Volume 291, number 2, 203-207 FEBS 10259 October 1991

© 1991 I'ederation of European Biochcmical Socicties 00145793/91/83 50
ADONIS 001457939100969Q

Mitogenic signal transduction in normal and transformed 32D
hematopoietic cells

Marco Ruggiero, Ling M. Wang and Jacalyn H. Pierce
Laboratory of Cellular and Molecular Biology, National Cancer Institute, National Institutes of Health, Bethesda, MD 20892, USA

Recerved 18 June 1991, revised version received 9 August 1991

We studied mitogenic signal transduction in normal and oncogene-transformed 32D cells, a murime hematoporetic cell line that 1s normally
dependent on interleukin-3 (IL3) for proliferation and survival The formation of second messengers was measured in normal cells sumulated with
IL3, and n cells transfected with foreign growth factor receptor genes and stimulated with appropriate growth factors We also measured the
stcady-state Icvel of second messengers in 32D cells transformed by erbB, abl, and src oncogenes which abrogate growth factor requirement We
found that IL3 stimulated the formation of diacylglycerol independently of 1nositol hpid turnover, but concomitantly with increased turnover of
phosphatidylcholine Epidermal growth factor (EGF), and platelet-derived growth factor (PDGF) stimulated the ‘classical’ turnover of inositol
hpids with formation of diacylglycerol and calcium-mobilizing mnositol phosphates Colony stimulating factor-1 trigged mositol hipid turnover,
although to a much lower extent than EGF and PDGF Transformed cells showed elevated levels of diacylglycerol together with iitcivased turnover
of phosphotositides and phosphatidylcholine Taken together thesc esults indicate that different growth factors and oncoprotens associate with
multiple signalling pathways m 32D cells

Hematopotetic cell, Growth factor, Oncogene, Inositol ipid, Dacylglycerol, Phosphatidylcholine, Signalling

1 INTRODUCTION

Proliferation of cultured cells 1s controlled by growth
factois able to elicit the formation of intracellular mito-
genie signals through different pathways Likewise, 1t 1s
commonly accepted that the products of several onco-
genes mterfere with such pathways both minmicking and
substituting for cssential components of the signalling
cascade., Study of the intiacellular second messengers
controlling cell proliferation and tumotigenesis 1s parti-
cularly mmportant 1 the hematopoietic tissue, where
growth, differentiation, and leukemogenesis 1n response
to growth factors and oncogenes ate strictly intercon-
nected (for review see [1]) However, despite the wide-
spread mterest in the processes of normal hematopoiesis
and leukemogenesis, most critical mitogenic signalling
pathways have commonly been studied m cells of differ-
ent origin and at vanous stages of differentiation, thus
making 1t difficult to compare results and to trace a
unitary picture of how growth factors and oncoproteins
signal In order to circumvene this problem, we decided
to study signal transduction 1n a single hematopozetic
cell ine that could be transfected with various growth
factor receptors ot transformed by oncogencs that mi-
micked growth factor siimulation To this end, we de-
cided to utilize the murine hematopoietic cell line de-
stgnated 32D.
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This immature, non-tumeorigenic myeloid line 1s strict-
ly dependent on interleukin-3 (IL3) for proliferation
and survival [1] IL3 requirement could be abrogated
either by oncogene-induced transformation (1e by
genes such as erbB, abl, and src[l]) or by introduction
of fotreign growth factor receptor genes followed by
stimulation with the appropriate growth factor Thus,
we demonstrated that growth factors as diverse as ep1-
deimal growth factor (EGF), platelet-derived growth
factor (PDGF), and colony stimulating factor-1 (CSF-
1) could sustain 32D cell proliferation once the receptor
gene had been introduced into cells [2-4] Since such a
variety of giowth factors and oncoprotemns could lead
to a similar featute (abrogation of IL3 requircment), we
reasoned that common signal transducing elements
were activated by IL3, EGF, PDGF, CSF-1, and during
oncogene-induced transformation  However, 1t 18
known that each one of these factors relies on different
signal transducing mechamsms to elicit mitogenic
responses. EGF and PDGF stimulate the turnover of
mnositol hpids with formation of diacylglycerol and
inositol phosphates (for review see [5)); CSF-1 secems to
activate phosphatidylinositol-3 kinase tn macrophages
and fibroblasts without triggering inositol Iipid hy-
drolysis [6]; IL3, on the other hand, activates protein
kinase C (PKC) without increasing inositol lipid turn-
over {7,8]. The mechanism(s) by which IL3 stimulates
PKC has not been clarified in detail so far

In oidet to establish whether or not common mito-
genie signalling pathways were activated by different
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growth factors and oncogenes mn 32D cells, we studied
inositol lipid metabolhsm, diacylglycerol and phospha-
tidic acid formation, calcium mobilization and phos-
phatidylcholine turnover n response to growth factor
stimulation in normal cells as well as the steady-state
level of these messengers 1n cells transformed by erbB,
abl, and src oncogenes

2 MATERIALS AND METHODS

Radioisotopes were from New England Nuclear IL3 and CSF-!
were from Genzyme, EGF (punfied, receptor grade) was from Collab-
orative Research, PDGF was from Amgen The wild-type murine
hematoposetic cell hne 32D, transfectants expressing the EGF, «
PDGF or CSF-1 (c-fins) receptors, and transformants harboring the
erbB, abl, and src oncogenes have been described [1-4,9] The level of
second messengers (cither at steady-state, or following stimulation)
was determmned m cells prelabelled to equilibrium  with
PHlmyomosttol, PH]- or [*Clglycerol, [*Plorthophosphate, [methyl-
*HJ- or [methyl-'*C]choline, following labelling and serum-starvation
procedures previously desenibed [10,11] [*Hinositol phosphates were
separated by 1on-exchange chromatography or by high-pressure hquid
chromatography [2-4] ['H}- or ['*C]diacylglycerol, and [**P]phospha-
udic acid were separated by thin-layer chromatography (TLC) [10,12]
Intraccllular choline metabolites (1¢ phosphocholine and choline
which make up the largest pool of cholinc metabolites and are most
sensitive to higand stimulaton [13]) were extracted and separated as
previously described [10,13] Intracellular free Ca** levels were
mcasured with the fluorescent Ca®* mdicator fura-2 [3] Results of
second messenger measurement are expressed as fold variation in each
analysed metabolite over that without stimulation, or over that of
control (normal) 32D cells when comparing different transformants
Incorporation of radioactive labzlling in a typical cxperiment was as
follows Dracylglycerol 184174459 glycerol-contaiming phospho-
hpids 2494147104597 (cpm=SE, n=7, of radioactiiity assoctated
with diacylglycerol or phospholipids spots on TLC plate) Inositol
phosplidies 3644152, inositol-contaimng phospholipids
34151+1633 (cpmtSE, n=/, of radioactivity recovered in the total
mosttol hpid fraction, and of an aliquot (100 ul) of the organic phase
of modified Folch extraction) Intracellular phosphocholine and cho-
line 2836+309 (cpm=SE, n=5) Phosphatidylcholine 4447742175
(cpm=SE, n=6, of radioactivity associated with phosphatidylchohne
spot on TLC plate} Phosphatidic acid 506132, total phospholipids
4385+293 (cpm+SE, n=35, of radioactivity associated with phosphati-
dic acid or phospholipids spots on TLC plates) In order to mimimeze
error due to vanabslity in cell number, labelling procedure and extrac-
tion cfficiency, the ratios diacylglycerol/phosphohipids, mositol phos-
phates/phosphoinositides, phosphocholine/phosphatidylcholine, and
phosphatidic acid/phospholipids were taken mto account in making
calculations This procedure of result normalization has proven rcha-
ble in a variety of experimental conditions involving second messenger
measurements [10,11,13-15)

3. RESULTS

Although the mitogentc signalling pathway activated
by IL3 in 32D cells 15 largely unknown, several indica-
tions point to protein kinase C as a posstble mediator
of the IL3 effect on piolhferation [7,8]. Since activation
of protein kinase C in responsc to growth factors 1s
belicved to be achieved by the generation of diacylglyce-
rol, we measured diacylglycerol and other second mes-
senger formation in responsc to different agenty It is
worth noting that the [L3 effect was studied in wild-type
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32D cells, whereas the effects of EGF, PDGF, and CSF-
1 were studied 1n transfectants expressing their respec-
tive receptor [2-4] Control experiments showed that
transfectants expressing foreign growth factor receptois
retained their ability to respond to IL3 in the same way
as wild-type cells did (not shown) Table I shows that
IL3, EGF, and CSF-1 stimulated the formation of dia-
cylglycerol to a similar extent; the rate of diacylglycerol
formation was comparable to that reported in fibro-
blasts stimulated by potent growth factors [13] This
effect was dose- and time-dependent, time-course expc-
riments showed that maximal accumulation of diacyl-
glycerol occunied within 10 min from stimulation

The ‘classical’ route leading to diacylglycerol forma-
tion 1s the receptor-mediated hydrolysis of polyphos-
phoinositides which yields diacylglycerol and calcium-
mobilizing mositol polyphosphates Therefore, we inves-
tigated whether I1L3 and other factors activated mositol
Iipid turnover in 32D cells Table I shows that EGF,
PDGF, and CSF-1 induced formation of mnositol
phosphates 1n 32D cells expressing their respective re-
ceptor EGF and PDGF stimulated inositol phosphate
generation to a ssmilar extent, thus confirming the hy-
pothesis that both growth factors activate phosphoino-
sitidase C through a similar mecharmism [16,17] Analy-
sis by high-pressure hiquid chromatography ievealed a
pattern of mositol polyphosphate formation consistent
with previous results obtained with EGF or PDGF stim-
ulation (not shown) Experiments performed in the

Table I

Effect of different growth factors on second messenger formation m
32D cells expressing foreign growth factot receptors

Agonist Cell line  DAG InsPs pcho PC PA Ca**
IL3 32D 154 100 18 070 100 90
EGF EGIR-32D 125 540 100 100 293 250 (181)
CSF-1 cfms-32D 163 148 124 090 ND ND

PDGF PDGFR-32D ND 641 ND ND ND ND

32D cells were labelled with ['*C]- or [*H]glycerol, [*H]mvonositol
[methyl-CJ- or [methyi-*H]chohne. and “P as described 1n section 2
Wild-type 32D cells, or transfectants expressing foreign giowth factor
receptors were then stimulated with the appropriate growth factor for
10 min  Final concentration of growth factors was IL3, 500 U/ml,
EGF. 500 ng/ml, CSF-1, 500 U/ml PDGF 100 ng/m! In those eaperi-
ments where mositol phosphates were measured, hthium chlonde (20
mM) was added during imcubation with agomists  Results are ex-
pressed as fold increase over control (unstimulated) cells, and dre
medns of at least 5 expeniments, cach performed i triphcate samples
Results were normahized for the total incorporation of radiodctivity
in precutsor phospholipids as described Intraceltular tree Ca®* con-
centration wds medsured by fura-2 and 1t 1s expiessed as nM, the
corresponding value for unstimulated cells was 89 nM  In parenthescs
15 mdicated the value obtained when EGE stimulation wds performed
in the presence of | mM extracellular FGTA Abbteviations DAG.
discylglyeciol, InsPs, total mositol phosphates, p-cho, ntraceliular
phosphocholine and choline, PC, phosphatidylcholine, PA, phospha-
tdie aerd, ND. not determned.
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presence of EGTA 1n the extracellular medium con-
firmed that stimulation of ositol lipid turnover was
independent of extracellular Ca®* 1In 32D cells express-
ing the c-fms gene (which codes for the CSF-1 receptor),
CSF-1 stimulated mositol hipid turnover to a much
lower extent than EGF and PDGF, despite having a
potent effect on cell prohiferation [4] Analogous experi-
ments performed 1 NIH/3T3 fibroblasts transfected
with c-fins gave 1dentical results (not shown) These
results sustain the hypothesis that CSF-1 does not acti-
vate the ‘classical’ turnover of inositol Iipids [6], even
though a small, but sigmficantly reproducible, effect on
inositol phosphate formation could be observed IL3,
on the other hand, consistently failed to sumulate 1nosi-
tol phosphate generation both i wild-type cells, or 1n
transfectants expressig foteign receptors (Table I)
Consistent with the results on mnositol hipid turnover,
EGF induced a rapid rise i free Ca®* from intracellular
stores, whereas IL3 did not affect intracellular free Ca*
concentration neither 1n the presence nor in the absence
of extracellular Ca®' (Table I) Taken together these
results indicate that diacylglycerol formation observed
in response to IL3 could be ascri:bed to sources other
than mositol hipid hydrolysis

Beside the turnover of mositol lipids, diacylglycerol
which activates protein kinase C can be formed through
at least two other signalling pathways turnover of
phosphatidylcholine (for review see [18]), and synthesis
de novo [19,20] Stimulation of the turnover of phos-
phatidylcholine in response to IL3 has been previously
demonstrated in a mast/megakaryocyte cell line [21] In
order to assess whether phosphatidylcholine turnover
was a general response of hematopoietic cells to IL3, we
decided to study the effect of IL3 on the agonist-induced
intracellular accumulation of choline and phosphocho-
line, and on the decrcase of phosphatidylcholine, Table
I shows that IL3 stimulated the formation of watei-
soluble choline metabolites together with a significant
decrease of the precursor phospholipid. 1e phosphati-
dylcholine Identical results weie obtamed m 32D cells
transfected with the EGF receptor, 1e 1n cells able to
couple with inositol hpid turnover, thus indicating that
phosphomositide and phosphatidylcholine tuinover n
response to different gtowth factors operated indepen-
dently 1n the same cell ine Taken together these data
led to the conclusion that IL3 stimulated diacylglycerol
generation in 32D cells by means of increased phospha-
tidylcholine turnover, therefoie, IL3-induced metabo-
lism of phosphatidylcholine appeals to be a general
phenomenon in hematopotetic cell lines as well as in
other ccll types stunulated by appiopriate growth
factors [13]

CSF-11s known to stimulate phosphatidylcholine hy-
diolysts 1in monocytes without triggeting the turnover of
inositol lipids {22]. Since we had observed a different
pattern (i.e. sumulation of inositol ipid metabolism) in
32D cells transfected with the c-fmis gene. we wondered
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whether CSF-1 triggered phosphatidylcholine hydroly-
s1s tn 32D cells made to express Its receptor Table !
shows that CSF-1 also stimulated accumulation of cho-
line metabolites and hydrolysis of phosphatidylchohlne,
albeit to a lower extent than IL3 As expected, addition
of CSF-1 to wild-type 32D cells failed to stimulate both
signalling pathways (not shown) These data indicate
that CSF-1 was abl¢ to couple both to mositol ipid and
phosphatidylcholine turnover 1n 32D cells expressing
the c-fis gene

EGF, on the other hand, did not seem to stimulate
phosphatidylcholine turnover in 32D cells made to ex-
press its receptor, thus identifying two separate path-
ways for diacylglycerol formation in response to ago-
nists in 32D cells. In addition to the hydrolysis of poly-
phosphoinositides, EGF stimulated the formation of
phosphatidic acid (Table 1) which can be considered a
second messenger able to stimulate cell growth [23,24].
Phosphatidic acid can be formed either from phospho-
rylation of diacylglycerol, or from synthesis de novo,
thus beimng the precursor of diacylglycerol in phospho-
lipid synthesis [18,19] IL3, despite stimulating diacyi-
glycerol formation, did not induce phosphatidic acid
production (Table I), thus suggesting that diacylglyce-
10l foimed n response to different growth factors un-
derwent different metabolic processing In fact, a pecul-
iar action of EGF on selective incorporation of phos-
phate into phosphatidic acid has been observed 1n other
cell systems [25] The pathway of de novo synthesis of
diacylglycerol was also mvestigated by non-equilibrium
labeliing of cclls with radioactive precursors as de-
sctibed [19,20] None of the growth factors tested, how-
ever, seemed to significantly stimulate this pathway in
32D cells (not shown)

Cell ttansformation by oncogenes that code for pro-

Table II

Steady-state levels of phosphocholine, inositol phosphates, and diacyl-
glycetol in 32D cells transtormed by erbB, abl, or sic oncogenes

32D cell hine p-cho InsPs DAG
erhB 443 385 186
ahl 282 347 219
e 591 152 ND

Cell cultures werc labelled to equilibrium with [ret/nl-"*Clchohne,
[*H]manositol, or [“Clalycerol, in serum-contaimng medium  After
1adiolabelling, cultures were washed and mamtaned for 4 hin serum-
fice medium, after which the medium was removed and cells incubated
for | hn 35-mm dishes contaming 1 ml of scrum-frec medium In
expetiments designed for measuring InsPs formation, hthium chlonde
(20 mM) was present duning the final meubdtion Intracellular phos-
phochohine (p-cho). total inositel phosphates (InsPs), and dcylglyce-
1ol (DAG) were extrdeted and measured as described in seetion 2
Values obtained for each metabohte were normalized for the amount
of tadiodctivity dssociated with the precursor phospholipid Data are
expiessed as fold inctease over control (e normal 32D cells were
tab o0 as 100). and are means of at least three determunations ND.
not determined
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tems 1volved in mitogenic signalling has been associa-
ted with multifaceted alterations of intracellular second
messengers (for review see [26]) Complex changes n-
veolving mnositol liptd metabolism and phosphatidylcho-
line turnover 1n cells transformed by a variety of onco-
genes have been reported [26-28] However, the major-
ity of studies on the subject dealt with mouse fibroblast
cell lines [27,28], 1 ¢ cell ines that mostly utilize mnositol
Iipid turnover for signalling in response to potent
growth factors such as PDGF, bombesin, or serum. The
case of hematopoietic cells 1s different, since most natur-
ally-occurring hematopoietic growth factors do not stim-
ulate the hydrolysis of phosphomositides Thus, hav-
1ng assessed that wild-type 32D ceils did not normally
use the phosphomositide pathway, we wondered how
transformation by oncogenes that abrogated IL3 de-
pendency could affect the level of those second messen-
gers whose generation had been observed 1n response to
growth factois that also abrogated IL3 dependency
once the cells were made to express the appropriate
receptor. To this end. we decided to study transfor-
mants harboring the e#bB, abl, or src oncogenes, 1€
transforming genes whose products substituted for the
activated EGF receptor, or tyrosine kinases, respec-
tively

Normal and transformed cultures were pre-labelled
to equihbrium with radioactive glycerol, choline, and
mositol; afterwards, they were serum-starved for 4 h
followed by 1 h final incubation 1n serum-free medium,
Table II shows that all transformants had elevated
levels of water-soluble phosphocholine, nositol phos-
phates, and diacylglycerol over that of contiol 32D
cells The turnover of inositol hpids was measured both
in the presence and in the absence of hthium durmng the
final 1 h incubation, in the absence of lithium, values
werce significantly lower than 1n its presence, although
they remained higher than those of control cells These
data indicate that transformation by erbB, abl, and src
oncogenes constitutively increased the turnover of ino-
sitol lipids and phosphatidylcholine, thus mmmicking the
effect of growth factors that exploit such second mes-
senger systems to convey mitogenic signals,

4 DISCUSSION

Control of cell proliferation 1s exerted by pioteins
able to stimulate or inhibit ccll growth, and a number
of intracellular signalling pathways have been de-
scribed. Knowledge of the signals controlling myeclowd
ccll proliferation may prove important in understanding
the mechanism of normal hematopoiesis as well ay the
escape from growth factor requirement that leads to
leukemic transformation. Qui results showed that the
myeloid 32D cell line was able to utilize cdifferent second
messenger systems in response to physiological and for-
eign growth factors It appears that the control on the
type of sccond messenger produced was exetted at the
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level of growth factor receptor Thus, hematopoietic
cells made to express the EGF or the @ PDGF receptor
responded to such growth factors in the same way as
epithelial or mesenchymal cells did when stimulated by
EGF or PDGF respectively [5,26] IL3, on the other
hand, activated the turnover of phosphatidylchohine si-
mularly to the exient in a mast/megakaryocyte cell line
[21], thus substantiating the hypothesis that phosphati-
dylcholine turnover in response to interleukius was a
common feature of hematopoietic cells [29]

The effect of CSF-1 on signalling in c-fins-expressing
cells was rather intriguing' n fact, earlier studies report-
ed that CSF-1 was not able to stimulate the ‘classical’
turnover of mositol ipids either in macrophages that
endogenously express 1ts receptor or in BALB/c fibro-
blasts made to express the receptor [6] However, over-
expression of CSF-1 receptor in 32D cells and in NIH/
3T3 fibroblasts [4] led us to observe a small, but signifi-
cantly reproducible, accumulation of mositol phos-
phates in response to the factor (Table I). Several ex-
planations may account for this phenomenon The
CSF-1 receptor gene product shares structural and se-
quence similanties with the PDGF receptor however,
while tyrosine kinase domamns are very similar, their
kinase msert domams are lighly unrelated both n
predicted sequence and length In a recent study we
demonstrated that msertion of the c-fins kinase msert
domain could reconstitute biochemical and biological
responses to PDGF, 1 32D cells expressing a deletion
mutant of the &« PDGF receptor lacking the origimal
kinase msert [9] Using a similar approach we also dem-
onstrated that tyrosine mutations within the ¢ PDGF
receptor kinasc mnsert domain could abiogate receptor-
associated phosphatidylinositol-3 kinase activity with-
out affecting phosphomositide turnover and mitogenic
and chemotactic signal transduction [30] These results
support the consideration that stimulation of 1nositol
lipid metabolism appears to be a mandatory event in
PDGF signalling {30,31] Therefore, 1t 1s proposed that
the overexpiessed c-frms product might interact with,
and stimulate with low efficiency, the PDGF signalling
pathway, thus leading to nositol phosphate formation
Future studies will determine whether the phosphoino-
sitidase C expressed in 32D cells 1s a good substrate for
CSF-1 receptor tyrosine kinase In addition to the hy-
drolysis of phosphomositides, CSF-1 also stimulated
the turnover of phosphatidylcholine: these results are
consistent with a previous obscrvation made 1n human
monocytes [22]). thus indicating that phosphatidyl-
choline tutnover n 1esponse to CSF-1 was a featurc
shared by different hematopoictic cell lines From these
tesults, however, we cannot conclude whether CSF-1
signilled through both pathways, or whether stimula-
tion of 1nositol lipid turnover was just an epipheno-
menon duc to overexpression of the 1eceptor.

Finally, transformation by oncogenes the products of
which mimicked growth factor signalling, at different
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levels, was associated with elevated turnover of 1inositol
hipids and phosphatidylcholine; these results suggest
that the same pathways activated by growth factors
were constitutively operating during transformation. It
1s worth noting that these results were obtained 1n a
hematopoictic cell line which 1s devoid of growth factor
receptors coupling to mnositol lipid turnover; therefore,
alteration of phosphoinositide metabolism could be
ascribed to a direct effect of oncogene-induced transfor-
mation, ruling out at the same time ‘cross-talk’ between
endogenous receptors coupling with mositol lipid turn-
over and oncoprotemns Furthermore, 32D cells pro-
vided an example of transformed cells utilizing both
phosphomnositide and phosphatidylcholine turnover,
these results are at variance with those obtained 1n 3T3
fibroblasts, where the two pathways appeared mutually
exclusive [10,11,20,26] From what 1s reported above, 1t
follows that the majo1 pomt of convergence of the dif-
ferent signailing pathways activated in response to
growth faciors, and during transformation, was diacyl-
glycerol formation, and, therefore, protemn kinase C ac-
tivation,

In concluston, we assessed that different signalling
pathways were available in myeloid 32D cells to control
proliferation, the type of mutogenic signalling pathway
was dependent on 1eceptor expiession Transformation
by erbB, abl, and src oncogenes was associated with
complex alterations of signal transduction mvolving
both 1nositol hipid and phosphatidylcholine turnover
Our data suggest that diacylglycerol formation, and
protemn kinase C activation, could play a prominent role
in the abrogation of growth factor requirement in mye-
loid cells.
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