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Summary

The function of exocrine glands depends on signals within on an intact actin cytoskeleton. However, actin networks
the extracellular environment. In the mammary gland, and microtubules are both necessary for continued
integrin-mediated adhesion to the extracellular matrix ~mammary cell differentiation, because cytoskeletal
protein laminin co-operates with soluble factors such as integrity is required to transduce the signals between
prolactin to regulate tissue-specific gene expression. The prolactin receptor and Stat5, a transcription factor
mechanism of matrix and prolactin crosstalk and the necessary for milk protein gene transcription. The two
activation of downstream signals are not fully understood. different cytoskeletal scaffolds regulate prolactin signalling
Because integrins organize the cytoskeleton, we analysed through separate mechanisms that are specific to cellular
the contribution of the cytoskeleton to prolactin receptor differentiation but do not affect the general profile of
activation and the resultant stimulation of milk protein protein synthesis.

gene expression. We show that the proximal signalling

events initiated by prolactin (i.e. tyrosine phosphorylation  Key words: Cytochalasin D, Colchicine, Cytoskeleton, Microtubules,
of receptor and the associated kinase Jak2) do not depend Prolactin, Mammary epithelial differentiation

Introduction models, it has been established that adhesion to basement

Many aspects of cell physiology, including cellular membrane proteins (especially laminin-1) is required for the
differentiation, cell cycle progression, suppression of apoptos@xpression of milk protein genes (Aggeler et al., 1991;
and migration, depend on signals being received througBarcellos-Hoff et al., 1989; Li et al., 1987; Roskelley et al.,
adhesion complexes (Aplin et al., 1999; Assoian and Schwart2994; Schmidhauser et al., 1990; Streuli and Bissell, 1990;
2001; Schwartz and Baron, 1999; Streuli, 1999). Adhesio®treuli et al., 1995b). Differentiation does not occur when
complexes are sites of physical interaction between mogglls contact stromal ECM proteins such as collagen 1 and
eukaryotic cells and their extracellular environment.fibronectin.
Transmembrane integrin receptors link the extracellular matrix The laminin signal for mammary differentiation acts in part
(ECM) to internal cytoskeletal structures in macromoleculaby controlling the ability of prolactin to activate its receptor
assemblies that contain both structural molecules anand thereby the DNA binding activity of Stat5 (Edwards et al.,
signalling enzymes. 1998; Myers et al., 1998; Streuli et al., 1995a). Prolactin cannot
Adhesion to the ECM has a crucial role in regulating theactivate this pathway in cells cultured on collagen | or
differentiated state of lactational epithelial cells in thefibronectin (Edwards et al., 1998). Thus, adhesion to specific
mammary gland (Roskelley et al., 1995; Streuli and Edward&,CM molecules modulates the enzyme-signalling pathway
1998). Differentiation is maintained by circulating lactogenicdriven by prolactin and thereby regulates milk protein gene
hormones such as prolactin, which influence the transcriptioianscription and differentiation. The mechanism of crosstalk
of mammary-tissue-specific genes. Prolactin mediatebetween the adhesion and prolactin response is not well
transcriptional control of the milk proteiB-casein through understood but involves integrins.
a pathway involving dimerization of its receptor (PrIR), Integrins are heterodimeric plasma membrane receptors that
activation of the associated protein tyrosine kinase Jak2 arithnsduce signals from the ECM. Evidence [3df integrin
phosphorylation and translocation to the nucleus of the signalaying a role in mammary differentiation comes from
transducer and activator of transcription Stat5, which bindantibody inhibition studies. By using single cells embedded
specific sequences within tifgecasein promoter (Groner and within basement membrane and studying casein expression,
Gouilleux, 1995). However, soluble differentiation factors aret was discovered thgbl integrins regulate the capacity of
not sufficient to maintain differentiation — cellular interaction prolactin to drive differentiation (Streuli et al., 1991).
with ECM is also required. Moreover, transgenic mice expressing a dominant negative
Mammary epithelial cells in vivo contact a specialized ECMform of 31 integrin within mammary epithelial cells show
the basement membrane (Prince et al., 2002). Using cultureduced differentiation in vivo (Faraldo et al., 1998). Although



272 Journal of Cell Science 117 (2)

interactions between mammary cells and ECM are mediatg8igma). Cytochalasin D and colchicine (Calbiochem-Novabiochem,
by integrins (Edwards and Streuli, 1999), the heterodimerottingham, UK) were used at final concentrations of@/0and 2.5
involved in binding stromal ECM proteins are different to thosétM, respectively. Control experiments were performed with the
subunits are required for laminin-induced differentiation!n some experiments, cells were plated on dishes precoated with the
signals. non-adhesw_e substrate polyhydroxyethylmethacrylate (polyHEMA)

Inteari infl llul directly th h(50 mg mtlin 95% ethanol).

grins influence cellular processes directly throug

signalling enzymes and indirectly via the actin-based
cytoskeleton (Aplin et al., 1999; Assoian and Schwartz, 200Immunohistochemistry
Giancotti and Ruoslahti, 1999; van der Flier and Sonnenbergrimary cells plated on collagen were passaged onto either basement-
2001). Thus, several possibilities can be considered to explaimembrane- or collagen-coated coverslips. Cells were grown in
integrin crosstalk with signalling pathways triggered by soluble©MEM-F12 medium and treated with inhibitors for different times.
factors. Integrin-containing adhesion complexes are focal sitésells were then fixed in 2% paraformaldehyde, permeabilized for 20
for the accumulation of structural elements including talinminutes in 0.1% Triton X-100 and incubated with either TRITC-
vinculin, a-actinin and actin into multiprotein assemblies Conjugated phalloidin for 1 hour at room temperature (RT) or anti-
(Critchley, 2000; Sastry and Burridge, 2000). Onto thes ubulin antibody (generous gift from K. Gull, University of

tei bled fsi lli int diat anchester) for 1 hour at RT, followed by FITC-labelled anti-mouse
proteins are assembled a range or signalling intermedia esctacondary antibody for 30 minutes at RT. Cells were viewed using

including adaptor proteins and kinases, as well as growthsiher 4 Zeiss Axiovert 100M confocal microscope for cells on
factor receptors (Howe et al., 1998; Petit and Thiery, 200Qvatrigel or Zeiss Axioplan microscope for cells on collagen.
Plopper et al., 1995; Turner, 2000; Yamada and Miyamoto,

1995). Cell-ECM adhesions might therefore control pathways _ _ ) _

triggered by soluble factors through the accumulation or spatidinalysis of milk protein expression

organization of specific signalling molecules in supramolecularirst-passage mammary epithelial cells were plated onto basement
complexes. Alternatively, the integrin-dependent activatiofn@mbrane in  DMEM-F12 = supplemented with insulin and
of signalling receptors might involve long-range kinase Orhyd_rocortlsone. Cytoskeletal inhibitors and prolactin were added for
GTPase signals activated within adhesion complexes (Sast\é?”ous amount of time. Pulse-labelled cells were starved of

. . . ethionine for 20 minutes and metabolically labelled with @G0
and Burridge, 2000; Schwartz and Shattil, 2000). ml~1 355-methionine for 1 hour in a methionine-free DMEM-F12 base

Sites of integrin-mediated adhesion also provide focal pointgedium containing hormones and inhibitors. The cells were then
for the assembly of both stress fibres and the cortical actifhrvested and aliquots representing equal numbers of total counts
cytoskeleton. As an alternative to controlling cell phenotyp&vere used for immune precipitation with rabbit anti-mouse milk
via enzyme pathways, adhesion to the ECM might thereforentiserum as described (Streuli et al., 1995a).
regulate receptor-mediated events indirectly through the
cytoskeleton (Aplin et al., 1999). Indeed, it has been arguergNA extraction and northern blottin
that the maintenance of epithelial cell differentiation is tal RNA was prepared electroph(g)resed transferred to a Zetaprobe
dependent on the actin cytoskeleton (Hay, 1993). In mammagembrane BioRad anci robed wi’EfP-Iab’eIIed cDNA fragments
cells Cultyrec_i on basement_ membrane, .we fmd. that th gel-purifiEed cDN,)A seqﬁences corresponding to a SA?(PHD
actomyosin fllament§ are chiefly present in a cortical actlrﬂagment of mouse-casein and 18S cDNA probe, as described
network, whereas, in cells cultured on collagen, they argeviously (Streuli and Bissell, 1990).
present as stress fibres. Thus, the cytoskeletal architecture is
organized differently in mammary cells that are capable of milk
protein gene expression compared with those that are unatsectrophoretic mobility shift assay
to respond to prolactin. This suggests that the cytoskeletd?rimary mammary epithelial cultures were harvested by rapid
might contribute to prolactin signalling and therefore totrypsinization. Cell pellets were immediately snap frozen in liquid N
cellular differentiation. and nuclear extracts were prepared and analysed as previously

The aim of this study was to determine whether an inta escribed (Edwards et al., 1998; Streuli et al., 1995a; Watson et al.,

cytoskeleton is required for prolactin-mediated signalling, thu 991). In supershift assays, nuclear extracts were incubated for 30

roviding a mechanistic basis for the crosstalk between EC inutes at RT with antibodies to Stat 1, Stat 3, Stat 5a or Stat 5b
providing ISt ' anta Cruz Biotechnology, Santa Cruz, CA) before addition of the

receptors and the PriR. radiolabelled probe. Gels were exposed to Kodak XAR film or to
Fujix Bas 2000 storage phosphorimaging plates for quantitative
. analysis.

Materials and Methods Y
Cell culture

In all of this work, we used first-passage mammary epithelial cellfhmunoprecipitation and immunoblotting

derived from late pregnant mice. Mammary epithelial cells wereCells were scraped into NET buffer (100 mM Tris, pH 7.4, 300 mM
isolated from 14.5-18.5 day pregnant ICR mice (Pullan and StreulNaCl, 10 mM EDTA, 1 mM sodium orthovanadate, 1 mM sodium
1996). Cells were plated on dishes coated with either collagemgl (8 fluoride containing freshly added 0.5 mM PMSFuM8 aprotinin and
cnm?d or basement membrane (laminin-rich Matrigel 14 mgiml 20 pM leupeptin) and then lysed in NET buffer containing 2%
Becton and Dickinson) and cultured for 48 hours as described (Strelionidet P-40. Lysates for pp125 focal adhesion kinase (FAK) immune
et al., 1995a). Cultures were washed and serum starved in Dulbeccp¥ecipitations were prepared using RIPA buffer (NET buffer plus 1%
modified Eagle’s medium (DMEM)-Ham’s F12 medium (Life Nonidet P-40, 1% deoxycholate, 0.1% SDS) Cell lysates were
Technologies, Paisley, UK) containing insulin and hydrocortisone fohomogenized, rotated for 1 hour at 4°C before centrifugation at
a further 24-72 hours before stimulating with 150 nM ovine prolactire1,000g for 30 minutes to clear the detergent-insoluble proteins.
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Fig. 1. Cytochalasin D disrupts
microfilament networks in primary
mammary epithelial cells. (A) First-
passage mammary epithelial cells
were plated on basement-membrar
coated coverslips in DMEM-F12
supplemented with insulin and
hydrocortisone for 24 hours. Under
these conditions, the cells form
aggregates and become completeh
surrounded by basement membran
developing into hollow structures
resembling alveoli (Aggeler et al.,
1991). Most epithelial cells interact
directly with basement membrane
(Streuli et al., 1991). The micrograf
depict sections at the edges of hollc
‘alveoli’, where more cells are
available for inspection, but the
lumens are not visible. Confocal
micrographs of control cultures that
were fixed and stained for the
presence of actin using TRITC-
conjugated phalloidin revealed a
cortical actin network (arrows) that
was not disrupted after 30 minutes
6 hours of treatment with colchicine
(col). By contrast, the cortical actin
network was completely disrupted
within 30 minutes of cytochalasin-C
treatment (CD), and the staining
became punctate (arrowheads). Sc
bar, 10um. (B) Mammary cells were
plated on collagen-I-coated coversl
and were either left untreated as
controls or treated with @M cytochalasin D (CD) for 30 minutes, then rinsed and harvested at 4 hours following cytochalasin-D removal
(washout). Cells were stained for microfilaments using FITC-conjugated phalloidin. Similar experiments using cells pladadeoh bas
membrane indicate that the cortical actin organization can be restored after washing out cytochalasin D for several housh ¢shatp

control

30’ col 6 h col

Lysates from protein-normalized samples, using SDS-PAGE followediecessary to maintain steady-state levels of milk proteins in
by Coomassie Blue staining, were immunoprecipitated with rabbimammary cells, but they did not examine whether it is required
polyclonal anti-Stat5a and anti-Stat5h antibodies (1:1000; Santa Crygy the prolactin signalling pathway, which is essential for milk

Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-Jak2 amibOd)brotein gene transcription (Blum and Wicha, 1988; Seel

. s - , ; y and
(1:5000; Upstate Biotechnology, Lake Placid, NY), rabbit polyclonal .
anti-prolactin receptor antibody or rabbit polyclonal anti-FAK Aggeler, 1991). To understand the role played by actin

antibody (1pg mtL, generous gift of Andy Ziemieki, Laboratory of mlcrofllqmgnts and mlcrotu_bules in mammary epithelial ce!l
Clinical Research, Berne, Switzerland), followed by protein-differentiation, we compromised these cytoskeletal networks in
A/Sepharose (Zymed Laboratories, South San Francisco, cAells cultured on basem_ent membra_ne using pharmacqlog[cal
overnight at 4°C before separation by 6.25% SDS-PAGE. The antgents and then determined the ability of prolactin to drive its
prolactin-receptor antibody was prepared in our lab against signalling pathway and milk protein gene expression.
cytoplasmic peptide corresponding to amino acid residues 466-478 First, we determined the distribution of the actin
within the mouse prolactin receptor; the IgG fraction from immunecytoskeleton. The microfilament networks are mostly present
membrane (Millipore, Watford, UK), phosphorylated proteins werece)is  cyjtured as multicellular ‘alveoli’ on basement
revealed with mouse monoclonal anti-phosphotyrosine ant'bOd'%embrane, where they can undergo lactational differentiation

4G10 (1pg miL, Upstate Biotechnology) or PY-20 for the FAK blots . . X
(11500(; “gl'ransducption Laboratorieggl,) followed by enhancedF19- 1A). By contrast, stress fibres predominate in monolayer

chemiluminescence using an ECL kit (Amersham International, Littiultures, in which cells cannot express milk proteins (Fig. 1B).

Chalfont, UK). Blots were stripped according to Amersham protocofr_hU% at the morph0|09ica| |eV?|: microfilaments are
and reprobed with precipitating antibody. distributed in different arrays in cells cultured on

differentiation-permissive or -non-permissive ECM.
The kinetics of disappearance of the microfilament and

Results . S microtubule networks were characterized after treatment with
Cytochalasin D and colchicine rapidly disrupt the cytochalasin D or colchicine. Cells were plated either on
cytoskeleton in mammary epithelial cells basement membrane or collagen | for 24 hours before the

Previous studies have indicated that the cytoskeleton ®&ddition of 2 pM cytochalasin D to cause actin filament



274 Journal of Cell Science 117 (2)
A

Fig. 2. Cytoskeletal inhibitors affedi-casein
expression in primary mammary epithelial cells
First-passage mammary epithelial cells were
plated on basement membrane in DMEM-F12
supplemented with insulin and hydrocortisone.
Cytoskeletal inhibitors and prolactin were

added for the indicated times and cells were B p-casein —» | - | [- — - |
extracted for protein and RNA analysis. .

(A-C) Cells were35S-methionine labelled for 1 Cytochalasin Sr(%afﬁ : 8_ 885 8 2_4 23145 2_4 2_4 2_4 34 8 E
hour. Equal amounts of trichloroacetic-acid- Colchicine (2.5 pM{ - . . 85 - . 9245. . . 24 h
precipitable counts were either directly EtOH - - - - - - -245 - h
analysed by gel electrophoresis to detect newly DMSO - N i S h
synthesized proteins (A) or

immunoprecipitated with rabbit anti-mouse

milk antiserum before SDS-PAGE, ffcasein

detection (B,C). Notice that the overall p-casein —» | - - |
spectrums of newly synthesized proteins in (A) .

are not significantly affected by drug treatment. Cytochalasin Sgaﬂc;‘ ) ‘5: fs 4 ? 665 E_‘ 8 885 8 E

The asterisk in (A) correspondsfiecasein, the COlChidne(2.5uM% - - 45 - -85 - - 85 h

levels of which are sufficient to be visualized

within the total cell proteins 24 hours after

inducing differentiation. Notice also that the

exposure time for the gel in (C) is considerably

longer than for that in (B). (D) RNA was .

ext?acted from cells arfd ;%(tc?tal RNA was f-casein mRNA —» - - ~
separated by agarose gel electrophoresis before

northern blotting foB-casein mRNA levels. 18SRNA —» - - - - ™
The blot was reprobed with an 18S cDNA Prolacii

probe. L9 represents mammary tissue extract Cytochalasin Dr& u,\'}f f‘ 445 ‘_‘ 5_ 655 ‘? 2_4 2545 2_4 : "_g R
from day 9 of lactation, used as a control. Colchicine (2.5 pM{ - o 45 - - 85 - - 245 - h

destabilization (Schliwa, 1982). Treatment with the drug for 3@reated with prolactin and cytoskeletal inhibitors for different
minutes results in disruption of the subcortical actin filament&engths of time. Cells were then pulse-labelled wibs-
in cells cultured on basement membrane (Fig. 1A) and imethionine for 1 hour and harvested into RIPA buffer on ice,
disruption of actin stress fibres in cells on collagen | (Fig. 1B)and newly synthesized proteins were detected by gel
This inhibition is specific to actin because cytochalasin D haslectrophoresis. To ensure that the cytoskeleton was disrupted
no effect on the microtubule network (data not shown). Actirbefore the induction of differentiation, inhibitors were added
structures remain retracted over 24 hours treatment but aB® minutes before prolactin. Because cytochalasin-D-induced
fully and rapidly reformed after removing cytochalasin D (Fig.microfilament disruption is rapidly reversible (Fig. 1A),
1B). In parallel experiments, cells were treated with M6  experiments to examine the effect of long-term cytoskeletal
colchicine, which inhibits microtubule polymerization (Deery inhibition required the continuous presence of drug.
and Weisenberg, 1981). 30 minutes of drug treatment results Pulse-labelling cells for 1 hour allowed us to determine
in disappearance of microtubules in cells plated on collagenwhether pharmacological inhibition of cytoskeletal proteins
(data not shown). Colchicine inhibits the microtubule networlcompromises the levels and profile of protein synthesis. The
specifically and does not result in microfilament destabilizatiommount of35S incorporation into protein is not altered even
either in multicellular ‘alveoli’ or in monolayers. after 24 hours of treatment with cytochalasin D or during the

Together, these results demonstrate that cytochalasin fid)st 8 hours of treatment with colchicine. In the case of
rapidly and specifically disrupts the organization of stressolchicine treatment, there is some reduction in protein
fibores and subcortical actin networks in primary mammangynthesis at 24 hours, correlating with reduced cell viability.
epithelial cells, whereas colchicine results in the disappearanétwever, importantly, the overall spectrum of newly
of microtubules. synthesized proteins is not notably affected by the addition of

either of the cytoskeletal inhibitors (Fig. 2A).
In contrast to the lack of an effect on the total profile of

Intact cytoskeleton is required for B-casein production protein synthesis, disrupting the cytoskeleton profoundly
To determine whether subcortical actin networks oilinhibits synthesis of the milk proteifs-casein. This is
microtubules are necessary for milk protein synthesisparticularly noticeable after inducing differentiation with
mammary cells were plated onto basement membrane apdolactin for 24 hours (Fig. 2A,B) but inhibition is also seen
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A cee Fig. 3.Blockade of Stat5 activation by cytochalasin D. Primary
mammary epithelial cells were cultured on basement membrane and
exposed to cytochalasin D for the indicated times. Prolactin was
added to the cultures 15 minutes before preparing nuclear extracts for
[ “ <« Stats electrophoretic mobility shift assay (EMSA) (A,B) or detergent-
soluble lysates for immunoprecipitation of prolactin signalling
id components (C). (A) Control cultures were either left untreated or
Prolactin (15) - + were incubated with prolactin 15 minutes before harvesting. Extracts
Stat supershift 1 were subjected to EMSA with Stat5 oligodeoxynucleotides, in either
3 the absence or the presence gf2antibodies to Statl, Stat3, Stat5
58?3531; or control IgG. Notice that the mobility of the Stat5 band becomes
IgG almost completely supershifted in the presence of Stat5 antibodies.
(B) Nuclear extracts of cells cultured with cytochalasin D or its
B carrier DMSO were assessed by EMSA for their ability to recognize
. Stat5 probe. Protein-DNA complexes were visualized by
.. ..'m “ ML | «—stats autoradiography (top) and quantified following storage phosphor
- image analysis (bottom). In the quantitative analysis, the levels of
T radioactivity in the samples of cytochalasin-treated cells are
compared with those in extracts of cells treated with vehicle alone for
the equivalent time and are plotted relative to the signal in control
cultures treated with prolactin only. The data were obtained from
three independent experiments. (C) Cell lysates were
immunoprecipitated (IP) with antibodies to Stat5a or Stat5b. After
separation by 6.25% SDS-PAGE, precipitated proteins were analysed
- by immunoblotting with antibodies for phosphotyrosine (4G10) or
100 | the appropriate precipitating antibody. The complete absence of Stat5
phosphorylation after 24 hours of cytochalasin-D treatment, in
comparison to its residual DNA binding activity in (B), might reflect
differences in the sensitivity of the assays.

Prolactin (15")
CytochalasihD - - - - - - - - 1 4 6 8 24 h
pMso - - - 1 4 6 8 24 - - - - - h

% Stat5 activation

o 1N D I:[ 4 hours, but this does not appear to be compromised by
1 4 6 8 24 h CylochalasinD cytochalasin D or colchicine (Fig. 2C). Thus, even though the
cytoskeleton is disrupted within 30 minutes of drug treatment,
C Prolactn 0 15’ prolactin-induced (-casein synthesis can continue in its
CytochalasinD - - 1 4 8 24 h absence, at least for 4 hours.
To support these two conclusions, we performed subsequent

IP-Stat5a ‘ -‘ ‘- « ol | Plor4c10 studies on the signalling pathway regulated by prolactin, that
‘--‘ |-.-- -l blot:Stat5a involves Jak2 and Stat5. We also examined this pathway to ask,
first, whether cytokine signalling per se can be regulated by
the cytoskeleton and, second, whether there are distinct
mechanisms by which microfilament and microtubule
pos e | -| "" - - ‘ i disruption inhibit differentiation.

= e e = botstash

Requirement of the actin-based cytoskeleton for Stat5

over the first 6-8 hours of prolactin stimulation when relativelyactivation
modest levels oB-casein are synthesized (Fig. 2C). A similarWe asked whether the subcortical actin cytoskeleton is
inhibition of B-casein expression to that observed withnecessary for activation of Stat5, a Prl-induced transcription
cytochalasin D also occurs when cells are treated witfactor that is essential fof-casein transcription. Primary
Latrunculin B, an agent that interacts with actin monomers tmammary epithelial cells were plated onto basement
prevent polymerization (Morton et al., 2000) (data not shown)nembrane and cytochalasin D was added for up to 24 hours
The decrease in milk protein expression resulting fronbefore stimulation of the cells with prolactin for 15 minutes.
cytoskeleton disruption is due to a decrease in MRNAO measure Stat5 DNA-binding ability, cells were harvested
accumulation, becaugecasein mRNA levels are reduced afterand lysates were subjected to an electromobility shift assay,
6 hours of treatment with cytochalasin D or colchicine and arerhich specifically detects Stat5 DNA binding (Fig. 3A). To
almost zero after 24 hours (Fig. 2D). Together, these resultketermine the tyrosine-phosphorylation status of Stat5, cells
demonstrate that an intact cytoskeleton is necessary farere lysed directly on the dish and extracts were analysed for
sustained -casein mRNA and protein expression, andthe presence of tyrosine-phosphorylated components within
therefore for full mammary differentiation. the Prl signalling pathway. Our data led to two conclusions.
However, we observed a different result after short-term First, a brief treatment with prolactin can induce Stat5 DNA
cytoskeletal perturbation. The induced level of milk proteinbinding and phosphorylation even after 4 hours microfilament
synthesis is very low after stimulation with prolactin for only disruption (Fig. 3B,C). The result of the previous experiments
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Fig. 4. Cytochalasin D does not compromise proximal

Prolactin 0 15 events in prolactin signalling or tyrosine phosphorylation of
CytochalasinD . - 1 4 B 8 24h FAK. Cells were cultured as in Fig. 3. (A) Lysates were
immunoprecipitated with antibodies to Jak2 or PrIR and
l -| ‘- - . = dJ blot:4G10 then blotted with antibodies for phosphotyrosine (4G10) or
IP-Jak2 the appropriate precipitating antibody. (B) Lysates were
|-— ...._l ‘-— —— —— -‘ blot:Jak2 immunoprecipitated with antibodies to FAK and then

blotted with antibodies for phosphotyrosine (PY20) or the
appropriate precipitating antibody. In control experiments,
primary mammary epithelial cells were removed to the non-

. - - ﬂ‘ blot:4G10 adhesive substratum polyHEMA for 1 hour. Under these

IP:PriR conditions, FAK becomes dephosphorylated, in contrast to

..“ ‘ - . - -J blot:PriR the cells on basement membrane, in which FAK
phosphorylation remains even after cytochalasin-D
B treatment.
Prolactin 0" 15 -
CytochalasinD - - 1 4 6 8 24 - h
These results demonstrate, first, that the proximal

- — b —— blot:PY20 . . L ! " A .

IP:FAKU - H e sedhennnd || | © signalling events initiated by prolactin binding to its
‘..-- —H e So—— —-H..__.l blot:FAK receptor (i.e. Jak2 activation and PrIR tyrosine

1]

phosphorylation) do not depend on the actin
cytoskeleton. We have not been able to dissociate
Jak/PrIR activation from FAK phosphorylation and it
therefore remains possible that adhesion signalling is
suggested that short-term cytochalasin D treatment does noécessary for proximal prolactin signals. Second, our data
compromisep-casein expression (Fig. 2C). The inability of suggest that the failure of Stat5 activation and milk protein
cytochalasin D to affect Stat5 function over short time framegene expression after prolonged cytoskeletal disruption is due
supports this conclusion and indicates that cortical actito an inhibition of prolactin signal transduction downstream of
filaments are not required per se for prolactin to delivedak?2.
intracellular signals. Second, there is a pronounced reduction
in the ability of Stat5 to bind DNA after a 6-24 hour
cytochalasin D treatment (Fig. 3B). In addition, the tyrosingRole for microtubules in mammary differentiation
phosphorylation of Stat5 declines following drug treatment fofwo components of the cytoskeleton, actin microfilaments and
8-24 hours, but this is not due to a notable reduction in thenicrotubules, co-operate to provide the dynamic architectural
levels of Stat5 protein (Fig. 3C). These results correlate withasis for controlling cell shape and mediating organelle
the earlier data in which cytochalasin-D treatment for 6-24ositioning, cell polarity, cytokinesis etc. (Small et al., 1999).
hours leads to low steady-state levelfiafasein mMRNA and To determine whether there is any contribution by the
protein (Fig. 2). Together, they indicate that the absence of milkicrotubule network to differentiation, we performed
protein gene expression following prolonged filamentous actiadditional experiments with the microtubule-destabilizing
disruption is caused by an inhibition of the activity of Stat5, aagent colchicine. We unexpectedly discovered that
factor essential for transcription of tifiecasein gene. This microtubules are also required f@rcasein expression and
implicates the cytoskeleton in the control of ligand-dependertherefore for mammary epithelial cell differentiation, as
transcription factor activation. described above (Fig. 2). Moreover, this requirement for
microfilaments is also manifest at the level of Stat5
phosphorylation and DNA binding (Fig. 5A-C).
Cortical microfilament network is not necessary for We therefore determined whether the mechanism for
proximal prolactin signal transduction inhibiting Stat5 activation following microtubule disruption
Stat5 is controlled through a prolactin-mediated signallingvas similar or different to that after compromising the
pathway that is regulated by the kinase Jak2, so we next askexicrofilament network. We examined the ability of prolactin
whether the actin cytoskeleton is required for upstreano activate proximal elements in its signalling pathway and
signalling at the level of PrIR and Jak2. In striking contrast tdound that colchicine inhibits tyrosine phosphorylation of Jak2
the data on Stat5 (Fig. 3), microfilament disruption, even foin a time course that coincides with Stat5 phosphorylation and
24 hours, has no significant effect on the activity of either PrlRctivation (Fig. 5D). This contrasts with the effect of
or Jak2 as measured by tyrosine phosphorylation (Fig. 4Agytochalasin D, which does not inhibit prolactin-induced Jak2
Because adhesion signalling downstream of cell interactionshosphorylation (Fig. 4A). Further analysis indicates that the
with basement membrane proteins might be necessary ftavels of PrIR fall in response to colchicine, suggesting that the
efficient prolactin signalling, we examined whether smallrole played by microtubules in the prolactin signalling pathway
adhesion complexes are disrupted by cytochalasin Ds at the level of the plasma membrane through a control on
Surprisingly, and in contrast to studies with other cell typeseceptor levels (Fig. 5E).
such as fibroblasts (Seufferlein and Rozengurt, 1994), Our experiments reveal an important difference in the
cytochalasin D is unable to inhibit tyrosine phosphorylation omechanism though which microtubules and microfilaments are
FAK in mammary cells (Fig. 4B). required for Prl signalling and Stat5 activation. Whereas

BM polyHEMA
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ST T TR

thereby allowing prolactin signal transduction and milk protein
Stat 5 gene expression to occur. We demonstrate that the absence of an
actin microfilamentous network does not compromise proximal
PrOREED) = & & T 7 & 5k events in prolactin signalling. Thus, although the cytoskeleton
EtOH - - - 1 4 6 8 24 - - - - - h might be important for coordinating crosstalk between integrin
and growth factor receptors in the control of proliferation in
certain cell types, it is not required for proximal prolactin
L l signalling in mammary differentiation (Aplin et al., 1999).

We have also discovered a novel role for cytoskeletal integrity
in prolactin signalling. The actin-based cytoskeleton appears to
be involved with a specific signalling pathway that regulates
milk protein gene expression and mammary differentiation,
because microfilaments are required to transduce signals

r between PrlR/Jak2 and its cognate transcription factor, Stat5.
1.
4 6 8

—

100

% Stat5 activation

Furthermore, microtubules are necessary for mammary
= differentiation but the mechanism is distinct from the
24 h Colchicine requirement for microfilaments, because microtubules are

needed to maintain PrIR levels rather than to communicate

between the receptor and its downstream effectors.

Colchicine 1 4 8 24 h

B ‘ - an — ‘ blot:4G10 . -
IP:Stat5a ECM dependence of mammary differentiation and the
‘--- —_— ‘ blot:Stat5a cytoskeleton
Two lines of argument suggest that the ECM might organize
C ‘--l - ‘ blot:4G10 the cytoskeleton to provide a permissive environment for
IP:Stat5b mammary differentiation. First, integrins are necessary (Streuli
‘-- === == | blot:Stat5b et al., 1991). Integrins are transmembrane receptors that link

ECM proteins with microfilament networks and directly

D regulate cytoskeletal organization in epithelial cells (Geiger et
L S blot:4G10 al., 2001; Schoenwaelder and Burridge, 1999; Wang et al.,

IP:Jake ) 1999). Second, only specific ECM signals (i.e. those provided

‘- - . -T MG by laminin) can co-operate with cytokines to drive tissue-
specific gene expression, and mammary cells only form
cortical microfilament networks when they are cultured on a

Colchicine 1 4 6 8 24h laminin-rich matrix (Streuli et al., 1995b). Because the
E . . - | blot-4G10 configuration of actin microfilaments adopted by mammary
IP:PriR : cells varies in response to different ECM proteins, integrins

.“ . o | blot:PriR might control mammary differentiation by coordinating the
cytoskeleton (Fig. 6A). In other cell types (e.g. 3T3

Fig. 5. Inhibition of the prolactin signalling pathway by colchicine. ~ fibroblasts), there is a link between the cortical actin

Primary mammary epithelial cells were cultured on basement cytoskeleton and epidermal-growth-factor-mediated signalling
membrane and exposed to colchicine for the indicated times. to mitogen-activated-protein kinase (Aplin and Juliano, 1999).
Prolactin was added to the cultures 15 minutes before harvesting the We therefore examined mammary differentiation in response
cells as in Fig. 3. (A) Nuclear extracts were analysed by to cytoskeletal disruption with pharmacological agents but

(B-E) Detergent lysates were immunoprecipitated for Stats (B,C). 3.4 hours after microfilament disassembly (Fig. 6B). Lack of
Jﬁ'éi (Ec))t‘);o':sri:ni((?&%(; gn:rtr;]:n;)bl?gegavtvelth rzréti'bi?;'iﬁs fec\)r:tibo 4, differentiation in monolayer-cultured mammary cells results
PRoSpRoty pprop precip 9 Y from the inability of prolactin to phosphorylate Jak2 and
thereby activate Stat5 DNA binding and casein expression
(Edwards et al., 1998; Streuli et al., 1995a). Our present data
cytochalasin D prevents signal transduction downstream afrgue that the different cytoskeletal configuration observed in
PrIR, colchicine leads to a downregulation of PrIR itself, monolayer-cultured cells in comparison to those on basement
leading to the prevention of signal propagation. membrane is not responsible for this inability of prolactin
to signal, because microfilament absence following
) ) cytochalasin D treatment still allows ligand-induced tyrosine
Discussion phosphorylation of both Jak2 and PrIR. In support of this, we
We have previously demonstrated that there is a crosstaliave found that monolayer-cultured mammary cells induced to
between ECM receptors and PrIR in mammary epithelial celldifferentiate by adding diluted basement membrane proteins to
that occurs at the level of PrIR activation and influences cellulahe medium retain abundant stress fibres (N.A. and C.H.S.,
differentiation (Edwards et al., 1998). In this study, we addressathpublished).
the hypothesis that the cytoskeleton mediates this crosstalk, Communication between adhesion receptors and PrIR is
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Fig. 6. Modelling a requirement for the cytoskeleton in prolactin signalling. (A) Our initial hypothesis suggested that the akéilemyios
necessary for crosstalk between integrin-containing adhesion complexes and prolactin (P)-mediated signal transducti@arrgmggbuta
the data in this paper suggest that this model is not correct. (B) Disruption of the microfilaments for up to 4 hoursclcaempmeffactin
signalling and activation of Stat5. This indicates that the signals downstream of PrIR are independent of the cortitabaktiBeuse Prl
signalling is ECM dependent (Edwards et al., 1998), ligand-activated prolactin receptors might accumulate within multstetsinfc
proteins localized to focal adhesions or, alternatively, that integrin-regulated adhesion complexes activate PrIR thneungfe Isiggals.

(C) Disruption of the microfilaments for more than 4 hours leads to delayed restriction in Stat5 activation. PhosphorytiRiolbubfiet
Stat5, can still be induced by ligand. Loss of microfilaments might lead to a delayed activation or synthesis of phospithtrsesibitors
of cytokine signalling (green inhibitory arrow).

therefore dependent on an alternative mechanism of crosstattase Stat5, is delivered to the nucleus via the cytoskeletal
One possibility is that adhesion receptors directly regulate thecaffold. Mechanical networks are important for other signalling
distribution of PrIR or its efficiency of signalling, as occurs forpathways, because p53 is transported to the nucleus on
the interferony receptor (Ilvaska et al., 2003). Another is thatmicrotubules, whereas activated ERK requires the actin
crosstalk between ECM and prolactin receptors is mediated lmytoskeleton for transport into the nucleus, where it can
long-range signals, for example small GTPases (Almeida et aphosphorylate EIk-1 (Aplin et al., 2001; Forgacs, 1995;
2000; Berrier et al., 2000; Gilmore et al., 2000; Schwartz anGiannakakou et al., 2000). Similarly, factors waiting to become
Shattil, 2000). A further long-range integrin signalling kinase phosphorylated by plasma membrane receptors might be
FAK, is involved with adhesion control of survival regulation delivered by a microfilament-controlled mechanism (Fincham
in mammary cells (Gilmore et al., 2000), but we have not yett al., 1996). However, because of the delayed response of
been able to dissociate its phosphorylation from Jak/PrIRnammary cells to cytochalasin D in terms of reduced Statb
activation. Interestingly, FAK binds Jak2 after stimulation byactivation and cellular differentiation, our data argue that
the related cytokine, growth hormone; however, in this case, mhicrofilaments are not actually required for either the arrival of
has been ruled out as a requirement for Stat-mediatestats at the Jak2-PrIR complex or Stat5 translocation to the
transcription (Zhu et al.,, 1998). These possible crosstalkucleus. Similarly, the related transcription factor Statl has been
mechanisms are currently under investigation in our laboratorghown to translocate from a Jak/interfeyareceptor complex
to the nucleus by random diffusion (Lillemeier et al., 2001).

o _ ) _ We therefore hypothesize that, after prolonged
Microfilaments are essential for propagating cytokine microfilament disruption, inhibitory factors become activated.
signals downstream of the Jak2-PrIR complex Thus, although microfilaments are necessary for the prolactin
Microfilaments have been shown to be required for theignalling pathway, this requirement might be indirect (Fig.
maintenance of milk protein gene expression but th&C). Protein tyrosine phosphatases, cytokine-inducible SH2-
mechanism has not previously been addressed (Blum amdntaining proteins and suppressor-of-cytokine-signalling
Wicha, 1988; Seely and Aggeler, 1991). Our study nowproteins all negatively regulate Jak2-Stat5 signalling, and some
demonstrates that microfilaments are involved in PrIR/Jak2f these inhibitory proteins might be activated slowly by
mediated signalling to Stat5, and it therefore provides novehicrofilament disruption (Barkai et al., 2000; Matsumoto et al.,
insights into both the mechanisms of signal transduction ant999; Ram and Waxman, 1999; Tomic et al., 1999; Yasukawa
those controlling epithelial cell differentiation. et al., 2000). This is a new hypothesis that now needs further

A model to explain how signals generated at the plasmexploration. However, our preliminary analysis by
membrane reach the nucleus is that the kinase-mediatedmunoblotting cell extracts with antibodies to SOCS-3
reactions occur within the vicinity of the plasma membrane(which binds PrIR and thereby inhibits downstream signals)
whereas the final activated component in the pathway, in thend CIS (which inhibits Stat5) (Dif et al., 2001; Levy and
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Darnell, 2002) indicates that neither of these proteins ammechanism for the cytoskeleton in receptor signalling, by

increased after cytochalasin treatment. In addition, we hawarganizing the exocytic pathway and therefore providing

attempted to examine the contribution of newly synthesizedsufficient receptor to initiate signal transduction.

possibly inhibitory, factors that might affect Stat5 _ _

phosphory|ation by treating cells with Cyc]oheximide for 8 .ThIS W_Ork was funded by the Wellcome Tru_st and G.Z. was a Karim

hours. However, we find that this treatment completely block§ida Said scholar. We thank M. Humphries, D. Garrod and K.

Stat5 activation in mammary cells without affecting its levelBrennan for advice during the course of this work and for comments

(G.S.Z. et al., unpublished). Therefore to understand furthl” the manuscript.

why several hours of cytoskeleton disruption disrupts PrIR

sign_alli_ng, we now plan future experiments to examina?eferences

trafficking of GFP-Stat5 and also to measure changes in thegeler, J., Ward, J., Blackie, L. M., Barcellos-Hoff, M. H., Streuli, C. H.

levels and activity of Stat5 inhibitory proteins. Many changes and Bissell, M. J. (1991). Cytodifferentiation of mouse mammary
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