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ABSTRACT The IGF family consists of two ligands (IGF-I and II), two recep-
tors (IGF-IR and IGF-IIR), six high-affinity binding proteins (IGFBP
1-6), and several IGFBP-related proteins (8). IGF-I and Il are circu-
of IGF-I-mediated signaling. The result is sensitization of breast cancer lating _pepnde hormones that can aCF in an.endocrme’ paracrine, or
cells to IGF-I and synergistic growth in the presence of estrogen and autocrine manngr and can aﬁeCt_ a wide Va}nety Of p_rocesses such as
IGF-I. We hypothesized that loss of estrogen receptow (ERa) would cell growth, survival, transformation, and differentiation (9).

result in reduced IGF-mediated signaling and growth. To test this hypoth-  Estrogen can affect IGF signaling at multiple levels, altering ex-
esis, we examined IGF-| effects in MCF-7 breast cancer cell sublines that pression of nearly all of the IGF family members including IGF-I (10),
have been selected for loss of E®(C4 and C4-12 cells are ER-negative) IGF-1l (11), IGF-IR (12), IGF-IIR (13), IGFBPs (14), and IRS-1 (6,

by long-term estrogen withdrawal. C4 and C4-12 cells had reduced 15). The result of estrogen action is to increase expression of IGF
IGF-IR and IRS-1 mRNA and protein expression (compared with MCF-7  activators (IGF-I/IGF-II, IGF-IR, and IRS-1) and decrease expression
cells) that was not inducible by estrogen. Furthermore, C4 and C4-12 cells ¢ |GF inhibitors (IGFBP-3, IGF-IIR), resulting in enhanced response
showed reduced IGF-I signaling and failed to show any growth response to IGF. Furthermore, it has been shown recently (16) that estrogen
to either estrogen or IGF-I. To prove that loss of IGF and estrogen- activation of ER Ca’.uses a direct interaction between cERNd
mediated signaling and growth was a consequence of loss of kRwe . o .

re-expressed ERv in C4-12 cells by stable transfection with HA-tagged IGF-IR and results 'n_acuvat'on and phOSphorylat'o_n_Of IGF-IR and
ERa. Three independent C4-12 ER-HA clones expressed a functional IGF-IR downstream signals such as ERK1/2. In addition to the estro-
ERa that (a) was down-regulated by estrogen, k) conferred estrogen- gen activation of IGF-signaling pathways, IGF-I in turn enhances
induction of cyclin D1 expression, and ¢) caused estrogen-mediated in- ER-mediated transactivation (17), possibly via ERK1/2 (18), Akt (19),
crease in the number of cells in S phase. All of the effects were completely src/JINK (20), or pp90rsk1 (21).

blocked by antiestrogens. Interestingly, ERe-HA expression in C4-12 cells Supporting the concept of cross-talk between ER and IGF is evi-
did not restore estrogen induction of progesterone receptor expression. dence that specific targeting of either pathway can affect signaling and
However, ERa-positive C4-12 cells now exhibited estrogen-induction of yjtgenesis through the other pathway. Antiestrogens can inhibit IGF
IGF-IR and IRS-1 levels and responded mitogenically to both estrogen signaling by down-regulation (6, 15, 22) or dephosphorylation (23
and IGF-I. These data show that ERu is a critical requirement for IGF 24) of signaling molecules Such,as iGF-IR or IRS-1. thus inhibiting’

signaling, and to our knowledge this is the first report of functional ERa 2 . . .
expression that confers estrogen-mediated growth of an ER-negative IGF-mediated growth. Anti-IGF strategies, such as overexpression of

Estrogen can increase insulin-like growth factor-1 receptor (IGF-IR)
and insulin receptor substrate-1 (IRS-1) expression, two key components

breast cancer cell line. IGFBP-1 (17, 25) or IGFBP-3 (26), blocking antibody against IGF-IR
(27), or down-regulation of IRS-1 (28), not only inhibit IGF-mediated
INTRODUCTION signaling, but also inhibit ER-mediated transactivation and estrogen-

mediated growth.

The steroid hormone estrogen and the peptide growth factor IGF-1 | this study, we describe the effects of &Rxpression on IGF-
are both critical for normal mammary development (1, 2) and agfediated signaling and growth. We show that loss okERMCF-7
synergistically to promote mammary ductal growth (3). Synergisgy|is causes reduced expression of IGF-signaling molecules, dimin-
between IGF-1 and estrogen has also been documented in a numbggidd |GF signaling, and failure to proliferate in response to estrogen
other model systems including normal uterus (4), endometrial canggrgg.|. Re-expression of ERin the same cell line restores BR
(5), and breast cancer (6). Although the signal transduction pathwaygction (signaling and proliferation) but also restores the IGF-
used by these mitogens are distinct, one involving a nuclear horm%@ponsive phenotype, with re-expression of IGF-signaling molecules
receptor and the other involving a membrane-bound receptor tyrosyjgy growth in response to IGF. Thus, in MCF-7 cells gia critical

kinase, a greater understanding of their respective signaling mechaylator of IGE-mediated signaling and growth.
nisms has revealed considerable cross-talk between the pathways (

Received 2/7/01; accepted 5/24/01. MATERIALS AND METHODS
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby maddertisemenin accordance with . . : .
18 U.S.C. Section 1734 solely to indicate this fact. Materials. All of the materials and chemicals were purchased from Sigma

 Supported by a Breast Cancer Specialized Program of Excellence award PHS FBb Louis, MO) unless otherwise noted. IGF-I was purchased from GROPEP
CA58183 (to C. K. 0.), NIH CA50354 (to W. V. W.), and a Susan G. Komen Researd\delaide, Australia). ICI 182780 was a kind gift from Zeneca Pharmaceuti-

award (to A. V. L.). cals (Macclesfield, England). All of the tissue culture reagents were purchased

2To whom requests for reprints should be addressed, at Breast Center, Departme . - -
Medicine and Department of Molecular and Cellular Biology, Baylor College of Mediﬁ-a'loc}{1 Life Technologies, Inc. (Grand Island, NY) unless otherwise stated.

cine, Houston, TX 77030. Phone: (713) 798-1624; Fax: (713) 798-1659; E-Mail: aviee@ Cell Lines. MCF-7 cells were routinely maintained &MEM + 5% fetal
breastcenter.tmc.edu. bovine serum (Hyclone, Logan, Utak) 2 mv glutamine+ 50 1U/ml peni-
® The abbreviations used are: IGF, insulin-like growth factor; IGF-IR, IGF-I receptogjllin, 50 wg/ml streptomycin. C4 and C4-12 cells were routinely maintained

IGFBP, IGF-binding protein; IRS-1, insulin receptor substrate-1; ER, estrogen receptay; : 0 = ;
ERK, extracellular signal-regulated kinase; SFM, serum-free medium; PR, progestertgﬂneaMEM without phenol red+ 5% charcoal/dextran-treated fetal bovine

receptor: MTT, 3-(4,5-dimethyithiazol-2-yl)-2,5-diphenyltetrazolium bromide: E2, estr&€rum (Hyclone} 2 mv glutamine+ 50 [U/ml penicillin, 50 ng/ml strep-
diol; ERa-HA, HA-tagged ERy; HA, hemagglutinin. tomycin. SFM has been described previously (6).
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Immunoblotting and Immunoprecipitation. Cells were stimulated with A) MCE-7 C4 C4-12
hormones and then lysed in TNESV buffer as described previously (6). Total - - % + ==+ + = - + 4+ E2
protein (50 ug) was separated by 8% SDS-PAGE and electrophoretically . IRS-1
transferred to nitrocellulose overnight at 4°C. Immunoblotting was performed
using techniques and antibodies described previously (6). In addition, lysates - IGFR1
were immunoblotted for cyclin D1 (Santa Cruz Biotechnology; 1:200) and PR - i ERa

(1:1000; Dako, Carpinteria, CA).

RNase Protection Assay.MCF-7 cells were plated at X 10° cells in T S S S————
15-cm dishes (Becton Dickinson) and allowed to adhere overnight. Cells were
harvested by trypsin/EDTA and pelleted in 15-cm tubes. Total RNA was % &
prepared by Qiagen RNeasy Midi Kit (Qiagen, Valencia, CA) according to the Fa¥ & ¥ P
manufacturer’s instructions and checked for integrity by separation on a 1% B) & @0&0& FETF I
agarose gel. RNase protection was performed according to our method pub-
lished previously (6), and RNA loading was normalized to mRNA of the
ribosomal protein 36B4 (29). ,

Transient and Stable Transfection. Construction of the HA-tagged &R
expression construct has been described previously (30). Stable transfection of ~ IGFR1 -
C4-12 cells with pCDNA3.1 or pCDNA3.1ERHA was performed using
lipofectin according to the manufacturer’s instructions. Briefly, C4-12 cells
were plated at X 1C° cells in 10-cm dishes and transfected with 3@ of .
ERa-HA plasmid and 1ug of pSVneo. Transfected cells were selected in 800
rg/ml G418S (Life Technologies, Inc.) and screened by HA immunoblot. .

Growth Assay. MTT proliferation assay has been described previously (6).

Briefly, 20 ul of MTT (5 mg/ml in PBS) was added to the medium and 36B4 ’ ' - ' : " #® 36B4
incubated for 4 h, after which the medium was aspirated and color developed v
by the addition of DMSO+ 2.5% Improved Modified Eagle Medium. Ab-

B-Actin

sorbance was read at 540 nm. All of the time points were performed in C
quadruplicate. )
Flow Cytometry. Flow cytometry and flow data analysis were performed 2 0.20 2 o7
by the Flow Cytometry Core at Baylor College of Medicine using a Beckman - E « 5
Coulter EPICS XL-MCS. Cells were plated at110° cells in 6-cm dishes and % > 0.15 % 2 05
allowed to adhere overnight. The cells were incubated in SFM for 48 h and 8 E} 0.10 g =
then stimulated with E2 (1am), ICI 182780 (100 m), or a combination for E E ) ‘e' 0.2
16 h. Cells were trypsinized, washed with PBS, resuspended in 0.2 ml of PBS, 5] & 0.05 O g
and fixed by adding 0.1 ml of ethanol with vortexing. After 30 min at room 0.00 0.0
temperature, the cells were stored at 4°C until analysis. Before analysis, the Qf\ 00' ‘\"l« Qf\ 0" NG
cells were centrifuged, fixative was removed, and the cells were resuspended @S’ o ‘3\0 c}’"
in 0.5 ml of PBS. One ml of propidium iodide (50g/ml) in PBS was added,
and 30 min before analysis, 1Q0 of RNase A (1 mg/ml) was added. Fig. 1. ERx-negative MCF-7 cells have decreased IGF-IR and IRS-1 protein and

i : - ) .- MRNA expressionA, duplicate plates of MCF-7, C4, and C4-12 cells were incubated in
Statistical Analysis. All of the statistical analysis was performed USIngSFM for 24 h and then stimulated with or without E2 (&)rfor 24 h. Cells were lysed

Prism 3.0. The changes between individual treatments of cells were analyzg@ immunoblotted for IGF-IR, IRS-1, ER and B-actin. Results are representative of
using one-way unpairedtests. To analyze statistical differences among all ahree individual experiment&, MCF-7, C4, and C4-12 cells were grown in maintenance

the treatment groups within each cell line, we performed one-way ANOVAMNedium and harvested, and total RNA was prepared. RNAu@Pwas analyzed for
IGF-IR and IRS-1 mRNA by RNase protection assay. 36B4 was used as a loading control.

C, graphical representation of data fra@vsing a phosphorimager and correcting for the
RESULTS loading control 36B4. Results are representative of three individual experiments.

ER-negative MCF-7 Cells Have Reduced IGF-IR and IRS-1
Expression. We and others have shown previously (6, 15, 22, 3kpsulted in a decrease in BRexpression. C4 and C4-12 cells had
that IGF-IR and IRS-1 expression (protein and mRNA) is inducible hyndetectabl®Ra expression. As expected, E2-stimulation of MCF-7
estrogen. In this study, we examined expression of these IGF-signgdtls resulted in increased protein expression of both IRS-1 and
ing molecules in MCF-7 cells that were selected for loss oflxERIGF-IR. C4 and C4-12 cells showed lower basal IRS-1 expression and
expressiorf.C4 and C4-12 cells were derived by clonal selection fromo induction by E2. Similarly, IGF-IR basal expression was lower in
MCF-7 cells grown in the absence of estrogen for 9 months. Ti@% and C4-12 cells compared with MCF-7 cells in the absence of E2,
derivation of C4 and C4-12 cells from MCF-7 was confirmed by DNAnd again there was no increase in IGF-IR expression when cells were
fingerprinting. Although the initial passages of C4 and C4-12 cellgimulated with E2.
showed variable or very low ER, the passages used in these studieg/e next examined whether the decrease in IRS-1 and IGF-IR
were stably ER-negative by Western blotting, ligand-binding assgytotein expression was also associated with a decrease in mRNA
and RNase protection assay. C4-12 cells were immunoblotted fer ERxpression. MCF-7 cells had high levels of both IGF-IR and IRS-1
in every experiment to confirm that they were negative. AdditionallynRNA, whereas both C4 and C4-12 cells had low IGF-IR and IRS-1
C4 and C4-12 cells did not exhibit estrogen induction of PR mRNARNA levels (Fig. B). The expression is represented graphically
or binding sites' after correcting for the loading control (FigCL Therefore, loss of

MCF-7, C4, and C4-12 cells were incubated overnight in SFM arERq is associated with loss of IGF-IR and IRS-1 protein and mRNA
then stimulated for 48 h with E2 (1m). As a control, we immuno- expression.
blotted the cells for ER to confirm that our C4 and C4-12 cells were ER-negative MCF-7 Cells Have Diminished IGF Signaling.
ERa-negative (Fig. &). Treatment of MCF-7 cells with E2 (1M) Because of the decrease in both IGF-IR and IRS-1 expression in the
absence of ER, we examined the ability of IGF to signal through the
4E. M. Curranet al, submitted for publication. ERK1/2 and phosphatidylinositol-3 kinase pathways (32). MCF-7,
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-IGF-I +IGF-I C4-12ERa-HA Clones Have Estrogen-inducible Cyclin D1
» " Expression but Not PR Expression.Previous studies (33—41) that
MERZ-CA [C4i8 MCET €460 12 have expressed ERin ER-negative cell lines have resulted in &R

S = PY(IRS-1) that either is nonfunctional, and thus does not increase expression of
E2-responsive genes or alter growth, or actually inhibits proliferation.
3 - . - IP: IRS-1 This phenomenon is not seen whend=R expressed in E&positive
WB: PI3K cells (42). It has been found recently (43) that estrogen does not
phospho
I ERK1/2

o
~
(&)}

—E2+IGF-I MCF-7

—u = o

—
Z 0.50
Fig. 2. ERx-negative MCF-7 cells have decreased IGF signaling. MCF-7, C4, and g b
C4-12 cells were incubated in SFM for 24 h and then stimulated wigiht) or without g
(left) IGF-1 (5 nv) for 15 min. Cells were lysed, and 50@g of cell lysate were ~
immunoprecipitated with antibodies to IRS-1 and immunoblotted for phosphotyrosine g
(top pane) or p85 Gecond pangl Additionally, 50 g of lysate were immunoblotted for <

phosphoERK1/2 third pane). Total ERK1/2 levels were used as a loading control
(bottom panél Results are representative of three individual experiments.

C4, and C4-12 cells were incubated in SFM overnight and then
stimulated with IGF-I (5 m) for 10 min (Fig. 2). IRS-1 immunopre-
cipitation followed by antiphosphotyrosine immunoblotting revealed
that IGF-I stimulation of MCF-7 cells caused tyrosine phosphoryla-
tion of IRS-1, but that both C4 and C4-12 cells had reduced IGF-I-
mediated tyrosine phosphorylation of IRS-1.

Immunoblotting IRS-1 immunoprecipitates for the p8%gulatory
subunit of phosphatidylinositol-3 kinase revealed enhanced associa-
tion between IRS-1 and P85n MCF-7 cells treated with IGF-I. In Days
C4 and C4-12 cells, less p8%vas associated with IRS-1, and little or 0.75
no increase in association was seen after IGF treatment. Immunoblot- ) Ca-12
ting of total cell lysates for ERK1/2 activation (Fig. 2) showed that
IGF-1 caused rapid and strong activation of ERK1/2 in MCF-7 cells.
In stark contrast, activation of ERK1/2 was either reduced or totally
absent in C4 and C4-12 cells. Total ERK1/2 levels are shown as a
loading control. Therefore, C4 and C4-12 cells exhibit substantially
decreased IGF signaling compared with MCF-7 cells. 0.00

ER-negative MCF-7 Cells Have Increased Basal Cell Number
but No Increase in Response to E2 or IGF-LIt is well established
that E2 and IGF-I are potent mitogens for ER-positive breast cancefFig. 3. ERx-negative MCF-7 cells have increased basal cell number but no increase in
cells and that, in most instances, addition of both mitogens resultsTgonse 10,52 or IS MCE.T, Co, and G112 cels were plated 15000 cellsuel b
additive or synergistic growth (6). MCF-7, C4, and C4-12 cells wer® ligand, E2 (1 m), IGF-I (5 nv), or a combination, and proliferation was assessed by
incubated in SFM with E2 (1m), IGF-I (5 nw), or a combination, and MTT assay at the indicated days. A_II of the p_oin_ts_ represent _the average of triplicate

. wells + SE. Results are representative of four individual experiments.
cell number was assessed by MTT assay (Fig. 3). C4 and C4-12 celis
increased in cell number under basal conditions (SFM) faster than the
parental MCF-7 cells. MCF-7 cell number was increased in cell C4-12
number by both IGF-I and E2 (Fig. 3pp graph growth curves s
overlap), and the combination of mitogens (E2IGF-I) caused an
increase that was greater than either ligand alone. C4 and C4-12 cells
failed to respond to E2 as a result of their lack of&Rut both cell
lines also failed to respond to IGF-I.

Stable Transfection of C4-12 Cells with ERv. To prove that the
loss of IGF signaling and growth was a result of loss ofaER 66kDa — ~ HA
expression and not simply a simultaneous event, we reintroduced ER
into C4-12 cells by stable transfection of EfRIA. The initial screen
of clones revealed a very high number of positived=@pressing
clones (35 positive of 75 clones tested), suggesting that expression of
ERa in C4-12 cells is not growth inhibitory or toxic. Indeed, the 66kDa — @@ = 8% ERo
positive clones expressed kERat levels that were both below and
significantly above that of MCF-7 cells (data not shown). For further
analysis, we chose transfectants that expressed levels @sERlar Fig. 4. Stable transfection of C4-12 cells with &RIA. C4-12 cells were stably
to MCF-7 cells. As can be seen in Fig. 4, C4-12 and C4-12pCDNy&nsfected with control plasmid ()CDNA3.1) or ERIA (pPCDNA3.1ER-HA). After
clones were ER-negative. C4-12ER HA clones (#4, #17, and #29) (ptior) immunabiot, Clones, which exprossed £8t ovels edualfo MCP7 and wiere
expressed ER (botton) that was also HA immunoreactivéof). used for further study, are shown (C4-12ERA #4, #17, and #29).
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C4-12pCDNA C4-12ERa-HA not shown; and Fig. 7)bj confers E2 induction of cyclin D1 but not
MCE-7 #1 ?g a8 " #a Eg 429 PR expression (Fig. 5), anat)(causes an increase in S phase in
ED iy e e et T ATk B response to E2 (Fig. 6). Therefore, we next tested whether re-expres-
ICl = - 4 4= = 4+ = = 44 == 44«44 44° - +4+ sion of ERx in these cells affected IGF signaling and growth.
- - ~ ==~ Cyclin D1 C4-12ERaHA Clones Exhibit Estrogen Induction of IGF-IR
and IRS-1. MCF-7, C4-12, C4-12pCDNA, and C4-12BFHA
b PgR (Aand B) clones were incubated in SFM overnight and then stimulated with E2
(1 nw) for 24 h. MCF-7 cells had detectable ERhat was down-
p-Actin regulated by E2 (Fig. 7). C4-12 and the C4-12pCDNA clones had no

Fig. 5. C4-12ER-HA cells have estrogen-inducible cyclin D1 but not es;trogen—d(:"tec'[abIe ER. In contrast, C4-12E&HA clones EXpressed ER
inducible PR expression. MCF-7, C4-12pCDNA clones (#1, #3, and #8), and C4-12ERd it was down-regulated by E2 as in MCF-7 cells. As expected,
clones (#4, #25, and_ #29) were incubated in SFM for 24 h, stimulated with EQ)(lCBI MCF-7 cells had E2-inducible IRS-1 expression levels. C4-12 and
(100 nv), or a combination of E2 (1w and ICI (100 m) for 6 h, lysed, and immuno-
blotted for cyclin D1 fop), PR (niddlg, and g-actin (botton) expression. Results are C4-12pCDNA clones all had low or undetectable IRS-1 levels. C4-
representative of two individual experiments. 12ERx-HA clones all had elevated basal IRS-1 expression that was
increased by E2. E2 induction of IRS-1 expression was seen in all of
the clones tested and mirrored that seen in MCF-7 cells. Exactly the
increase cyclin D1 expression in kRhegative cells (MDA-321 and same results were seen for IGF-IR. C4-12ERA clones had higher
HELA) that are stably transfected with BRTherefore, we examined basal expression of IGF-IR than C4-12 and C4-12pCDNA, and E2
MCF-7, C4-12, and C4-12ERHA clones for ER function by ana- induced IGF-IR expression in the C4-12&RIA clones. These data
lyzing two estrogen-regulated genes, PR and cyclin D1. MCF-glearly show that ER is a critical requirement for estrogen induction
C4-12pCDNA, and C4-12E®HA clones were incubated overnightof IGF-IR and IRS-1, and the fact that the pattern of IGF-IR and IRS-1
in SFM, stimulated with E2 for 6 h, and then immunoblotted foradER up-regulation in ER-HA-expressing clones mirrored that of cyclin
(data not shown), cyclin D1 (Fig. 3op), and PR (Fig. 5potton). D1 confirms that these cells do indeed express a functional ER.
ER« levels in C4-12ER-HA cells were down-regulated in response
to E2 (data not shown; and Fig. 7), suggesting thawfR\ was 40 -
functional and responded in a similar manner to wild-type ER (Fig. 2).
MCF-7 cells in SFM expressed low levels of cyclin D1. E2 stimula-
tion caused an increase in cyclin D1 expression that was blocked by
ICI (Fig. 5, top). C4-12pCDNA clones all expressed low or undetect-
able cyclin D1 levels. A long exposure revealed that cyclin D1
expression was not altered by E2 or ICI in these cells (data not
shown). C4-12ER-HA clones all had higher basal expression of
cyclin D1 compared with C4-12pCDNA clones, with cyclin D1 ex-
pression being similar to that of MCF-7. Additionally, C4-12&RA
clones all exhibited estrogen-induction of cyclin D1 that was inhibited
by ICI. Thus, C4-12ER-HA clones express a functional ER that can
regulate expression of cyclin D1. Immunoblotting for PR expression,
using an antibody that recognizes both the A and B isoforms, we
found that MCF-7 cells had estrogen-induction of PR expression,
which was blocked by ICI (the relatively minor induction of PR levels
is attributable to the short time of estrogen stimulation). As expected, C4-12pCDNA C4-12ERa-HA
C£.1-12 cells did not express PR; however, C4-l.2cEHB°\ cells also Fig. 6. E2 increases S-phase fraction of C4-12BR cells. MCF-7, C4-12pCDNA
failed to express any PR. Therefore, re-expression ok ERC4-12  clones (#1 and #3), and C4-12ER-HA clones (#4 and #29) were incubated in SFM for 24 h
cells restores estrogen responsiveness to cyclin D1 but not to PRand then stimulated with E2 (1w, ICI (100 nw), or E2 (1 m) + ICI (100 nw) for 16 h.
C4-12ER-HA Clones Increase DNA Synthesis in Response tojc/ i ime, el were typsiizec abeled wth propidur fodde, and anapyzed by
Estrogen. Next, we examined whether the increase in cyclin D1 waspresenting the average SD of two independent experiments. Statistical significance
associated with increased DNA synthesis measured by the numbeﬁ’ﬁtﬁg\e/ik’(‘:""‘;ei”(%% ff:‘g‘egtog_g%“lgf using a Studssttand overall within cell lines
cells in S phase. MCF-7, C4-12pCDNA, and C4-12ERA clones
were incubated in SFM for 24 h, stimulated with estrogen or anties-

w
o

% cells in S-phase
N
o

Y
o

trogen for 16 h, and then analyzed by fluorescence-activated c C4-12pCDNA C4-12ERa-HA

sorter (Fig. 6). MCF-7 cells incubated in SFM were growth-arreste - = =

with the majority of cells (67%) being in $G, (data not shown). E2 MCF-7 C4-12 #4 #5 #6 #4 #17 #29
stimulation caused a 98% increase in the percentage of cells ir . o, . 4 . 4+ - 4+ - &+ - + - + - + E2 (1nM)

phase P < 0.01), and this increase was completely blocked by IC
(P < 0.001). As expected, the E2-mediated increase in S phase \ e
associated with a decrease in cells igl&, whereas the ICl-mediated
decrease in S phase was associated with an increase in the numb

cells in GJ/G, (data not shown). C4-12pCDNA #1 and #3 were
unaffected by E2 or ICIR = 0.27 andP = 0.32). In contrast, - ™ % W Ero
C4-12ERx-HA clones showed a 38.0% (#4) and 31.9% (#29) increaserig. 7. E2 induces IGF-IR and IRS-1 expression in C4-128R cells. MCF-7,

in S phase in response to E2. This response was completely blockéd?2, C4-12pCDNA clones (#4, #5, and #6), and C4-12ERHA clones (#4, #17, and #29)
by ICI (#4,P < 0.05; and #290 < 0.001). Therefore, C4-L2BRHA oy heU0a(ed ) SEW or 241 and then stmulated it o vt Edqiir 241,
cells contain a functional Edthat @) is down-regulated by E2 (data ative of four independent experiments.
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s MCF-7.. o s- Ca-12 ated that still contained ER. Indeed, a recent report (50) has described
) . ) estrogen-independent MCF-7 cells that still containeE&d are

actually hypersensitive to low concentrations of E2. C4 and C4-12 are
; ; unique in that they are ERnegative and estrogen-unresponsive. C4

and C4-12 cells were derived by clonal selection from MCF-7 cells
grown in the absence of estrogen for 9 months. The derivation of C4
3 C4-12ERo-HA#4 - C4-12pCDNA#4 and C4-12 cells from MCF-7 was confirmed by DNA fingerprinting.
Zl xx - Although the initial passages of C4 and C4-12 cells showed variable
_ . i or very low ER, the passages used in these studies were stably
0 M ER-negative by Western blotting, ligand-binding assay, and RNase
SFM  E2  IGF-l E2+IGF-l SFM E2 IGF-l E2+IGF-l| protection assay. C4-12 cells were immunoblotted fowER every
experiment to confirm that they were negative. Additionally, C4 and

SFM E2 IGF-1 E2+IGF-| SFM E2 IGF-1 E2+IGF-1

o = N W

Fold over SFM (Day 3)

‘ 3 C4-12ERo-HA#29  « 3 C4-12pCDNA#6 ) . i i
] o C4-12 cells did not exhibit estrogen induction of PR mRNA or
2 . 27 binding sites?
1 1 . - . . We have shown here that loss of & MCF-7 cells is associated
0 0 with reduced expression of critical IGF-signaling components (IGF-
SFM  E2  IGF-I E24IGF-I SFM B2  IGF-l E2+IGF-] |R and IRS-1) and that this is associated with an inability to respond

Fig. 8. E2 and IGF-I stimulate proliferation of C4-12ER-HA cells. MCF-7, ca-12Mitogenically to IGF-1. This result mimics the effect of antiestrogens
C4-12pCDNA clones (#4 and #6), and C4-12ER-HA clones (#4 and #29) were platediatlGF action bothin vitro andin vivo (6) and confirms that ER is a
B e e o sy " Etical regulator of IGF signaling and growh in MCF-7 cells. Im-
proliferation was assessed by MTT assaars represent the average of triplicate POrtantly, this is not a single cell-line phenomenon, because Dough-
wells + SE as fold over control (SFM alone at 3 days). Results are representative of theagy et al. (51) have recently reported similar findings using the T47D
B S o v CoN ey ANOUALC P Soa "4 ne. Thus, in two different cel nes, loss of ERresul's i
P < 0.001). changes in expression of critical IGF-signaling molecules. Can these

cell-line models be used to explain why the majority of ER-negative
cells do not proliferate in response to IGFs, whereas all of the

C4-12 ERaHA Clones Proliferate in Response to both IGF-I ER-positive cells are IGF-responsive? ER-negative cell lines tend to
and E2. The previous characterization of C4-12&RIA cells indi- have decreased IGF-IR and IRS-1 expression compared with ER-
cated that they contained a functional &RBnd expressed E2-induc- positive breast cancer cells. However, simple re-expression of IRS-1
ible IGF-IR and IRS-1. Next, we tested whether this conferred mit¢52) or IGF-IR (53) does not restore IGF-mediated growth, suggesting
genic responsiveness to IGF on these cells. Cells were stimulated iftat these cells have further disruption of their IGF-signaling path-
E2 (1 m), IGF-1 (5 nw), or a combination for 3 days, and cell numbersvays. Despite ER-negative cell lines not proliferating in response to
were assessed by MTT assay (Fig. 8). For simplicity and becausd @Fs, these cells seem to depend upon IGFs for their invasive and
the fact that cells had varying basal proliferation rates, data aretastatic potential because several strategies that inhibit IGF signal-
presented as fold over control (SFM) after 3 days. However, for dirdog, €.9.,expression of dominant-negative IGF-IR, are most success-
comparison of basal differences, some of the absorbance values vigteat inhibiting in ER-negative cell growth and metastasisvivo
MCF-7 (0.294), C4-12 (0.512), C4-12pCDNA #6 (0.531), and C454). Although evidence suggests that IGFs are important in ER-
12ERHA #29 (0.367). As can be seen, C4-12 and its derivatives pisitive breast cancer, our data does not imply that IGFs have no role
had higher basal cell numbers than MCF-7 (similar to Fig. 3). lim ER-negative cancer. IGF-IR (55) and IRS-1 (6) are higher in
MCF-7 cells, E2 caused an 82% increase in cell numBex (0.05). ER-positive patients than in ER-negative patients, correlating with
IGF-1 was more potent, causing a 195% increase in cell numb@xpression seen in our BRhegative MCF-7 model. However, al-

(P < 0.01). C4-12 cell proliferation was not affected by either E2 dhough our data relate to a single cell-line model, there are presumably
IGF-I (as also shown previously in Fig. 3). Control transfectant®any pathways for a tumor to become ER-negaitivévo; e.g.,it has
(C4-12pCDNA #4 and #6) also showed no change in proliferation reen shown that IGF-IR is expressed in a subset of ER-negative
response to E2 or IGF-I, substantiating the cell-cycle analysis in Figimors and that high expression is correlated with a worse prognosis
6. In contrast, C4-12ERHA clones proliferated in response to E2(56, 57). Furthermore, as stated previously, most anti-IGF strategies
with a 56% increase (C4-12ERHA #29, P < 0.05) and a 26% thus far have been successful in ER-negative cell lines, suggesting that
increase (C4-12ERHA #4, P < 0.01) in cell number over control IGFs may have a role in ER-negative breast cancer.

(cells in SFM). Most importantly, reintroduction of HA-ERnow The main purpose of the present study was to characterize the loss
allowed these cells to respond to IGF-1, with a 126% (C4-12BR  of IGF signaling in these ER-negative cells and not how these cells
#29,P < 0.01) and 87% (C4-12ERHA #4, P < 0.01) increase in overcame the need for ER signals, but data from our studies can rule
cell number. These data and data from Fig. 6 show that reintroductiout certain possibilities for this transitioe,g.,although C4 and C4-12

of ERa into C4-12 cells confers responsiveness to both estrogen alls have increased cell number in SFM, they actually have decreased
IGF. In both S-phase and cell number analysis, we consistendyclin D1 expression (Fig. 5). Additionally, these cells clearly do not
observed that the response of C4-12ERA cells to estrogen was have increased basal ERK1/2 activity (Fig. 2), suggesting that signal-

approximately one-half that of wild-type MCF-7 cells. ing through ERK1/2 is not responsible for the increased cell number.
How have the C4-12 cells adapted to grow in the absence of E2?
DISCUSSION Clearly, C4-12 cells show increased cell numbers in SFM compared

with MCF-7 cells (Fig. 3). However, this increase in basal cell number
The desire to obtain estrogen-independent or antiestrogen-resisteas not associated with a change in distribution of cells in the cell
MCF-7 cells has led many investigators to maintain MCF-7 cellsycle, suggesting that the cells are not proliferating greater in SFM.
long-term either without estrogen (44—47) or in the presence bifdeed, we believe that these cells may have adapted to survive
antiestrogen (48, 49). In all of these cases, MCF-7 cells were genestrogen withdrawal by increasing cell survival pathways and, thus,
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lowering their rates of apoptosis. We are currently testing this hys. Baserga, R., and Morrione, A. Differentiation and malignant transformation: two
e i _ ihility, roads diverged in a wood. J. Cell. Biocher®2-33(Suppl.) 68-75, 1999.

pOthESIS in C4-12 Ce”S'. We cannot, hpwevgr, r,UIe out the pOSSIbIlEX_ Umayahara, Y., Kawamori, R., Watada, H., Imano, E., Iwama, N., Morishima, T.,

that C4-12 cells have increased proliferation in the absence of in- yamasaki, Y., Kajimoto, Y., and Kamada, T. Estrogen regulation of the insulin-like

creased S phase. It is possible that these cells have an overall shortgrowth factor I gene transcription involves an AP-1 enhancer. J. Biol. Ct2§8:,

_ened ce_II_ cycle that results in altered pro_liferative rate without chgngﬁs_, g?s;nf‘gzk_lvggﬁmnado' E. B, Kitten, L. J., Arteaga, C. I., Fuqua, S. A. W.,

in specific phases of the cell cycle. This has been noted previously Ramasharma, K., Marshall, M., and Li, C. H. Insulin-like growth factor-Il (IGF-1):

(58) in IGE-IR null fibroblasts. a potential autocrine/paracrine growth factor for human breast cancer acting via the
. . IGF-I receptor. Mol. Endocrinol.3: 1701-1709, 1989.

Several groups have introduced &mto ER-negative cells (33— o, Stewart, A., Johnson, M. D., May, F. E. B., and Westley, B. R. Role of insulin-like
41). However, in all of the previous cases, this has resulted i@ ER  growth factors and the type 1 insulin-like growth factor receptor in the estrogen-
expression either having no effect or actually being growth inhibitory ;i’l‘;’éatfgg%’o"fera“o” of human breast cancer cells. J. Biol. Ch2és; 21172-

(33, 59). It has been found recently (43) that estrogen does n@t mathieu, M., Vignon, F., Capony, F., and Rochefort, H. Estradiol down-regulates the

increase cyclin D1 expression in kRhegative cells (MDA-321 and mannose-6-phosphate/insulin-like growth factor-11 receptor gene and induces cathep-

. . sin-D in breast cancer cells: a receptor saturation mechanism to increase the secretion
HELA) that are stably transfected with BRThe lack of cyclin D1 of lysosomal proenzymes. Mol. Endocrings:, 815-822, 1991.

induction has been suggested as a reason why these cells doimokicGuire, W., Jr., Jackson, J. G., Figueroa, J. A., Shimasaki, S. A., Powell, D. R., and
proliferate in response to E2. In contrast to previous studies, C4-12 Yee, D. Regulation of insulin-like growth factor-binding protein (IGFBP) expression

. I . . . by breast cancer cells: use of IGFBP-1 as an inhibitor of insulin-like growth factor
cells expressing E®Rdo exhibit estrogen induction of cyclin D1 and  ,Gion 5 Natl. Cancer Inst. (Bethesd8a; 1336-1341, 1992.

do proliferate in response to estrogen (increase in S phase and cellsalerno, M., Sisci, D., Mauro, L., Guvakova, M. A., Ando, S., and Surmacz, E.

number). Thi that C4-12 lls have r in th ropriat sulin receptor substrate 1 is a target for the pure antiestrogen ICI 182,780 in breast
umbe ) S suggests that C . cells have retained . € appropria écr:.:mcer cells. Int. J. Cance8l: 299-304, 1999.
cofactors for normal ER function that are not found in other ERp kahlert, S., Nuedling, S., van Eickels, M., Vetter, H., Meyer, R., and Grohe, C.

negative cell lines. This result probably reflects the fact that these cells Estrogen recepto rapidly activates the IGF-1 receptor pathway. J. Biol. Chem.,
H : F 275:18447-18453, 2000.

ha\{e only recently lost EiRRexpression and are genetllcally S|mllar to1 Lee. A V. Weng, C. N., Jackson, J. G., and Yee, D. Activation of estrogen
their MCF-7 counterparts, whereas other ER-negative cell lines may receptor-mediated gene transcription by IGF-I in human breast cancer cells. J.
have lost ER expression and critical ER cofactors many passages e}gd}?(ndocrgol-éﬁgi 39;‘47’ |\/1|997H' v Ui o Sasaki H

. . . . . . Kato, S., Endoh, H., Masuhiro, Y., Kitamoto, T., Uchiyama, S., Sasaki, H.,
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