly, MA). Phospho-specific antibodies agaiAét/PKB, Raf-1, MEK1/2 (Ser217/
Ser221), ERK1/2 (Thr202/Tyr204), and p38 MAPK (ThrI80182) were also purchased
from Cell Signaling Technology. Probing with antbtilin monoclonal antibody from
Upstate (Charlottesville, VA) was used to demorstequal protein loading. Phycoery-
thrin (PE)-conjugated anti-CD11b antibody, fluoréscisothiocyanate (FITC)-conjugated
anti-CD14 antibody and the Annexin-V apoptosis kiere obtained from BD Phar
Mingen (San Diego, CA). HRP-conjugated secondarjoauies for Western blotting were
obtained from Promega (Madison, WI).

2. Cdl culture and induction of differentiation by CD44 ligation

The human monoblastic leukemia cell line, THP-15s vadotained from the ATCC
(Manassas, VA) and cultured in RPMI 1640 medium¢GilBRL, Grand Island, NY)
supplemented with 15% fetal bovine serum (FBS; GiB&L). Cells were subcultured
2~3 times weekly to maintain a log phase growth. idu¢e differentiation of THP-1,
cells in logarithmic growth were seeded in triiicaat 3x18ml and treated with
anti-CD44 mAb, A3D8, dissolved in dimethyl sulfogi(DMSO; final concentration of
DMSO in culture medium was 0.1%) as indicated iae text and incubated at B7
with 5% CQ for various durations. As a negative control, scellere incubated with
10ug/ml of IgG. To test the roles of Akt/PKB, MEK/ERK, and p38 MK kinase
activation in the A3D8-induced terminal differetiba, THP-1 cells were pre-incubated
with variable concentration of PD98059, U0126, L¥292, or SB203580 2 h before
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treatment with A3D8 mAb, respectively. They werenthprocessed for proliferation,
differentiation, and apoptosis studies as descrimaw.

3. Measurement of cell proliferation, viability, and apoptosis

Cells were seeded at 1.5%H0l in 24-well plates and were allowed to grow fr
days in normal growth medium or medium containiragious amounts of A3D8 as
indicated in the text. Viable cells were counte@érgwvday using trypan blue dye exclu-
sion. All of the experiments were repeated at I&simes. The values are reported as
the meantSD of triplicate wells. Apoptosis was tjfied by flow cytometry on cells
labeled with annexin V-FITC and propidium iodide.

4. Anadyss of cel cycle digtribution

After treatment with A3D8 mAD, the cells were pite and fixed in 70% ethanol
on ice for 1 h and resuspended in 1 ml of a cellecymliffer (0.38 mM sodium citrate,
0.5mg/ml RNase A, and 0.01 mg/ml propidium iodide) aa concentration of 1x10
cells/ml. Cell cycle analysis was performed usingF&CS Calibur flow cytometer
(Becton Dickinson, San Jose, CA) equipped with Qelest software (Becton Dickinson).

5. Assessment of cdl differentiation

Cell differentiation was determined by cell morgiyital changes and cell surface
markers (CD11b and CD14) expression. For detectforteb surface markers, 1x10
cells were harvested at indicated time, washedetwiith ice-cold phosphate buffer
solution (PBS) before 2@ of phycoerythrin (PE)-conjugated anti-CD11b andl'GH
conjugated anti-CD14 antibodies were added andbated for 45min at room
temperature. After incubation, the cells were wdshwice again with cold PBS and
re-suspended in 0.5ml of PBS. Two-parameter asalygs performed by FACS
Calibur flow cytometry with the aid of Cell Quesiftsvare (Becton Dickinson). All of
the differentiation-induction experiments were peledently performed at least 3 times.
For morphological assessment of differentiatiorf) 110of cell suspension were cytospun
on to slides and examined microscopically using Wrght-Giemsa stain according to
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the manufacturer's instruction. Percent differéntiawas calculated as the number of
cells that were differentiated divided by the tataimber of cells counted.

6. Western blot andysis

3x10 cells were dissolved in 1Q0 of a SDS-PAGE sample buffer containing-
mercaptoethanol. The lysates were sonicated foset5with a Vibra Cell Sonicator,
boiled for 10 min, and further analyzed by Westblotting. The protein yields were
guantified using the Bio-Rad Dc protein assay kértidles, CA) and equivalent
amounts of the protein (4@)) were applied to the 15% SDS-PAGE and transfetwed
nitrocellulose membranes (Amersham Biosciencesatisay, NJ). The membranes were
blocked at room temperature with 3% bovine seruburain (BSA) in TBST (1X
TBS, 0.1% Tween 20) for 16 h. After washing twice TBST, the membranes were
incubated with the primary antibodies for 2 h atmotemperature. The membranes
were then washed four times in TBST, and incubatéth the relevant HRP-
conjugated secondary antibodies (1:3000 dilutiorh 8% BSA in TBST) for 1h. After
washing four times in TBST, the reactive proteinsravvisualized by an enhanced
chemiluminescence (ECL) detection system (Amershaosciinces). Densitometry was
performed using the Molecular Dynamics Imaging esystand ImageQuant 3.3 soft-
ware (Amersham Biosciences) to quantify the relaaweounts of the protein detected
on Western blots.

7. Satistical andysis

Statistical analysis was done with paired-sampliesttusing SPSS software, version
12.0 (SPSS Inc, Chicago, IL). Differences were cmmed to be statistically significant
at p<0.05.



[1l. RESULTS

1. CD44 ligation with A3D8 inhibited proliferation and induced the
gpoptosis of THP-1 cells

Measurement of viable cell numbers over a 4-dayogheshowed that treatment of
2.5ug/mL A3D8 anti-CD44 mAb strongly inhibited the grbwof the THP cell line
(Fig. 1). The antibody controled THP-1 cells caesily increased in their numbers,
but the number of A3D8-treated THP-1 cells evehtudkecreased after only slight
increment until initial 48 hours.

20 r
—6e— control
—8— A3D8
E 15 ¢
<
o
-
Ra
5 10 r
0
IS
=}
c
3 57
o
0 -
Oh 48h 72h 96h

Figure 1. Time-dependent proliferation in THP-1 cells by A3D8 treatment.

Cell suspensions (1xk@lis/ml) were incubated in triplicate in the prese of 2.5g/
ml of A3D8. Controls were cells incubated with ygm matched IgG1l (28y/ ml) as
an antibody-control. At the indicated times, thablé cell number was determined
using trypan blue dye exclusion. The statisticdledince between A3D8-treated cells
and controls is reached from day 3(p<0.05).

In addition, A3D8 induced apoptotic death of THRdls. When the THP-1 cells
were incubated with A3D8 for 72 hour, an obvious papgis of THP-1 cells was
observed. The mean percentage of apoptotic ceks sigmificantly increased compared
to the control THP-1 cells (13.7£1.2% versus 3.0%).9<0.01) (Fig. 2).
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Fgure 2. Time-dependent gpoptosis in THP-1 cdls by A3D8 trestment.

THP-1 cells were incubated in the presence of AZLBIg/ml) for 72 hours. At the
indicated times, apoptosis was quantified by méasuhe percentage of annexin V-
FITC-positive, propidium iodide-negative cells, figw cytometry.

2. CD44 ligation with A3D8 induced termind differentigtion of THP-1 cdls

It was observed that THP-1 cells terminally difféited into monocytic lineage
after CD44 ligation. The THP-1 cells treated withh18/ml of A3SD8 mAb for 3 days
showed an increased expression of the monocytafispe@ntigen CD14 (from 1.8+
0.1% to 38.2+3.2%) and of the myeloid-specific gati CD11b (from 6.6+0.6% to
66.6+1.6%) (Fig. 3A, 3B). It implies that A3D8 irmkd THP-1 cells to differentiate
mainly, but not exclusively, towards the monocyieage.

The increase in the expression of these diffet@isantigens was time- and dose-
dependent(Table 1). Besides induction of cell serfenarker expression, A3D8 induce
changes in cell morphology. A3D8-treated THP-1scalhowed morphologic features
typical of mature monocytes such as decreased usacigoplasmic ratio and nucleoli
numbers, chromatin condensation, and irregularp@dmic contours (data not shown).
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Figure 3. Time-dependent differentiation in THP-1 cells by A3D8 treatment.
Increased expression of lineage differentiationgans. The expression of CD11b (A)
and CD14 (B) was measured as described in "Mataridl methods".

Table 1. Time- and dose-dependent expression of CD11b and CD14 by A3D8 treatment

A3D8
0.63pg/ml 1.25pg/ml 2.5ug/ml
CD11b CD14 CD11b CD14 CD11b A3D8
0 hr 6.310.3 1.310.2 5.1+1.1 2.010.4 6.610.6 1.8+0.1
24 hr 7.3+1.2 2.1+0.4 89421 11.7#25 12.8+1.7 263+1.

48 hr 11.1+3.1 24420 174429 142429 522445 27542
72 hr 12.4+3.3 4.1+1.2 28.7¥1.8 16.3+24 66.6£1.6 382+3.

3. CD44 ligation with A3D8 induced a Gy/G: arest in THP-1 cdls

Cell cycle arrest is a common feature of cells rguiag terminal differentiation
and defective proliferation. Based on the growthibitory and differentiation-inducing
effects of A3D8 on THP-1 cells, cell cycle analysisresponse to A3D8 was perfor-
med. The DNA content analysis showed that the THfllE underwent a §&; arrest
(Table 2). The proportion of cells ingG; phase increased from 29.5% (controls) to
56.2% in A3D8-treated cells after 48 hours, ananfr86.4% to 99.5% after 96 hours.
This was mirrored by a decreased in the propomibiells in S and G/M phase.
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Table 2. The changes of cdl cycle in THP-1 cdls by A3D8 treatment
48 hour 72 hour 96 hour
control A3D8 control A3D8 control A3D8
G0/G1 295+2.1 56.2+54  33.4+15 68.343.3 34.4+4.3 99%+4
S 48.9+3.3 24.8+3.1 405+22 22.8+29 43.1+24 0.1+0.8
G2/M 21.6+£2.7 19.0£2.2 26.1+35 89+1.4 22.5+4.2 0.8+0.

4. Activation of Raf-I/MEK/ERK kinase signding pathway during
A3D8-induced termind differentiation of THP-1 cells

To understand the early molecular mechanism iedoin the A3D8-induced terminal
differentiation of THP-1 cells, we examined theiation of the Raf-1/MEK/ERK and
p38 MAPK pathway by analyzing the phosphorylatitaitus of these molecules using
phospho-specific antibodies. A3D8 treatment of THEells induced the activation of
MEKL/2 kinase (Ser217/221), which was coincidentvitte phosphorylation of upstream
kinase Raf-1(Fig. 4). Time-course analysis revedad the phosphorylation of MEKL1/2
(Ser217/221) was detected within 30 min after A3D&tment and lasted for more
than 48 h. Since differentiation began only 12 hratite A3D8 treatment, and became
more prominent after 48 h, these results indichs the ERK pathway is activated
by CD44 ligation with A3D8 before the appearancetha differentiation phenotype.

Time (hour)

0 0.5 1 6 16 24 48
Sw com SR SR e sww 8B pRaf-1 (Ser338)
— — — D - PMEK1/2 (Ser217/221)
s [ — pP42/44 MAP kinase (Thr202/Tyr204)
L 2 & I 2 I I eI

Foure 4. Time-dependent phosphorylation of Raf-1, MEK1/2, and ERK1/2 in THP-

1 cdls by A3D8 treatment.

After CD44 ligation by 2.5g/ml of A3D8, THP-1 cells were harvested at thecatdd
time and equivalent amounts of the proteingD were electrophoresed on a 15%
acrylamide gels. The protein levels of phosphaedaRaf-1 (pRaf-1), phosphorylated
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MEK1/2 (pMEK1/2), and phosphorylated ERK1/2 (p42/44ARA kinase) were analyzed
by immunoblotting. The phosphorylation of Raf-1, KI2 and ERK1/2 were all increased
at half hour and sustained up to 48 hour after ABB&ment to THP-1 cells.

These levels of phosphorylation were sustained eftem 6 days of A3D8 treatment.
By contrast, Western blot analysis using the adibtihat detects total MEKL1/2 protein
revealed that A3D8 treatment did not affect thduleel levels of these proteins. The
activation of ERK1/2 (p42/44 MAP kinase) was alssesbed(Fig. 4). At 30 min after
2.5g/ml of A3D8 was added to the THP-1 cells, phodpRK1/2 proteins were eleva-
ted and this increase lasted at least for 48 h. nTakgether, these data showed that
CD44 ligation by A3DS8 treatment activates the MHERKE signaling, possibly initiated
through the activation of Raf-1.

Whether the A3D8-induced terminal differentiatioh THP-1 cells was mediated by
p38 mitogen-activated protein kinase (MAPK) sigr@lipathway was examined. We
firstly determined the protein levels of phosph8&-pBIAPK, an activated form, in
A3D8-treated THP-1 cells. As shown in Figure 5, theel of phospho-p38 MAPK
was highly elevated in untreated THP-1, and thiwemsed phosphorylation of p38
MAPK was dramatically decreased after~4B h of treatment of A3D8. However,
total p38 MAPK level remained unchanged through eéhtire time course.

Time (hour)

0 05 1 6 16 24 48
“- o BB s s P38 MAP kinase(Thr180/Tyr182)

S G P @D @ P35 MAP kinase

Figure 5. The changes in p38 MAP kinase and its phosphorylation in THP-1 cdls
by A3D3 treatment.

After CD44 ligation by 2.mig/ml of A3D8, THP-1 cells were harvested at thei-ind
cated time and equivalent amounts of the proteimgiOwere electrophoresed on a
15% acrylamide gels. The protein levels of p38 MAPB8 MAP kinase), and phos-
phorylated p38 MAPK (pP38 MAP kinase) were analyzsd immunoblotting. The
phosphorylated p38 MAP kinase was decreased ardirgasto 48 hour without any
changes in the level of p38 MAP kinase in THP-Ischiy A3D8 treatment.
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5. Activation of PI3-K/Akt signding pathway during A3D8-induced
terminal differentiation

We examined whether the PI3-K/Akt pathway is attdaduring the A3D8-induced
terminal differentiation process of THP-1 cells.kdiithe phosphorylation of Raf-1,
PI3-kinase was concomitantly increased by A3D8trireat. However, the time of PDK
phosphorylation was delayed until 6 hour after A3B&tment(Fig. 6A). In addition,
the rapid phosphorylation(Ser473) of Akt was aléiseoved within 30 min of A3D8
treatment(Fig. 6B). These levels of phosphorylatimre sustained by day 4 of A3D8
treatment before declining. However, A3D8 treatndiat not affect the total levels of
Akt proteins in THP-1 cells.

A
Time (min)
0 10 30 60 180 360
o= S Fisnase
—— — — — pPDK1(Ser241)
BB S8  raisenss
B

Time (hour)

0 0.5 1 6 16 24 48
Iy R e e e pAKT(Ser473)

- AT T G e R T AKT

Figure 6. The changes in PI3-K/Akt pathway in THP-1 cdls by A3D3 trestment.

After CD44 ligation by 2.mg/ml of A3D8, THP-1 cells were harvested at theicad
ted time and equivalent amounts of the proteiniff)Owere electrophoresed on a 15%
acrylamide gels. The protein levels of PI3 kingg®sphorylated PDK1 (Ser241) (pPDK1
(Ser241)), phosphorylated Raf-1 (Ser338) (pRaf-1@3))3 Akt, and phosphorylated Akt
(Serd73) (pAkt(Ser473)) were analyzed by immundbipt{A) Both the level of PI3-K
and phosphorylated Raf-1 were concomitantly ineckest 10 minutes after A3D8 treat-
ment, but phosphorylation of PDK1 was delayedl @thour. 8) The phosphorylation
of Akt was also increased after A3D8 treatment authchanges in total level of Akt.
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Since differentiation began only 12 h after the A3D8atment and became more
prominent after 48 h, these results indicate thatAkt pathway was activated by CD44
ligation before the appearance of the differenimtphenotype. Taken together, these
data show that CD44 ligation by A3D8 treatmentvabtis the Akt pathway, and it is
possibly initiated through the activation of PI3-K.

6. Inhibition of the MEK/ERK signding pathway by PD98059 and U0126

To determine whether the activation of ERK1/2 wae tb the activity of MEK, a
specific MEK inhibitors, PD98059 and U0126 were dusBD98059 potently inhibits
MEK-1 enzymes, and U0126 inhibits both MEK-1 and KME enzymes. THP-1 cells
were pre-incubated with varying doses of PD980SB0(@M) or U0126 (0-1Q:M) for
30 minutes followed by CD44 ligation by A3D8 treatmh for 30 minutes.

A

PDOBOSOM) 0 1 5 10 20
CD44(25pg/ml) + + + + +

- - S S PMEK 1/ 2{Ser217/221)
D — pP42/44 MAP Kinase(Thr202/Tyr204)
- a T - pAKT(Serd73)
WA aTubulin
B
U0126(uM) 0 1 5 10
CD44(2.5pg/ml) + + + +
- e .. - - PMEK1/2(Ser217/221)
- pP42/44 MAP kinase(Thr202/Tyr204)
- G — — pPAKT(Ser473)
g e e TR a-Tubulin
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Figure 7. The changes of ERK and Akt phosphorylation in THP-1 cdls by pre-
trestment of PD98059 or U0126 before A3D8 treatment.
THP-1 cells were pre-incubated with varying doség(A) PD98059 and B) U0126
for 30 minutes followed by CD44 treatment for 30 risu Both PD98059 and U0126
inhibited the phosphorylation of ERK1/2.



As shown in Figure 7, there was a dose-dependaitiition of ERK1/2 phosphory-
lation by PD98059 and U0126 indicating this adtivatby CD44 ligation by A3D8 was
MEK-dependent.

7. PI3-K/Akt sgnding is required for A3D8-induced Raf-1/MEK/ERK
activation in THP-1 cdls

We next investigated whether the signaling crdsstatween the Raf-1/MEK/ERK
and PI3-K/Akt pathway is present during the A3D&dced THP-1 differentiation. As
shown in Figure 8, the pre-treatment of LY29400&ikished the A3D8-induced acti-
vation of Raf/MEK pathway. Conversely, the MEK-Jhilsitor PD98059 did not affect
the A3D8-induced PI3-K/Akt activation in THP-1 ¢Eily. 7A).

LY294002uM) O 1 5 10
CD44(25ug/ml)  + + + o+

- e @ pAKT (Ser473)
— - —— — pRaf-1(S259)
- e — PMEK1/2(Ser217/221)

* e a -Tubulin

Fgure 8. The changes of Akt, Raf-1, and MEK1/2 phogpharylation in THP-1 cdis by
pretregtment of LY294002 before A3D8 trestment.
THP-1 cells were pre-incubated with varying dose4.Y294002 for 30 minutes follo-

wed by CD44 treatment for 30 minutes. The phospdmimy of MEK1/2 by CD 44
ligation was inhibited by LY294002 treatment.

8. MEK/ERK d€ignding is essential for A3D8-induced terminal
differentiation in THP-1 cdlls

To further determine whether the activation of MERK signaling was critically
responsible for THP-1 cell differentiation inducby CD44 ligation, we examined the
effect of MEK1 inhibitor PD98059 on the expressioh cell surface differentiation
markers. When THP-1 cells were pre-treated withiNOof PD98059 for 2 h before
the addition of A3D8 mAb, PD98059 abolished the 83iduced phosphorylation of
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MEK/ERK. Likewise, the A3D8-induced expression e tmonocytic-specific antigen
CD14 and of the myeloid-specific antigen CD11lb we@aentially decreased with
PD98059 pretreatment (CD14 and CD11b expressioraat6édwere reduced from 74.2
% and 81.3% in A3DS8-treated cultures to 4.5% and%82in CD44+PD98059 cultures,
respectively) (Fig. 9). When THP-1 cells were peatied with 1gM of U0126, another
MEK inhibitor, for 2h before the addition of A3D8Al, the A3DS8-induced expre-
ssion of the monocytic-specific antigen CD14 and tilé myeloid-specific antigen
CD11b were also decreased (CD14 and CD11b expresasiday 6 were reduced from
74.2% and 81.3% in A3D8-treated cultures to 10.8fb H.0% in CD44+U0126 cultures,
respectively).

0O CD11b
100t B CD14
80}
>
> 60|
8
c
Q
g 40t
o
ZOJJ. ﬂ %L
0 ‘ ,
Control A3D8 PD98059 PD98059 U0126 U0126 SB203580 88203580 LY294002 LY294002
A3D8 A3D8 A3D8 A3D8

Fgure 9. The changes in expresson of CD1lb and CD14 by trestment with A3D8
and vaious inhibitors

THP-1 cells were harvested after incubation withD88ane 2), PD98059 (lane 3),
U0126 (lane 5), SB203580 (lane 7), or LY294002 (lapeal®ne. THP-1 cells were also
harvested after pre-incubation with PD98059 (lane UD126 (lane 6), SB203580 (lane
8), or LY294002 (lane 10) before A3D8 treatmente HExpression of CD11b and CD14
was measured as described in "Material and methods"

MEK inhibitors, PD98059 and UO0126, and Akt intolgt, LY294002, reduced the
increased expression of CD14 and CD11b in THP-5 &gl CD44 ligation. However,
p38 MAP kinase inhibitor, SB203580, did not redute increased expression of
CD14 and CD11b. This suggests that ERK activatomesponsible for A3D8-induced
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terminal differentiation in THP-1 cells. Howeverhem THP-1 was treated with A3D8
and SB203580, the p38 MAP kinase inhibitor, thesduction of CD14 and CD11b
by MEK inhibitor was not shown (CD14 and CD11b egpien at day 6 were reduced
from 74.2% and 81.3% in A3D8-treated cultures td%land 85.4% in CD44+SB203580
cultures, respectively).

9. PI3-K/Akt signaling is essential for A3D8-induced termina
differentiation in THP-1 cdls

We examined the effect of PI3-K inhibitor LY294002 the A3D8-induced terminal
differentiation of THP-1 cells. Pretreatment oflsedlith 20 uM of LY294002 for 2 h
before the addition of A3D8 mAb abrogated the A3mficed phosphorylation of
Akt as well as acquisition of differentiation swdamarkers. A3D8-induced expression
of CD14 and CD11b was potentially inhibited with 294002 pretreatment (CD14 and
CD11b expression at day 6 were reduced from 74.B% &1.3% in A3D8-treated
cultures to 7.7% and 10.8% in CD44+LY294002 cuttureespectively) (Fig. 9). This
suggests that PI3-K/Akt activation is responsitbe A3D8-induced terminal differen-
tiation in THP-1 cells.
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V. DISCUSSION

In this study, | have demonstrated that the aahivabf Raf-1/MEK/ERK and PI3-
K/Akt pathway is critically involved in the anti-Gl2 mAb A3D8-induced terminal
differentiation of THP-1 leukemia cells. Furthereothe inhibition of PI3-K/Akt path-
way blocked the A3D8-induced activation of Raf-1#IERK pathway, suggesting the
existence of cross-talk between the PI3-K/Akt araf-RMEK/ERK pathway in the
A3D8-induced terminal differentiation of THP-1 cell

It was previously reported that the ligation of @Dith two activating mAbs,
A3D8 or H9J, triggers terminal differentiation of leukemia Iselith variable extent
according to the cell typ&€ Since the CD44 antigen is expressed on the sudéc
leukemic blasts from most AML, these findings swfjgeew possibilities for the
development of CD44-targeted differentiation therap AML. However, the molecular
mechanisms involved in the CD44 ligation-induceaieal differentiation of leukemic
cells have not been fully elucidated.

The evidence indicating the role of MEK/ERK kingsathway in the hematopoietic
differentiation has been accumulated. Sustainegation of the ERK kinase pathway
is required for the megakaryocytic differentiatiofi K562 celld®, monocytic/granu-
locytic differentiation of HL-60 cell8?®* and monocytic differentiation of U937
leukemia cell¥, which was induced by TPA treatment. It was alkows that inhi-
bition of ERK activation by PD98059 blocked diffetiation of ML-I" and U937’
cells.

Present study clearly demonstrates that A3DS8-imtluegminal differentiation of
THP-1 cells was mediated by activation of the MHERHE pathway, as indicated by
rapid and sustained increase in the levels of aetivforms of kinases such as phospho-
Raf-1, phospho-MEK1/2, and phospho-ERK1/2 priortte monocytic differentiation of
THP-1 cells. The finding that PD98059 pretreatmablished the A3D8-induced ter-
minal differentiation as well as phosphorylation MEK/ERK supports the notion that
Raf-1/MEK/ERK activation is required for the A3D&uced differentiation of THP-1
cells.

The p38 MAPK pathway was reported to be involved eirythropoietin-induced
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erythroid differentiation of mouse erythroleuken®kT6 celld’, and butyrate-induced
erythroid differentiation of K562 ceffs® Activation of p38 MAPK is also crucial for
STI571-induced multi-lineage differentiation in KB6cells’. However, p38 MAPK

pathway is not activated during the A3D8-inducedPTH differentiation. Instead, the
baseline level of phospho-p38 MAPK was increasedTHhiP-1 cells and this phos-
phorylation was down-regulated by A3D8 treatmente-iRcubation of THP-1 cells
with SB203589 before A3D8 treatment resulted inughér increase in the level of
CD11b and CD14 expression. The finding that MEKibmbr PD98059 treatment
abrogated the A3D8-induced terminal differentiatiand down-regulation of phospho-
p38 MAPK suggests that the involvement of p38 MAREthway in the A3D8-

induced terminal differentiation of THP-1 cells rigediated by MEK/ERK pathway. Of
relevance to this study, it was recently reportbdt tp38 MAP kinase inhibitor

SB203580 could induce HL-60 cells to differentiattong the granulocytic lineage,
which was mediated by activation of RaffMEK/ERK r&ifing”. Since the expression
of cell surface differentiation markers was obsgrweell before the subsequent
decrease in the phosphor-p38 MAPK level at 48 h,camclude that the differentiation
induction in THP-1 cells cannot be attributableirtbibition of p38 MAPK.

The PI3-K/Akt pathway also has been demonstratetdetccrucial in the regulation
of cellular differentiation including the chondréesg’, myoblastd, Th cell§®, neuronal
cells”, enterocyte§ and adipocytéd However, the roles of PI3-K/Akt pathway in the
differentiation of leukemic cells have not beenlyfublucidated. A previous study by
Lin®" showed that treatment of THP-1 cells with bryastat induced a rapid and
enduring activation of MEK but not Akt kinase dginhe differentiation process. In
contrast, we demonstrated that both of PI3-K/Ald &af-1/MEK/ERK pathways were
activated during the A3D8-induced THP-1differeimiat Pre-incubation of cells with
LY294002 potentially blocked the A3D8-induced terati differentiation of THP-1
cells, suggesting that PI3-K/Akt activities aretically involved in the A3D8-induced
differentiation.

While the current understanding of the regulatasie rof PI3-K in Raf/MEK/ERK
pathways is not quite clear in the hematopoietits,ca few reports have documented
that ERK kinase activation was inhibited by PI3-Khibitors®. It was recently
demonstrated that both of ERK and Akt/PKB are attd by Steel factor in the
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hematopoietic stem cell-like cell lifés In addition, PI3-K inhibitors block not only
Akt/PKB activation but also activation of Raf andRKE However, in mast cells and
other committed hematopoietic precursors, the aaiv of ERK by Steel factor is not
PI3-K-dependent. Duckworth and Canffeyiound that PI3-K can regulate MAPKs
depending on the cell type, the ligand and also riheber of the specific growth
factor receptors on the cell surface. Some crdsshatween the IGF-1-inducible
PI3-K pathway and the MEK/ERK pathway in myelomdiscexists, as evidenced by
the inhibition of MEK1/2 and ERK phosphorylation iy294002". In contrast, such
cross-talk was not seen in other studies using leks in which constitutive acti-
vation of PI3-K and MAPK pathway was not fodfidsuggesting that this cross-talk
selectively occurs during IGF-1-dependent activatad these pathways. These results
suggest that the type of intercommunication betwdmse pathways depends on the
differentiation stage of specific cell types angafid-receptor specificity. However, the
roles of these two pathways in the process of feizkecell differentiation have not
previously been evaluated.

This study showed that p-MEK1/2 was sensitive t0294002 when the THP-1
cells were stimulated by A3DS8, suggesting that sstalk between PI3-K and Raf-1/
MEK/ERK pathway is in place. Furthermore, the fglithat the MEK-1 inhibitor,
PD98059, did not affect the A3D8-induced PI3-K/Addtivation in THP-1 cells indi-
cates that the PI3-K/Akt-induced activation of RAAEK/ERK pathway is mediated at
the level of (or upstream of) Raf in the A3D8-indilicéHP-1 differentiation. The
findings that the association between the Raf-1/MHRK and PI3-K/Akt pathway was
not observed in the A3D8-treated HL-60 and U93kdmia cells in our study (data
not shown) or bryostatin-1-induced differentiatioh THP-1 celld’ indicate that the
signaling pathway activated during the leukemid déferentiation might be different
according to the cell type and differentiation icidg agent. Our results suggest that
the crosstalk between the Raf-1/MEK/ERK and PI3t/fpathways exists during the
process of CD44-induced terminal differentiation T#iP-1 cells and not in the same
undifferentiated THP-1 cells. These varying effectslld be mediated by other as yet
unidentified protein partners, which are only cégabf bridging Raf-1 and PI3-K/
Akt/PKB in certain cell types, under certain coiadis. Although the mechanisms by
which the Raf-1/MEK/ERK cascade become PI3-K-dependduring A3D8-induced
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THP-1 differentiation is not fully understood, i ipossible that the cross-regulation
between PI3-K and Raf-1/MEK/ERK pathways may be ortgmt in other leukemia
cell lineages, in which such cross-talk may sifyiladepend on differentiation stage.
Understanding the mechanisms by which the Raf-1MBBK and PI3-K/Akt pathways
regulate CD44-induced terminal differentiation ntays contribute to the development
of differentiating agents in leukemic disorders.
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V. CONCLUSION

This study has demonstrated that the activatiorRaff1/MEK/ERK and PI3-K/Akt
pathway is critically involved in the anti-CD44 mA&3D8-induced terminal differen-
tiation of THP-1 leukemia cells. Furthermore, thwhiliition of PI3-K/Akt pathway
blocked the A3D8-induced activation of Raf-1/MEKHKRpathway, suggesting the
existence of cross-talk between the PI3-K/Akt araf-RMEK/ERK pathway in the
A3D8-induced terminal differentiation of THP-1 cell

The results can be summarized as follows.

1. CD44 ligation with A3D8 inhibited proliferationnd induced the apoptotic cell
death of THP-1 cells.

2. CD44 ligation with A3D8 induced terminal diffetetion of THP-1 cells. Both
the expression of monocytic-specific antigen CDl anyeloid-specific antigen
CD11b were increased in the A3D8-treated THP-1s.cell

3. CD44 ligation with A3D8 induced a GO/G1 arrest ifHP-1 cells. The proportion
of cells in GO/G1 phase increased in A3D8-treatetiP-T cells.

4. During the terminal differentiation of THP-1 eelloy A3D8 treatment, the
Raf-1/MEK/ERK signaling pathway was activated. Tplosphorylated form of
Raf-1, MEK1/2, and ERK1/2 were increased at halfirhand sustained up to 48
hour after A3D8 treatment to THP-1 cells, and deswd by specific MEK
inhibitors, PD98059 and U0126. These inhibitor® alscreased the expression of
CD11b and CD14 of A3DS8-treated THP-1 cells. Takegether, these results
suggest that Raf-1/MEK/ERK signaling pathway isem8al for A3D8-induced
terminal differentiation in THP-1 cells.

5. A3D8 treatment also activated the PI3-K/Akt sligiga pathway. The phosphory-
lated Akt (Ser473) was increased at half hour arglamed up to 48 hour after
A3D8 treatment to THP-1 cells. Interestingly, thekt Ainhibitor, LY294002,
inhibited the phosphorylation of MEK1/2 as well Akt, and the differentiation
of THP-1 cells by A3D8. The PI3-K/Akt signaling Enother essential pathway
for A3D8-induced terminal differentiation in THP<&lls.

This result may provide a new experimental basis dodifferentiation therapy in

AML.
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ABSTRACT(IN KOREAN)
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