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Communication

Interleukin-3, Erythropoietin,
and Prolactin Activate a STAT5­
like Factor in Lymphoid Cells*
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April 14, 1995)
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the §lnstitute for Experimental Cancer Research, Tumor
Biology Center, Breisacher Strasse 117, D-79106
Freiburg, Germany

Inter'leukin-S (lL-3)-, erythropoietin (EPO)-, and pro­
lactin (PRL)-induced signal transduction via the JAKI
STAT pathway was studied in the IL.3.dependent BAF-3
lymphoid cell line. Transfected cells expressing either
the long form of the PRL receptor or the EPO receptor
were used. We demonstrated that IL-3, EPO, and PRL
activated a transcription factor related to the mammary
transcription factor STAT5 but not to STATI, -2, -3, or -4
as opposed to interferon y (lFNy) which activated
STATI in the same cells. Similarly, PRL and EPO actio
vated a STAT5·like factor (STAT5-L) in the rat Nb2 and
the human UT7 cells expressing endogenous PRL and
EPO receptors, respectively. The hematopoietic STAT5-L
activated by IL-3, EPO, or PRL was identified as a 97­
kDa tyrosine-phosphorylated protein. These results
confer to STAT5 a much broader role than previously
suggested.

Signal transduction of interferons CIFNs)1 has served as a
model system for studies on activation of the JAR kinases and
downstream-located latent cytoplasmic transcriptional factors
known as STATs (for review see Refs. 1 and 2). Six members of
the STAT family are presently known. These factors are char­
acterized by their rapid activation through tyrosine phospho­
rylation (1). STATI and STAT2, both activated by IFNa, asso­
ciate with a 48-kDa DNA-binding protein and translocate to
the nucleus where they bind interferon-stimulated response
element CISRE), while only STATI is activated by IFNy and
binds v-activated sequences (GAS). STAT5-MGF was first iso­
lated as a mammary transcriptional factor (MGF) specifically
activated by the hormone prolactin (PRL) in mammary epithe­
lial cells, inducing the expression of milk proteins (3). However,
the expression of STAT5 was not restricted to the mammary
gland and was also detected in hematopoietic organs (3).
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PRL also plays an immunomodulatory role, lymphocytes
being its main target (4). PRL receptors (PRL-R) belong to the
cytokine receptor superfamily (5) which includes multiple re­
ceptors expressed in hematopoietic cells such as receptors for
interleukin (IL-) 2, 3, 4, 5, 6, 7, 9, 11, and 12, erythropoietin
(EPO), thrombopoietin, and others (6). PRL signal transduction
begins to be elucidated in a limited number of hematopoietic
cells expressing either endogenous PRL-R (Nb2 rat T lym­
phoma cell line) or transfected PRL-R (the BAF-3 IL-3-depend­
ent lymphoid cell line and the FDCPl IL-3-dependent myeloid
cell line) (7-10). In these cells, PRL activates the rapid and
transient tyrosine phosphorylation of various proteins includ­
ing its receptor and kinases of the JAR family, either JAK2 in
Nb2, or JAK2 and weakly JARI in BAF-3 (9, 11-13). Further­
more, in the Nb2 lymphoma cells, PRL induces the expression
of an immediate early gene, the interferon (IFN) regulatory
factor 1 (IRFl) (7, 8), which regulates the expression of both
IFNs and IFN-induced genes (14, 15). Recent studies on IRFI
indicated that its promoter contains one critical GAS element
suggesting that the PRL-induced IRFI expression could be in­
duced by a JAKISTAT pathway in hematopoietic cells (1, 16, 17).

Two recent studies indicated that in Nb2 lymphoma cells,
PRL activated two members of the STAT family, one related to
STATI and another unknown protein of 97 kDa (12, 18). Be­
cause of the expression ofSTAT5 in the spleen and thymus, we
first wondered whether STAT5 could be activated by PRL in
hematopoietic cells. Moreover, since the mammary STAT5 was
shown to be a substrate of kinase JAK2 (3), we investigated
whether cytokines known to activate JAK2 such as IL-3 or EPO
(19, 20) also triggered the activation of STAT5.

The BAF-3 cells express endogenous IL-3 receptors and are
strictly dependent on the presence of IL-3 for growth. Trans­
fection with either the mammary PRL-R or the EPO-R confers
to these cells the ability to grow in the presence ofPRL or EPO,
respectively. Here we describe that in transfected BAF-3 cells,
PRL, IL-3, and EPO activate a tyrosine-phosphorylated DNA
binding factor, of 97 kDa, highly related to STAT5 but not to
STATl, -2, -3, or -4, as opposed to If'Nv which activates STATl.
This STAT5-like factor is also activated by PRL or EPO in
hematopoietic cells expressing endogenous PRL- or EPO-R,
respectively.

EXPERIMENTAL PROCEDURES

Hormones and Antibodies-Ovine prolactin (NIDDK6-PRL-19, 31
IU/mg) was a gift from the National Hormone and Pituitary Program
(Baltimore, MD). Recombinant EPO, IFNy, and IL-3 were from
Boehringer and Pepro Tech. Inc., respectively.

The anti-STAT antibodies used were: anti-STATI N-terminal do­
main (anti-ISGF3 p91/84 monoclonal antibody, Transduction Labora­
tories, UK), anti-STAT2 peptide (gift from C. Schindler (30)), anti­
STAT3 C-terminal peptide (30C, gift from D. Levy, New York
University Medical Center (21)),anti-STAT4 C-terminal peptide (C-20,
Santa Cruz Biotechnology, Inc.), anti-STAT5 N-terminal fusion protein
containing amino acids 6 to 160 ofsheep mammary STAT5(31),and an
anti-STAT raised against a STAT3 N-terminal peptide which recog­
nizes all STATmembers (21) (30N gift from D. Levy, named thereafter
PANSTAT). Antiphosphotyrosine antibody 4GI0 was kindly provided
by Dr. B. Drucker (Portland).

Cell Culture-BAF-3 cells were transfected with cDNA coding for
either the long form of the rabbit mammary PRL-R or the murine
EPO-R,both clonedin the pBabeNeoexpression vector, as described (9).
BAF-3 cells were cultured in RPMI 1640 medium supplemented with
7%fetal calf serum (Dutscher) and either 5%culture supernatants from
the IL-3-producing Wehi-3B cell line (Wehi-CM) or 10 ng/ml PRL or 2
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Fll;. 1. PHI. act ivates a STAT5 DNA hi nd in!! ac t iv ity in BAF -:I a nd in h 2 cells. A and B , nuclear extracts from BAF-:I cells ,'xpn'ssinl(
I'HL-H were s t imu la te d with va ri ous concen t rat ions of I'HL (ng/rnl) for th e indica te d times (min I. N uclea r extracts were annlyzed In El\ISAs uSlnK
eit he r 13-ca sein or IHF I oligon ucle oti de as pr obes . C. nuclea r extract s from I'HL-R-trans fected I3AF -3 cells stimulated for 20 min with l,..wmll'HL
were incuhated with variou s a n t ise ra agai ns t e ithe r STAT I, STAT2, STAT:I. STAT4, or STAT5 (5 ,. 5, , 8.,, 8 .. S , Jor I'A:>:STAT (/ '8, and With the
f3·casein probe , Shifted and su pe rs h ifte d com plexes (55) a rc pointed ou t. D , nu clear extracts from I 'h2 cells (/(11I1'S I 7 )or I'HL-H-transf..ct ..d BAF -3
cell s tla nes 8 and 9 ) treated for a or 10 m in with I ug/ml I'HL were in cubated wi th the in dicated antisera against ..ither STATI . -2 , -:1. --I. or -n
(5" 5 , . 5 " , 8 ." 5 ,,1 a nd with th e IHFI pr obe , El\I SA s were performed . Shifted a nd su pcrshifted (8 8) complexes an' pointed out.

units/ml EPa WI. Nh2-II C ce lls (22) were ma inta in ed in HPl\1l 1640
medium s u pplemen ted with 77. fet al ca lf se r um. UT7 cell s (23) were
cultured in o-mcdium s u ppleme nte d with 10';f fetal calf se r u m and 2.5
ng/ rnl gra nu locy te macrophage-colony s t im ula t ing fa ct or (5 X 107 un it s/
mg ) as de scribed (24).

Nile/ear Exfracl.,-Cells were fir st deprived of cy tok ines and of fetal
ca lf se ru m hy incuhation for 4 h (for BAF-:I a nd Nh2 ce lls) or 18 h (for
UT7 ce lls ) in Iscove's med iu m su ppleme n ted with OA7. detoxified bo­
vi ne se ru m a lbu mi n (Fraction V, Sigma ) and 75 ug/ml iron-saturated
transferrin (S igm a) ( !)) a nd then in cubated in th e pr esence of eit he r
1- 1000 ng/rn l I'HL or 10 ng/m l IL-:l, 10 units/ml EPa, or 1000 units/ml
IFNi' for th e indicated time. Nuclear ext racts were pr epared hy first
lysing t he cell s in a hy poton ic hufTer (20 mM He pes , pH 7.9 . 10 m~1 KCI,
I mM EDTA , 0.2 ';f Nonidet 1'-40 , 107. glyce ro l) su pple me n te d with I m ~1

sod iu m orthovanadate . 1 m~1 ph en ylrn ethyl sulfon yl fluoride . 10 Ilg/ml
pepstntin A, 10 ,..g/mlleupeptin. 10 ,..g/ml a p ro t in in, a nd I m ~1 D'TT a nd
ext ra ct ing the pell eted nuclei in a hyp ertoni c buffer <0.:35 ~ I Na Cl, 20 '"
glyce rol, 20 mM He pes , pll 7.!l. 10 m~1 KCI. 1 mxt EDTA, I Iml DTT, with
th e same protea se a nd phospha ta se inhibitor' s being a dde d I. Aft er :10
min a t 4 "C, ext racts were ce nt ri fuge d for 5 min at ,I "C a t 20, 000 x g,
a nd s u pe r na tan ts were immedi ately froze n in liqu id nitrogen a nd
s tored a t - 80 "C.

Electroph oretic Mobilit y Slr ift Assay (EMSAi-N uclea r extracts
(- 10' ce lls/point) were in cubated with 16 fmol of n l'- Iabe led oligo nu­
cleotide con ta in ing STAT5 bind ing si te from eithe r th e bovin e 13·casei n
pr omoter (5 '-AGAT1vrC TAGGAATTC AAATC-:n or t he GAS ele me nt of
th e IHF I promot er (5 ' -GATCCAT'\'T CCC GAAATG A-3 '), These oligo­
nucleotides were e nd- la be led with polynucleotide kinase to a s pec ific
act ivity of 8000 cpml frnol as described (:11.

For s u pe rs h ift assays , a n excess of a n t ibodies wa s adde d to th e
nuclear' extracts just prior to the a dd itio n of th e pr obe.

Purification of tire DNA Binding ACfit 'if y -Nuclear ext ra cts ( 10"
ce lls ) in t he binding buffer ( 10 mxt Tris , I'll 7.5, I m ~1 E DTA, I rnM DT'\' .
0.1% onidet 1'-40 . 5 '" glyce ro l) con ta in ing 100 mxt 'aCI were in cu ­
hated with Sepharose he ad s coupled to multimeri zcd STAT5 binding
s ites from th e f3 -ca sein gene promoter (:I) for 45 min at 4 °C in th e
pr esence of 20 Il g of poly(d l·dC ) and 20 ,..g of pol yrd/v -d 'l' L Aft er wa sh ­
ing , proteins hou nd to the Sephnrose heads were e lu te d with the SD S
loa di ng bu ffer, se pa ra ted hy SDS·p olyacrylamide ge l e lec t ro phores is

(8"'). lind trans ferred to nitrocellulose membrane <Sc h le iche r lind
Sc hue ll, BA85 l. Blot s were incuhnu-d fir st with II STAT:' antibody
( 1/ 1000), t he n s t ri pped lind fu rtlu-r incubnu-d with the phosphotyrosin,
a nt ibody ( 1/50001 .

HESI LTS AN Il IlI SC! 'SSI O,

Nuclear ext racts from BAF-:l cells transfected with the
PRL-f{ (9) and treated with PHL we re prep ared . Band s hift
assays we re carried out with a lab eled probe from the 13-casein
promoter containing th e STAT!i bind ing si te. As s hown in F i ~ .

lA ila nes I 5). PRL induced the activation of a IJ 'A binding
complex that a ppea re d in a ve ry ra pid a nd t ra nsient manner,
becoming a lmos t undetectable afte r 60 min of incubation . This
DNA hinding activity was ind uce d in the presence of concen­
trations of PHL (10 ng/ml ) requ ired for proliferation of these
13AF-3 cell s <Fig. lA . lanes 9 - 12 ) (9). To assess further the
induction of a STAT5- re la te d DNA binding activity. E~ ISAs

were exte nde d to a nothe r. TAT!i·D 'A binding sequence, the
GAS of th e IRFI pr omoter . T h is motif contains a palindromic
motif 5 '-TICXXXGAA-3 ' wh ich is strictly required for STAT5
DNA binding (25 . 3 1), As s hown in Fig. lA, lanes f) -8. PHL­
treated cells possessed a D A binding activity with the GAS ­
IHF I oligonucleotide . Th is activity was induced as early as 1
min a fte r PRL addition <Fig. 113 . lanes 1- ·11. Similar rvsult»
were obta ined with th e f3-casein prob ' .

The iden tity of th e activate d STAT factor was investignu-d
hy incubating nuclear ex t racts fro m PHL-st imula ted cells with
various STAT-specific a ntisera a nd a na lyzing them by EMSA
<Fig. lC ), D A binding complexes wit h the IHFI probe were
s upe rs h ifte d onl y with STAT5 ilam f) ) an d PANST AT ilane 7 )
antisera . Neither STATI nor STAT2, -3, or -4 antisera were
ab le to recognize th e complexes . indicating that STAT!i or n
STAT5 -like (8 TAT5- Ll factor , was s pecifically activated hy
PRL in th e PRL-R-t ransfected BAF-:l cel ls . To strengthen thi s
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de tecta ble at high PRL conc entration s .
We next as ke d whethe r t he act iva t ion of STAT5- L was re­

s t r icted to PRL. Lik e the pa ren ta l BAF -3 cell s , BAF-3 ce lls
transfect ed wit h t he PRL-R were re sponsiv e to 11.-3 (9). Also,
I3AF-3 ce lls ex pre ssing a transfect ed murine E PO -R th at pro ­
liferated in the pre se nce of E PO had been es ta blis hed. uclear
extracts fro m ei the r IL-3-trea ted P RL-R-t ra ns fected or " ~PO  

t rea te d EPO -R-transfected cells were a na lyzed by EMSA using
e it he r th e IRF! pr obe or l3-ca sein probe . As sho wn in Fig. 2A,
11.-3 tlanes 4 - 6) and I ~P O (lan es 7-9) induced binding acti vity
to the l3-casei n probe. Co m plexes form ed a fte r PRL st im ula tio n
(F ig. 2A, lanes 1 1) migrated the same as th e IL-:3- 01 ' EPO­
st imula ted com plexes . The PHL -, 11.-:3-, or I ~P O - i n d u c e d com­
plexes we re a ll s u pers h ifte d with STAT5 a nt ise ru m, but not
wi th a nt ise ra directed against STAT I , STAT2, STAT:3 , or
STAT4 (Fig. zn: We next checked th e acti vati on of STAT5-L
fact ors by EPO in th e h um a n '1'7 ce ll lin e whi ch expressed
h igh a mou n ts of e ndoge nous EPO -I{ (27). As s hown in Fig. 2C,
in th e UT7 ce ll line , E PO act iva te d a transcr iption al factor
whi ch migr a ted the sa me as th e one induced by EPO in BAF-:3
cells tlane 1). Su pershift experiments confirme d th at this factor is
highl y related to STAT5 ilane 8) and not to STAT I, -2, -3, or -4 .

BAF -3 ce lls al so ex pressed e ndoge nous IFN y-1t EMSA of
l f'Ny-trea ted ce lls indicated t hat IFN y rapidly a nd trans iently
induced a DNA bindi ng com plex with th e IR F I probe (Fi f.{ . :11\,
lane 2, a nd Fig. 3B, lanes 1 5) or f3-ca sein probe (not s hown )
whi ch migrated fas te r tha n the complex induce d by 11.-:3 (Fig.
31\, lan es 1 a nd 2 )) or PRL (not s ho wn). Su pe rs hift assays
indi cated th a t t hi s IF N y complex conta ine d STATI but not
STAT3 01' -5 (Fig. 313 , lanes 6 - 10>. STAT5 was not ac t iva te d by
1L-6 in th e U937 monocyt ic cell lin e , a lt ho ug h in th ose ce lls,
11.-6 induced the activatio n of STAT:3 whi ch bound th e IHFI
pr obe a nd which wa s recognized by th e a nti-STAT:3 (:3 1J. Th ese
data showed th a t STAT5-L proteins a re s pec ifica lly in volved in
PRL, EPO, a nd 11.-3 s igna ling .

To better characte rize STAT5-L proteins , nuclear ex tracts
from PRL-, 11.-:3-, 01' E PO -t reated or from untreated BAF·3 ce lls
were incubated with Sep harose bead s cou pled to a mult im er­
ized STAT5 bin di ng s ite from th e f3·casei n pr om ot er. Round
pr ot eins we re ana lyze d by SDS-polya crylamide ge l e lect ro­
ph or es is followed by immunoblotting fir st with a STAT5 a nti­
se r u m a nd th en with an antiphos photyrosine a nt ibody. Both
a nt ibodies recogn ized on e band of 97 kD a , in PRL-, IL-3-, or
EPO-a cti va ted extracts (Fig. 4).

Our da ta ind icate t hat in a va r ie ty of hem atop oieti c ce lls
ex pressing e ndogenou s or transfect ed receptors (mu ri ne
BAF-3, ra t Nb2 , and h u ma n UT7 ) PRL, IL-3 , a nd EPO rap­
idl y ac t ivate a tra nscriptional factor immunologically closely
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ila nvs 7-9 ) were st imula ted with I I-'Wml PHI. , 10 nglm l 11.-3, or 10
un its/ml EPO . Nuclea r extracts were analyzed hy EMSA with th e
{:l-casein probe. 11 , nucle ar ext racts from 11.-3- ( 10 ng/m l, 10 min ) or
EPO- ( 10 un its/ml , 10 min ) s t imu lated BAF -3 cells expressi ng th e
EP O-H we re incu hated with va riou s antisera ag a ins t either STATI ,
STAT2, STAT:l, STAT·l, or STAT" (S" S" S", S,. Sr,) a nd wit h the IR FI
pro be, EMSAs were per for med . Shifted and s u pers h ifted (SS) com­
plexe s a re point ed out. C, nuclea r ex tracts from UT7 cells ilanes 3-8) or
EPO -H-trans fected BAF-:l ce lls tlanes 1 and 2 ) treated wit h 10 units/OIl
F,PO for 0 or 10 min we re prepa red and a na lyzed by F,MSA.

result, we pr ep ared nu clear ex t racts from a nothe r murine
lymph oid ce ll line, th e Nb 2 ce lls, wh ich ex pre ss large a mou nts
of endoge nous PRL-R (2G). As sho wn in Fig. If) , PRL induced
th e rapid a nd transi ent act ivation of a DNA binding com plex
(lane 2). Supershift ex pe r ime n ts (la nes .1- 7) ind icated th a t t h is
com plex conta ine d both a STAT5- L pr ot ein ilcme 7) a nd STAT ]
tlane :n It is worth noting th at STAT I activatio n wa s on ly
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re lated to STATfi. hut not to STAT I , -2, -:3, or -4 . Mor eover,
t hi s factor becom es tyros in e-phosphory la ted followi ng ligand
a ct ion . Wh eth er thi s hem a topoie ti c fa ctor is tota lly identi ca l
wit h th e mammary STATfi pro te in recen t ly iso lated or corrc­
s ponds to a ne w hi ghly rel a ted STAT is under in ves tigation .
It is worth noting th a t prel im inary da ta :.! s uggest t he exis t­
e nce of two ge nes for STATfi. Wh e th er one e ncodes the mam ­
mary STATfi form a nd th e othe r th e hema top oieti c STAT5 is
cu r re nt ly unkn own . Our find ings a rc in agree me n t wit h a
numher of repOl·t s on t he a cti vatio n of u n kn own STATs hy
e it he r I ~PO , gra n u locy te m a cr opha ge-colon y s t im ula ti ng fac ­
tor , or PHI. in hem ato poietic ce lls (8, 12 , 1:1, 21 , 28 . 29 ). In
agreem en t with ou r data , t hese uni de nt ified STATs may be
th e hematopo ie t ic STATfi pr otein , s uggest ing a wide acti va ­
ti on of STATfi in hem atopoie t ic ce lls . S uc h res u lt s pointed out
a ge ne ra l role of STATii in ce ll a ct iva t ion. O ne ma in ta rget
s hou ld he th e tu mo r s u ppressor IHF'I ge ne who se ex press ion
was re po rted to he ind uced hy a wide va r ie ty of cy tok ine s in
va r ious cells , includ in g BAF'-:3 cells (7, 8 , 14, I ii ). Altel'll a -
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