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HEMATOPOIESIS

Growth factor withdrawal from primary human erythroid progenitors induces
apoptosis through a pathway involving glycogen synthase kinase-3 and Bax

Tim C. P. Somervaille, David C. Linch, and Asim Khwaja

The prevention of apoptosis is a key
function of growth factors in the regula-
tion of erythropoiesis. This study exam-
ined the role of the constitutively active
serine/threonine kinase glycogen syn-
thase kinase-3 (GSK3), a target of the
phosphoinositide-3-kinase (PI3K)/Akt
pathway, in the regulation of apoptosis
in primary human erythroid progeni-
tors. GSK3 phosphorylation at its key
regulatory residues S21 ( « isoform) and
S9 (B isoform) was high in steady-state
culture, disappeared on growth factor
withdrawal, and returned in response to
treatment of cells with either erythropoi-
etin or stem cell factor. Phosphorylation
correlated with a PI3K-dependent reduc-

tion of 25% to 30% in measured GSK3
activity. LY294002, a specific inhibitor of
PI3K, induced apoptosis in growth
factor-replete erythroid cells to a de-
gree similar to growth factor depriva-
tion, whereas the Mek1 inhibitor U0126
had no effect, implicating PI3K and not
mitogen-activated protein kinase in sur-
vival signaling. Growth factor—deprived
erythroblasts, which undergo apoptosis
rapidly, were protected from apoptosis
by both lithium chloride, a GSK3 selec-
tive inhibitor, and inhibition of caspase
activity. However, the clonogenic poten-
tial of single cells, which more accu-
rately reflects cell survival, was main-
tained by lithium chloride, but not by

caspase inhibition. Furthermore, lithium
chloride, but not caspase inhibition, pre-
vented the appearance of the conforma-
tional form of Bax associated with apo-
ptosis induction. In summary, GSK3
activity is suppressed by erythropoietin
and stem cell factor in human erythroid
progenitor cells, and increased GSK3
activity, brought about by growth factor
withdrawal, may regulate commitment
to cell death through a caspase-indepen-
dent pathway that results in a conforma-
tional change in Bax. (Blood. 2001;98:
1374-1381)
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Introduction

Erythropoietin (Epo) and stem cell factor (SCF) are essential forcluding glycogen metabolism through glycogen synthase, transla-
normal erythropoiesis. Through binding and activating thetion through elF2B, transcription through AP-1 and CREB, and cell
respective receptors, EpoR and c-kit, an intracellular cascadefate specification inDrosophila and dorsoventral patterning in
biochemical events is triggered, which, in addition to permittingtenopughrough-catenin?-22
proliferation and differentiation, results in the transduction of a In erythropoiesis, progenitors are critically dependent on
survival signal to developing erythroid progenitérsin many growth factors for survival and proliferation until the inter-
cell types, the phosphoinositide-3-kinase (PI3K)/Akt (or proteimediate normoblast stage of development, and controlling the
kinase B) pathway is central to survival signaling in response proportion of cells that undergo apoptosis during development
a variety of factorsand this may also be the case in erythroids one major way in which erythrocyte production is regu-
cells819 However, other pathways, in particular the mitogentated! Recently, erythroid progenitors have been shown to be
activated protein (MAP) kinase pathway, have also been impliependent on PI3K for survivdlbut it is unclear in this context
cated in survival signal transductidhl4 which of its downstream targets is critical in survival signal
Targets of the PI3K/Akt pathway include the Forkhead transcripransduction.
tion factors, the proapoptotic Bcl2 family member Bad, caspase 9, We have examined the role of the PI3K/Akt target GSK3 in the
IxB kinase’! and glycogen synthase kinase-3 (GSK3ESK3 is a regulation of apoptosis of primary human erythroid progenitors and
ubiquitously expressed, highly conserved, constitutively activiand that both Epo and SCF suppress GSK3 activity. Furthermore,
serine/threonine kina&eand has been implicated in apoptosisnhibition of GSK3 by lithium chloride (LiCl) prevents apoptosis
regulation in primary neuronal celt$181Its activity is reduced by induced by growth factor deprivation, maintains clonogenicity, and
serine (S; single-letter amino acid code) phosphorylation at 821 feduces the appearance of the conformational form of the
isoform) or S9 g isoform) by Akt in insulin signal transductiéh®  proapoptotic Bcl2 family member Bax associated with apoptosis
and the 2 isoforms found in mammals, GSK&8d GSK®, have a induction. These results implicate high GSK3 activity in apopto-
similar range of substrate specificit®£0 GSK3 has been impli- sis regulation in humarerythroblasts and also suggest Akt is
cated in the regulation of a wide range of cellular process@s/olved in its suppression.
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further 4 times, protein bands were photographically visualized with

Materials and methods enhanced chemiluminescence (ECL or ECL Plus; Amersham).

Materials GSK3 kinase assay

The PI3K inhibitor LY294002 and the Mekl inhibitors U0126 andThe method used was modified from that of Ryves and cowofters
PD98059 were obtained from Biomol (Plymouth Meeting, PA). ROttIeriIErythroid cells were washed and incubated for 1 hour in IMDM and 1%

\évas Ot;ts ned from Calb!of‘h;?'N\(;XanE&Tfm (I\lfottlngBhar;, Ung?a KlmquS (2 experiments) or 10% FCS (3 experiments) before stimulation with
om). The pan-caspase inhibitor z ) was from Bachem ( e enﬁrowth factors. At the indicated time points, cells were pelleted and lysed in

United Kingdom). LiCl was from Merck (Poole, United Kingdom).| sis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 5 mM EDTA, 50 mM
Recombinant human Epo was from Roche (Mannheim, Germany), recoerlw- ' ' ' !

) . . F, 1% Triton X-100, 10 mM DTT, 0.5 mM N¥O,, 5 wM Microcystin,
binant human SCF was from Peprotech (London, United Kingdom), angd | .

1 mM Pefabloc) at 250 000 cells/12.E lysis buffer. Lysate (12.fL

recombinant human interleukin-3 (IL-3) was from Novartis (Basel, Switzer- ) #blysis bu Y (12.5L)

lvas mixed with 6.25uL substrate mix (containing 5 mg/mL synthetic
land). Antibodies used were as follows: antiphospho-Akt (S473), antiphos- } . : :
pho-MAP kinase (T202/Y204), antiphospho-GSKdp (S21/S9), and r?nospho CREB substrate peptide (KRREILSRRP[pS]YR; Research Genet

ics, Huntsville, AL) with ithout 200 mM LiCl) and th , perf d
anti-Akt were from Cell Signaling Technology (Beverly, MA); anti-GSK3 ics, Huntsville, AL) with or withou MM LICI) and the assay, performe

. ) in duplicate, was commenced with 6.8 ATP mix (200 mM HEPES, pH
was from Sante_l Cruz (Santa Cruz, CA); ant_lphospho-Y279/\_(216 GS 5, 50 mM MgCh, 8 mM DTT, 400uM ATP, 4.6 kBapuL [y-2PATP).
o/p was from Biosource International (Camarillo, CA); and anti—Bax 6A7,

lonal antibod f Pharmi San Di CA After 8 minutes at room temperature reactions were terminated by spotting
mouse monoclonal antibody was from Pharmingen (San Diego, CA). on phosphocellulose disks (Life Technologies). Dry disks were washed 3

times in 0.75% phosphoric acid and once in acetone before bound
Erythroid primary cell culture radioactivity was counted with g-scintillation counter. Specific activity
due to GSK3 was determined by calculating the difference in bound
In accordance with local ethical guidelines, hemopoietic progenitor celiuantified radioactivity between paired lithium-treated and un-
were collected either from normal donors (mobilized with granulocytareated samples.
colony stimulating factor [G-CSF]; Amgen, Thousand Oaks, CA) or from
patients being treated for either lymphoma or myeloma (mobilized with
G-CSF and cyclophosphamide [Pharmacia, Peapack, NJ]) on the Univeréif§optosis assay
College London Hospitals NHS Trust bone marrow transplant progra
Following immunomagnetic CD34selection using CliniMacs or VarioMacs
columns (Miltenyi Biotec, Bergisch Gladbach, Germany), which routinel
resulted in more than 90% CD34urity, cells were cultured either directly
or after a period of storage in liquid nitrogen with 10% dimethylsulfoxid

(Sigma, St Louis, MO) as a cryopreservant. To generate erythroid ce pecific fluorescence was then determined using an EPICS Elite flow

CD34" selected cells were placed in culture in 175%tissue culture flasks ) - .
cytometer (Beckman-Coulter, High Wycombe, United Kingdom).
(Nalge Nunc International, Rochester, NY) on day 0 at a density of 2 ta/ ( gh Wy 9 )

5 X 10°/mL in Iscoves modified Dulbecco medium (IMDM) (Life Technelo

gies, Paisley, United Kingdom), 20% fetal calf serum (FCS; Life Technol@aspase 3 activity assay

gies), 1% penicillin and streptomycin (Sigma), 2 U/mL Epo, 20 ng/mL SCF,

and 1 ng/mL IL-3 at 37°C and 5% GODuring culture, cells were Caspase 3 activity in lysates from growth factor—deprived erythroblasts was
maintained at a density less tharx110%/mL by dilution with medium determined using a colorimetric caspase 3 assay kit (ApoAlert) according to
supplemented with Epo and SCF whenever necessary. By day 5 to 7, wH¥hmanufacturer's instructions (Clontech, Palo Alto, CA).

cells were used for experiments, cell numbers had expanded approximately

20- to .30-fold and ' in excess of 90% of these 'ceIIs yvere erythmiélonogenic assays

progenitors predominantly at the late burst-forming unit and colony-

forming unit stages of development, as assessed by morphology, methyl&throid cells on days 4 to 6 of culture were washed and equal numbers
lulose culture, and glycophorin A expression (data not shown). were treated for 8 hours in IMDM, 20% FCS, and one of the following: Epo
(2 U/mL) and SCF (20 ng/mL), LiCl (20 mM), zZVAD-FMK (10Q.M), or

nil. Cells were then returned to IMDM with 20% FCS, Epo 2 U/mL, and
SCF 20 ng/mL and plated out in 96-well plates at a predicted density of 0.66

To remove growth factors from cultured erythroblasts, cells on days 5 tgcglls/well. After 72 hours, wells containing 4 cells or more were scored as
of culture were pelleted by centrifugation at 35@r 5 minutes and then containing _a cell that survived the 8-hour conditioning period with intact
washed and pelleted 3 times in phosphate-buffered saline (PBS; Lf@nogenicity.

Technologies). Cells were then returned to IMDM and 10% FCS. For

stimulation time courses, cells were kept without growth factors for 2 hou, .

before stimulation with either 20 U/mL Epo or 100 ng/mL SCF, or botﬁuorescence microscopy

together. Where indicated, cells were incubated for 15 minutes wiytospin preparations were fixed with 4% paraformaldehyde, permeabil-
LY294002 (25nM), U0126 (10pM), or PD98059 (5Q.M) before growth ized with 0.2% Triton X-100, and blocked with 20% normal goat serum
factor stimulation. At the time points shown, cells were pelleted rapidli§fDako, Cambridge, United Kingdom). Anti-Bax (6A7) was applied at a
(200@y for 30 seconds) and then resuspended in ice-cold lysis buffefilution of 1:50 in PBS and 20% normal goat serum for 1 hour at room
Lysates were resolved with sodium dodecyl sulfate-polyacrylamide geimperature. Slides were then washed 4 times in PBS before incubation for
electrophoresis (SDS-PAGE) on 10% acrylamide gels and transferred oB@minutes with an anti-mouse fluorescein-conjugated secondary antibody
nitrocellulose membranes as descriBéllembranes were incubated with (Vector Laboratories, Burlingame, CA) at a dilution of 1:250 in PBS and
primary antibodies (diluted 1:1000 in PBS and 3% bovine serum album2®% normal goat serum. Slides were then washed 4 further times with PBS
[BSA; Sigma]) overnight at 4°C, washed 4 times with PBS and 0.1%rior to application of Vectashield mounting medium containings4
Tween, and then incubated for a further 60 minutes at room temperatdiamidino-2-phenylindole (DAPI; Vector Laboratories). Cells were visual-
with the appropriate secondary horseradish peroxidase—conjugated améd with an Olympus IX70 inverted fluorescence microscope (Olympus,
mouse or antirabbit antibody (Amersham, Arlington Heights, IL) at &lamburg, Germany). A minimum of 200 cells were scored for Bax*
dilution of 1:10 000 in PBS and 3% BSA. After membranes were washedsitivity on each cytospin.

Fo determine the proportion of apoptotic cells after 8 hours’ incubation in
various conditions, cells were pelleted at 85@r 5 minutes and then
Washed once in annexin V binding buffer (140 mM NacCl, 10 mM HEPES,
H 7.4, and 5 mM Cag) before incubation for 10 minutes on ice withuL
énnexin V-FLUOS (Roche) in 5aL annexin V binding buffer per sample.

Time-course experiments and Western blotting
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A e |y 753
Results R —————— ] <
GSK3 phosphorylation in primary human erythroblasts 0 5 20 20 0 5 20 20  Minutesafterstimulation
- - - 4 - - - 4+ LY294002
In insulin signaling, Akt phosphorylation of GSK3 at S2& ( +Epo (20 U/ml)  +SCF (100 ng/mL)
isoform) and S9g isoform) leads to reduced GSK3 activifyAkt B
requires PI3K-dependent phosphorylation at S473 for optima et — pAkt (3473)
activity.?® The p44 MAP kinase (or extracellular signal-regulated - sl pErk (T202/Y204)
kinase-1 [Erk1]) requires phosphorylation by Mekl (MAP kinase i Akt

or Erk kinase) on T202/Y204 for its activi®f. The pattern of
phosphorylation of these 3 kinases at their key regulatory sites we
examined in primary human erythroid progenitor cells. Erythro-
blasts lysed directly from steady-state culture contained high level
of phospho-GSK@& and GSK3®, phospho-Akt, and phospho-p42/
p44 MAP kinase. On withdrawal of growth factor, phosphorylation
of all 3 was rapidly and substantially reduced within half an hour fio -
and remained low until cells were re-exposed to growth factors % G8K3 100
when it was rapidly reinduced (Figure 1). Treatment of cells with activity 90 **
Epo and SCF together did not have a noticeable additive effect oveoftime 0 |

0 10 20 30 10 20 30 10 20 30 Minutesafier Epo and SCF
e T uoiz6
- = - = = = = 4+ + + LY294002

C 120 4

i ek

the degree of phosphorylation observed with either cytokine alon 701 o
(data not shown). 601 "
To confirm that GSK3 phosphorylation was PI3K dependent, 50
growth factor—deprived cells were preincubated with the PI3K- Epo SCF Epo SCF Ef“ SEF 30‘2’”;‘2;3;“
specific inhibitor LY294002 (2uM) for 15 minutes or not, before "s10 a8 20 Time/minues

stimulation with either Epo or SCF (Figure 2A). The Mek1 .
Figure 2. GSK3 and Akt phosphorylation are PI3K dependent and phosphoryla-

inhibitor U0126 (10}LM) had no effect on GSK3 phosphorylatlontion of MAP kinase is Mek1 dependent in primary human erythroblasts. Epo and
SCF suppress GSK3 activity. Erythroblasts on day 6 of culture were deprived of

A growth factors for 2 hours before stimulation with Epo 20 U/mL, SCF 100 ng/mL, or

both together as indicated, either with or without LY294002 (25 M) or U0126 (10
—-— - T - — mnall 1 pGSK3 (S21/59) wM) as indicated. Cell lysates were resolved using SDS-PAGE and probed on
W ———— ., a— Western blot membranes using phosphospecific antibodies. The effect of PI3K
Pk p— GSK3a blockade on QSKB (A) gnd Akt' phosphorylation (B) in arepresentative experimgnt of

4 performed is shown in addition to the effect of Mekl blockade on MAP kinase
DFC 0* 5 10 20 30 60 120 Minutes after Epo phosphorylation (B). For kinase assays (C), erythroid progenitors on day 5 to 7 of

culture were washed and incubated in medium without growth factors for 1 to 2 hours
before stimulation with either Epo 20 U/mL or SCF 100 ng/mL. Kinase activity was

pum— ———— | & G S21/59 determined at the times shown, either with or without preincubation with the PI3K

— [ ——— . PGSK3 (S21/59) ighibigasr LY294002. The means and SEs are shown for 4 experiments (** denotes
< .05).

— — —— ——— — GSK3a )

DFC 0* 5 10 20 30 60 120 Minutes after SCF
(data not shown). The pathway specificity of LY294002 and U0126

B was confirmed by exposing cells preincubated with either one

o | DAkt (S473) inhibitor or the other to a maximal stimulation of Epo 20 U/mL plus
SCF 200 ng/mL. Figure 2B shows that LY294002 blocked Akt

-_— e R e | DErk 1/2 (T202/Y204) phosphorylation without altering MAP kinase phosphorylation and

similarly U0126 blocked MAP kinase phosphorylation without
altering Akt phosphorylation. Similar patterns of blockade were
observed when cells were stimulated with Epo alone or SCF alone
(data not shown).

| e e e e e | ALT

DFC 0* 5 10 20 30 60 120 Minutes after Epo

Changes in GSK3 phosphorylation correlate with

7

— ——— | PAKE(S473) changes in kinase activity

— e | PETk 1/2 (T202/Y204) To determine whether changes in GSK3 phosphorylation correlated

T ——— ——| Akt with alterations in kinase activity, we used a total cell extract kinase

assay method}, which utilized a synthetic phospho-CREB peptide

DFC 0* 5 10 20 30 60 120  Minutesafier SCF as a GSK3 substrate. In growth factor—deprived primary human
Figure 1. Time course of phosphorylation of GSK3, Akt, and MAP kinase in erythroblasts, addition of Epo significantly reduced GSK3 activity
primary human erythroblasts after growth factor withdrawal and re-exposure by 22%+ 8% (mearn+ SEM) at 5 to 10 minutes (& 5,P = .05)

to Epo or SCF. Primary human erythroblasts on day 6 of culture were either lysed 0 0 A _ -
direct from culture (DFC) or were washed and incubated in medium without growth and by 24%*+ 7% at 20 minutes (H: 4, P =.003; Flgure ZC)'

factors for 2 hours (0%). Cells were then stimulated with either Epo 20 U/mL or SCF This reduction in activity was blocked by LY294002. SCF signifi-

\::\(/)0 ?g/mlglis |nd|cta)1ted. Cell .Iysatthes_wz_re l;e:;ol\gsd uilng SD?-PAtG_bE :_”d p;—(:)eg on  cantly reduced GSK3 activity by 27% 9% at 5 to 10 minutes
estern blot membranes using the indicated phosphospecific antibodies. The time N - o o .

course of phosphorylation of GSK3 (A) and Akt and MAP kinase (B) in a representa- _(n - 5' P - '03) and by 33%t+ 1% at 20 minutes (FF 4,P< '001)’

tive experiment of 4 performed is shown. in a similar PI3K-dependent manner.
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+ - + Epo and SCF
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Figure 3. The effect of pharmacological blockade of either the PI3K/Akt
pathway or the MAP kinase pathway on apoptosis in primary human erythroid
progenitors. Cells on day 5 to 7 of culture were washed and returned to medium
either with or without growth factors (Epo 2 U/mL and SCF 20 ng/mL) or, in the case of
cells given growth factors, either with (A) LY294002 (25 pM, n = 8) or (B) U0126 (10
.M, n = 5) as shown, or not. The mean percentage = SEM of apoptotic cells at 8
hours, as determined by annexin V binding, is indicated.

Use of pharmacological inhibitors implicates PI3K and not MAP
kinase in survival signaling in human erythroblasts

GSK3 AND Bax INHUMAN ERYTHROBLAST APOPTOSIS 1377

(n=8, P<.001), with 10%=* 1% apoptotic cells in control
growth factor—replete conditions. In 5 further experiments, LiCl
was added to cells 15 minutes before washing and additionally
during the PBS wash steps and this reduced the proportion of
apoptotic cells further to 13% 1%, representing a mean
reduction in apoptosis consequent on growth factor withdrawal
of 88% * 2% (Figure 4A). The addition of either 20 mM KCl or
an extra 20 mM NaCl to growth factor—deprived cells had no
effect on apoptosis (data not shown). In 4 further experiments,
LiCl was found to inhibit apoptosis in a dose-dependent manner
at concentrations near to the 50% inhibitory concentratioggflC
for GSK3 under intracellular ionic conditions (2 mR)Figure
4B). Rottlerin, a compound fromallotus philippinensi€? also
inhibits GSK328 and we found that 2Q.M rottlerin also reduced
erythroblast apoptosis, consequent on growth factor withdrawal,
by 78% = 7% (n= 3).

Caspase activation is instrumental in apoptosis and we found
caspase 3 activity increased after growth factor withdrawal
within 2 hours (Figure 5A), as shown by othéPsBlockade
of caspase activity using the pan-caspase inhibitor zVAD-
FMK prevented apoptosis. Only 11% 2% of growth factor—
deprived cells treated with zZVAD-FMK were apoptotic at 8
hours compared with 48% 6% of untreated cells (& 6,

P < .001, Figure 5B). Furthermore, examination of nuclear
morphology on cytospin preparations using DAPI fluorescent
nuclear staining showed that where cells had been treated with
zVAD-FMK, despite 8 hours with no growth factors, nuclear
morphology remained normal, unlike control cells (NIL), many
of which showed nuclear changes characteristic of apoptosis (A)

Withdrawal of growth factors from primary cultured humar(Figure 6B).
erythroblasts on days 5 to 7 of culture rapidly induced ap0ptos.F,sl'onogenicity of human erythroblasts is maintained by GSK3

Eight hours after growth factor withdrawal, 49%3% of cells
were apoptotic compared with only 1181% of those supple-

inhibition but not by caspase inhibition

mented with Epo and SCF @ 13; P <.001). As described To determine whether the clonogenic potential, and therefore actual
elsewheré’ we found erythroid survival over this time course wasurvival, of erythroblasts was maintained by either LiCl or

optimal where cells were treated with both Epo and SCF. Either
Epo alone or SCF alone, although reducing apoptosis significantly,
was not as effective as the combination of the 2 together (data not
shown). During the culture and expansion of CD3tecursors to
erythroblasts, a small proportion of cells was always found to be
apoptotic, typically in the range 5% to 15%.

LY294002 was used to block PI3K and Akt activity in growth
factor—replete erythroid cells and this induced apoptosis to a degree
similar to that seen with growth factor withdrawal. At 8 hours,
39% * 5% of LY294002-treated cells were apoptotic, significantly
higher than the proportion seen in normal growth factor conditions
(14% + 2%;P < .001) and not substantially different from cells in
growth factor—deprived conditions (47%%; P = .08; n= 6;
Figure 3A). Blockade of p42/p44 MAP kinase activation using
either U0126 (Figure 3B) or PD98059 (data not shown) did not
affect the proportion of apoptotic cells. Blockade of the p42/p44
MAP kinase pathway for the duration of the experiment was
confirmed by finding absent p42/p44 MAP kinase phosphorylation
in lysates of cells incubated with Epo, SCF, and U0126 for 8 hours
(data not shown).

Blockade of either GSKS3 activity or caspase activity

A

% annexin
V positive
at 8 hours

% protection of 80 4

erythroblasts
compared with
20 mM LiCl

100

Epo and SCF
LiCl 20 mM

60
40

20 4

0

0

5 10 15 20
Concentration of LiCl (mM)

Figure 4. The effect of LiCl on growth factor—deprived human erythroblasts. (A)

prevents apoptosis of growth factor—deprived
primary human erythroblasts

Lithium chloride, which potently inhibits GSK3 activi§,was

Cells on day 5 to 7 of culture were washed and returned to medium either with or
without growth factors (Epo 2 U/mL and SCF 20 ng/mL) or, in the case of cells without
growth factors, either with or without LiCl 20 mM (n = 5). The mean percentage *+
SEM of apoptotic cells at 8 hours, as determined by annexin V binding, is indicated.

Cells deprived of growth factors were treated with various concentrations of LiCl

. B
added at 20 mM to grOWth f‘3101:0r—d(:'\i:)”V(:'\d erythroblasts arglg) indicated. The percentage protection against apoptosis (+ SEM) at 8 hours

reduced apoptosis significantly from 45%4% to 20%=* 3%

compared with that obtained with 20 mM LiCl is indicated (n = 4).
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A 0.2 7 (P = .02), blockade of caspase activity did not. Figure 6B shows a
Caspase 3 mixture of apoptotic Bax*-positive cells with condensed nuclear
activity over 0.151 material (A) and intact Bax*-negative cells (N) in the no growth
baseline factor condition (NIL). In the zZVAD condition, nuclear morphol-
(absorbance ogy is intact in all cells although some cells are seen to be Bax*
at400nm) o | positive (B).
0 T T T ] 70
0o 2 4 6 8 A
Time after GF i *
withdrawal/hours % ]??x
positive
B cells at
8 hours
% annexin
V positive
at 8 hours

+ - - +ES
- - + zVAD

Figure 5. Caspase 3 activation in growth factor—deprived erythroblasts and the

effect of zZVAD-FMK on apoptosis. (A) Caspase 3 activity in day 6 erythroblast
lysates, made at the indicated times following growth factor withdrawal, was
determined with a colorimetric assay. Means of 2 experiments are shown. (B) To
determine the effect of caspase inhibition on apoptosis, erythroblasts on day 5 to 7 of
culture were washed and then returned to medium with no growth factors, Epo 2
U/mL and SCF 20 ng/mL (ES), or no growth factors and the pan-caspase inhibitor
zVAD-FMK (100 pM, n = 6). The mean percentage = SEM of apoptotic cells after 8
hours, as determined by annexin V binding, is shown.

zVAD-FMK, single-cell cultures were performed. Cells were
washed and equal numbers then treated for 8 hours in medium with
either Epo and SCF, no growth factors, no growth factors and
zZVAD-FMK, or no growth factors and LiCl. Cells were then
transferred to 96-well plates in culture medium containing both
Epo and SCF at a predicted density of 0.66 cells/well. Results
showed that 45% 10% of growth factor—treated cells yielded a
colony of 4 cells or more at 72 hours, compared with 20%4% of
cells with no growth factors, 42% 4% of cells with LiCl, and
25% =+ 7% of cells with zZVAD-FMK (n= 4, Figure 7). GSK3
inhibition with LiCl therefore maintained clonogenicity when
compared with untreated cellB & .006), whereas caspase inhibi-
tion did not.

GSK3 inhibition, but not caspase inhibition, reduces
the appearance of the conformational form
of Bax associated with apoptosis

During apoptosis, the proapoptotic Bcl2 family member Bax
undergoes a conformational change (Bax*), which is required for
its translocation from cytosol to the mitochondrial outer membrane,
where it may form pores and permit cytochrome c relé&8€The zVAD
conformational change is associated with the appearance of Fajare 6. The effect of various treatments of human erythroblasts on the
NHz-terminaI epitope that may be recognized by specific antibo@prearance of the conformational form of Bax associated with apoptosis.
ies3 Cvt . fh hroblast It dfor8h it uman erythroblasts on day 5 to 7 of culture were treated for 8 hours with medium
Ie.S' ytospins or human eryt roblasts cuitured ror ours WI ntaining either Epo 2 U/mL and SCF 20 ng/mL, no growth factors, no growth factors
either Epo and SCF, no growth factors, no growth factors and LiGhd Lici (20 mMm), or no growth factors and zVAD-FMK (100 M). (A) Cells in cytospin
or no growth factors and zVAD-FMK were probed with apreparations were immunostained with a conformation sensitive anti-Bax* antibody
conformation sensitive anti-Bax antibody. Figure 6A shows th%’fd. the mean percentage = SEM of positive cells after 8 hours is shown (n = 3). (B)
A N . nti-Bax* immunostained cells were mounted in medium containing DAPI to visualize
20% = 2% of cells treated with Epo and SCF were Bax* positiVeyclear material. After 8 hours in growth factor—deprived conditions (NIL), apoptotic
compared with 61% 3% with no growth factors, 27% 2% with ~ Bax*-positive cells with condensed nuclei are seen, indicated by A, as well as viable
LiCl. and 51%-+ 4% with ZVAD-FMK(H — 3) Therefore, whereas Bax*-negative cells with normal nuclear morphology, indicated by N, (X 100 oil
) N . ' L objective). After 8 hours in the zZVAD condition, although nuclear morphology remains
LiCl treatment of growth factor—deprlved cells S|gn|flcant|y "Cormal in all cells, many are seen to be Bax* positive, indicated by B, (X 100 oil

duced Bax* positivity at 8 hours compared with untreated cellsjective, zoom x 1.5).
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60 GSK3 obtained by others with insulin, NGF, and EGF. It is,
50 4 ] however, unclear how relatively small changes in GSK3 kinase
% of plated w047 i activity can have important cellular effects. One possible explana-
cells ! tion is that although whole cell GSK3 activity is assayed in a kinase
maintaining 30 [ assay, only a fraction of cellular GSK3 may be accessible to Akt for
clonogenicity 5 | regulation, with the rest sequestered elsewhere in a different

10 4 cellular context, with potentially different function and substrate

8 availability3® GSK3 requires tyrosine phosphorylation on Y2&9 (

isoform) or Y216 3 isoform), a residue in the activation loop of the
Fioure 7. The effect of LICl or 2VAD-EMK i factor—deorived ervih catalytic domain, for kinase activityand this site is regulated in
igure 7. The effect of LiCl or zZVAD- on growth factor—deprived erythro- . . .
blast clonogenicity. Equal numbers of erythroblasts on day 5 to 6 of culture were PC12 cellslon NGF withdrawal and in SH_'SYSY. cells treated with
washed and treated for 8 hours in medium with no growth factors, Epo 2 U/mL and staurosporlné% Using a phosphospecific antibody, we found
SCF 20 ng/mL (ES), or no growth factors and LiCl (20 mM) or zVAD-FMK (100 pM) as  eyidence of basal tyrosine phosphorylation of both G&Kadd

indicated. Cells were then returned to normal medium supplemented with Epo 2 . . . . .
U/mLand SCF 20 ng/mL in 96-well plates at a predicted density of 0.66 cells/well. The GSK$ but no evidence of its regulatlon In primary human

mean percentage + SEM of wells yielding a colony of 4 cells or more 72 hours later is erythroid cells (data not shown).

indicated (n = 4). To determine whether GSK3 might have a role in apoptosis
induction, we used LIiCl to block GSK3 activity. LiCl is a potent
inhibitor of GSK28 and has been shown to mimic inhibition of
GSK3 in Wnt signaling inXenopusand Dictyosteliunr2-44 This
effect was not found with inhibitors of inositol monophosphat#se,

This work suggests that a pathway involving phosphoinositide-ghich is also inhibited by lithiunt> We found that 20 mM LiCl
kinase, Akt, GSK3, and Bax contributes to the control of apoptogigduced the proportion of erythroblasts undergoing apoptosis
induction in human erythroid progenitors. In cells mainly at the lateonsequent on growth factor withdrawal for an 8-hour period by
burst-forming unit and colony-forming unit stages of developmer8%:- This protective effect was found to be dose dependent over a
GSK3w/B activity is regulated by phosphorylation at S21/S9, in &nge of lithium concentrations around and above the 2 mbj IC
PI3K-dependent manner, in response to both Epo and Scgported for GSK3 with lithium under ionic conditions comparable
resulting in suppressed kinase activity. Inhibition of GSK3 activitj® those found intracellularf?. Furthermore, a similar degree of
with LiCl substantially reduces apoptosis caused by growth factBrotection was achieved using rottlerin, which is also a potent
withdrawal. Additionally, LiCl maintains clonogenicity and pre-inhibitor of GSK3 activity:® Together, this evidence strongly
vents the appearance of the conformational form of Bax associafétggests that the reduction in apoptosis seen in these experiments is
with apoptosis, unlike caspase inhibition, suggesting that increagéi¢g to inhibition of GSK3.
GSKa3 activity has a regulatory role proximal to commitment to cell Recently, a GSK@ null mouse was created, which demon-
death, with caspase activation subsequent to this. strated a role for GSKB in suppressing apoptosis mediated by

Both the PI3K/Akt pathwayand the MAP kinase pathwayt4 —tumor necrosis factdf Hemopoietic stem cells from GSIg3/~
have been imp|icated in survival signa"ng in primary Ce||sfetal livers were functionally normal and were able to reconstitute
Although we found that Epo and SCF induced phosphorylation Bemopoiesis fully in lethally irradiated mice. Although this might
both Akt and Erk 1/2 at their key regulatory sites in huma@ppear at odds with our findings, it is probable that G&K3
erythroblasts, the PI3K/Akt pathway and not the MAP kinas@uplicates many of the functions of GSE3including apoptosis
pathway was implicated in survival signal transduction in erythrdaduction in human erythroid cells and neural tissue, because it has
blasts because pharmacological blockade of the PI3K/Akt pathwaysimilar range of substrate specificitis.ithium carbonate is
induced apoptosis, whereas blockade of the MAP kinase pathwiied in the therapy of bipolar affective disorder and therapy is
did not. associated with leukocytosis but not erythrocytdsihe cause of

Of the downstream targets of Akt, we examined GSK3 for igukocytosis may not be related to GSK3 because the target plasma
possible role in survival signaling in erythroid cells. This is becaugberapeutic range is 0.4 to 1.0 mM, below the,d@r GSK328
GSK3 has been implicated in the regulation of apoptosis in RatSpme animal studies, however, have shown that lithium may have
fibroblasts, the PC12 rat pheochromocytoma cell ¥heympa  prosurvival effects on all lineages of hemopoiesis and can induce
thetic!8 and cortical neuron¥,in addition to its other well-defined erythrocytosis in immunodeficient mi¢e.
biological roles. GSK3 is regulated by Akt in insulin signal To determine a possible mechanism by which GSK3 might
transduction, reducing kinase activity by 40% in the rat L6 skelettifluence the cellular apoptotic machinery in human erythroblasts,
muscle linet519Similar reductions in GSK3 activity are induced bywe examined the proapoptotic Bcl2 family member Bax. Bax is
epidermal growth factor (EGF) in A431 cells (50%pand nerve normally located in the cytosol in peripheral association with the
growth factor (NGF) in PC12 cells (309%).Human erythroblasts mitochondria but following a death signal translocates to the
in steady-state culture show high levels of GSK3 phosphorylationitochondrial outer membrafie?consequent on a conformational
at S21/S9, consistent with low GSK3 activity. This disappears witthange34°Bax oligomers then assemi§fewhich have the ability
the withdrawal of growth factors and is reinduced by either Epo ¢o form pores and release cytochrom& €oncomitant with this
SCF. As in insulin signal transduction, this effect is PI3K and ngirocess, an NHterminus epitope lying between amino acids 13 to
MAP kinase dependent. This suggests that the upstream kinase 1&vés exposed® This conformational change is induced by binding
is likely to be Akt, although a role for serum and glucocorticoidf Bax to the BH3-domain-only proapoptotic protein Bid, a process
inducible kinase 1 (SGK1) cannot be ruled out, because this is atbat may be caspase dependent independent? Other reported
PI3K dependent for activity and may phosphorylate GSKBhe inducers of conformational change in Bax include increased p38
degree of inhibition of GSK3 activity induced by Epo and SCF waBIAP kinase activity in cortical neuroh% and blockade of
in the range of 25% to 30%, broadly comparable to the inhibition @ip125FAK (focal adhesion kinase) activity in mammary epithelial

ES NIL zVAD LiCl

Discussion
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cells>* We found that apoptotic human erythroblasts containesf Epo led to down-regulation of Bcl-X expression and apoptésis,
conformationally altered Bax and that its appearance was reduceel did not find evidence of reduction of Bcl-X levels in primary
by inhibiting GSKS3 activity but not caspase activity. This suggestrythroid precursors deprived of growth factors for 8 hours (data
the existence of a caspase-independent, GSK3-regulated pathwatyshown). Furthermore, the rapidity of onset of apoptosis in these
that controls commitment to cell death in human erythroblasts. cells, with detectable increases in caspase activity in some cells
Although our data suggest an important role for GSK3 in theithin 2 hours of growth factor withdrawal, argues against
regulation of apoptosis in erythroid cells, it is probable that othenechanisms involving transcriptional regulation and for posttrans-
mechanisms also contribute to survival signal transduction. Hational regulatory mechanisms.
example, the Forkhead transcription factor FKHRL1, a target of Caspase activity has also been implicated in the regulation of
Akt, is phosphorylated at T32 and S253 in response to Epo aed/thropoiesis. Late erythroblasts express Fas ligand, which may
SCF in primary human erythroid cefls8 Another Akt target, the interact with Fas expressed by earlier erythroid progenffgis.
proapoptotic Bcl2 family member Bad is phosphorylated by Akt athis interaction activates caspases 3, 7, and 8, which are specifi-
S136, inducing dissociation from Bcl-X and binding to cytoplaseally targeted to the nucleus to cleave GATA-1, delaying erythroid
mic 14-3-3 protein to promote cell survivaHowever, in this case, differentiation without inducing apoptosis. This effect was reported
we did not find evidence for its regulation in response to Epo ¢o be dose dependently prevented by Epo acting downstream of
SCF in primary human erythroid cells either by using phosphospeaspase activation and reversed with inhibitors of caspase activi-
cific antibodies or by looking for a shift in the position of Bad inty.62 At odds with this, limited caspase activation is suggested to be
SDS-PAGE-resolved lysates obtained from erythroid cells befoadsolutely required for terminal erythroid differentiation, which
and after growth factor stimulation (data not shown). B¢l-2n may be blocked by inhibitors of caspase actiftywe found
antiapoptotic member of the Bcl2 family of proteins, is essential f@vidence of increased caspase 3 activity as little as 2 hours after
the survival through to terminal differentiation and enucleation afrowth factor withdrawal in human erythroblasts, which correlated
erythroid progenitor§®57 Its expression increases substantiallyith rapid apoptotic cell death. Although caspase inhibition
during human erythroid differentiati8hand may be induced by blocked apoptosis, it did not maintain clonogenicity, a finding also
Epo through a Stat5 binding element in the Bcl-X prom&téf. reported elsewher®,suggesting that caspase activation in growth
However, apoptosis of in vitro—differentiated Bcl-X definitive  factor—deprived erythroblasts occurs subsequent to commitment to
erythroid progenitors occurs very late in development, followingell death and may not be amenable to regulation by growth factors.
hemoglobinization, and Epo is able to protect these cells to some In summary, we find that a key role of the PI3K/Akt prosurvival
degree from apoptosis, suggesting the presence of prosurvigathway in human erythroid progenitors is to suppress GSK3
signaling mechanisms independent of BctXt seems likely that activity. Growth factor deprivation results in increased GSK3
although high Bcl-X expression is essential to protect hemoglobiniaetivity, which is associated with a conformational change in Bax
ing erythroid precursors from apoptosis, its acute regulation doasd induction of cell death, irrespective of caspase blockade.
not underlie the mechanisms of apoptosis seen by us at an eatigactly how GSKS3 effects these cellular changes will require
stage of differentiation. Although in the HCD-57 cell line removafurther work.
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