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Introduction:  

In specific aim I, we proposed to determine if ECM-mediated transcription down 
regulation during HMEC differentiation corresponds with a change in levels of histone 
acetylation in the specific regulatory DNA region using EGFR gene as a model. However, 
the quantitative RT-PCR showed that there was no significant difference in EGFR 
mRNA levels between cells cultured on plastic and cultured in 3D, suggesting that EGFR 
gene is not a good model to study the transcriptional regulation induced by extracellular 
matrix (ECM) during the differentiation of mammary gland epithelial cells. We showed 
that global histone acetylation levels decreased in three dimensional (3D) cultures. 
Microarray analysis demonstrated that this deacetylation correlated with a global 
reduction in gene expression. These results addressed the question in specific aim I at the 
whole genome level. Based on our microarray data, we used p21 gene as a model to study 
the histone acetylation in a specific chromatin region. Chromatin immunoprecipitation 
data showed that ECM induced a dramatic reduction of histone H4 acetylation associated 
with the p21 promoter, which is consistent with down regulation of p21 mRNA levels in 
3D cultures. 

In specific aim II, we proposed to identify critical transcription factors that are regulated 
by ECM, and to use EGFR gene as a model. Since EGFR is not regulated by ECM at 
transcription level, we performed most of the proposed experiments using mammary-
specific casein genes as models. We identified that transcription factors Stat5 and 
C/EBPβ were regulated by ECM. Results showed that ECM cooperates with prolactin to 
induce Stat5 phosphorylation and nuclear translocation in Eph4 cells. Chromatin 
immunoprecipitation (ChIP) assays demonstrated that levels of acetylated histones as 
well as binding of Stat5 and C/EBPβ in the casein promoters increased in response to 
ECM and prolactin treatment. These results directly addressed the central questions we 
asked in the proposal. Above and beyond that, we showed that trichostatin A (TSA)-
induced histone acetylation failed to activate β-casein expression, suggesting that histone 
acetylation is not sufficient for the gene transcription. Introduction of a dominant 
negative Brg1, an ATPase subunit of SWI/SNF complex, significantly reduced both β- 
and γ-casein expression, indicating that SWI/SNF-dependent chromatin remodeling is 
required for transcription of these two milk protein genes. Thus, ECM-regulated 
transcription of the mammary-specific casein genes requires the concerted action of 
histone acetylation, ATP-dependent chromatin remodeling, and activation of transcription 
factors. 
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Body: 

Part I: Global histone acetylation in 3D lrECM does not depend on the formation of 
polarized acini structures. 

Culturing non-malignant mammary epithelial S1 cells in 3D within laminin-rich ECM 
(lrECM) allows the cells to form a polarized 3D structure (tissue-like acini) reminiscent 
of mammary alveolar structures in vivo (Fig. 1A) whereas this morphological 
differentiation does not occur when S1 cells are cultured as 2D monolayers. To address 
the question in specific aim I, we first detect the global histone acetylation in S1 cells 
cultured in 2D and 3D. The tissue-like morphogenesis observed in 3D is accompanied by 
a 60% decrease of acetylated H4 levels (Fig. 1B). A decrease of histone H3 acetylation is 
also detected in this condition (Fig. 1B).  To determine whether the global histone 
deacetylation is a result of the acinar morphogenesis, we measured the level of acetylated 
H3 and H4 in T4 cells, the tumorigenic derivative of the S1 cells. As expected, T4 cells 
cultured in 3D within lrECM formed large non polarized and disorganized colonies 
reminiscent of tumors (Fig. 1C) (1). Nevertheless T4 cells in 3D lrECM are round and 
form clusters unlike the flatten cells on tissue culture plastic (Fig. 1C), and levels of 
acetylated H4 and H3 were decreased in 3D culture (Fig. 1D). Both S1 and T4 cells 
spread out in 2D, and exhibited prominent stress fibers as well as cortical actin when 
stained with fluorescently-tagged phalloidin (Fig. 1E). Even though the gross 
architectures of the colonies formed in 3D by these cells differed, individual S1 and T4 
cells were similarly rounded in 3D (Fig. 1A, C ) with mainly cortical actin (Fig. 1E). 
Altogether these results suggest that the organization in well-polarized acini does not 
correlate with a global histone deacetylation.   

Part II: Histone deacetylation in 3D culture is correlated with global reduction in 
gene expression. 

We proposed that change in chromatin organization during normal breast specialization 
could control specific gene expression. One question arising from Part I is whether this 
substantial histone deacetylation in 3D culture regulates gene expression. Indeed, broad 
acetylation of histones H3 and H4 has been shown to lead to chromatin decondensation 
and a structure permissible for transcription [reviewed in (5)] whereas histone 
deacetylation correlates with the repressed state of the chormatin stucture and alterations 
in patterns of gene expression (6). To determine whether culture in 3D lrECM induced a 
reduction in gene expression in addition to global histone deacetylation, we collaborated 
with Aylin Rizki to perform microarray analysis. We found that cells cultured in 3D 
lrECM showed a reduction in gene expression as compared to cells cultured in 2D (Fig. 
2A). Of the differentially expressed genes, 162 genes were expressed at lower levels in 
3D, i.e. exhibiting a mean ratio of 3D/2D below 1, compared to only 91 expressed at 
higher levels i.e. exhibiting a mean ratio of 3D/2D up to 1. This decrease in gene 
expression is consistent with the global histone deacetylation observed in 3D culture. 
These results addressed the question in specific aim I at the whole genome level. 
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To determine whether the lrECM-dependent global deacetylation could specifically affect 
a functionally relevant gene, we proposed in specific aim 1 to determine whether ECM-
mediated EGFR down regulation corresponds with histone deacetylation in the promoter 
of this gene. This hypothesis was based on the fact that protein levels of EGFR are 
downregulated in 3D, previous reports which had shown EGFR mRNA levels in different 
breast cancer cell lines correlate with the amount of receptor protein (7) and our initial 
findings by RT-PCR that the mRNA appeared to be regulated as well. We have now 
employed a more sensitive and quantitative method for measuring the mRNA level of 
EGFR, utilizing realtime PCR technology and find no significant difference between cells 
cultured on tissue culture plastic and cultured in 3D lrECM (Fig 2B). The reasons of the 
discrepancy between our data and previous data may be a more sensitive method of 
detection, the fact that they studied the EGFR expression in tumor cell lines verses a non-
malignant cell line or that the difference in EGFR protein levels between 2D and 3D 
culture is controlled at a post-transcription level. 

To address the question we raised in specific aim I, we detected transcription of p21 gene 
in S1 cells cultured in 2D and 3D. p21(WAF1) is a member of CIP/KIP family which 
inhibit CDKs activity. It plays an important role in p53 mediated cell cycle arrest induced 
by DNA damage (8). From our array data, the level of p21 in S1 cells in 3D was reduced 
to 76% of that in cells in 2D (data not shown) and it had previously been shown that the 
expression of the p21 gene is controlled by the acetylation status of the histones 
associated to its promoter (9) (10).  Quantitative real-time RT/PCR confirmed the array 
data that p21 mRNA levels were reduced in 3D as compared to 2D (Fig. 2C). To 
determine whether this reduction in expression is correlated with reduced acetylation at 
the promoter region of the p21 gene, we performed chromatin immunoprecipitation 
(ChIP) experiments. Lysates from S1 cells cultured in 2D or 3D were 
immunoprecipitated for acetylated histones H3 or H4, and the remaining associated DNA 
was PCR-amplified using primers specific for the p21 promoter. Culturing the cells in 3D 
lrECM induces a dramatic reduction of histone H4 acetylation associated with the p21 
promoter as compared to 2D cultures (Fig. 2D). This result is consistent with the p21 
reduced expression observed by microarray analysis and RT/PCR. All these data indicate 
that lrECM-induced histone deacetylation leads to functional reduction of gene 
expression.  

Part III: Transcription factor Stat5 and C/EBPβ are regulated by ECM to induce 
transcription of mammary-specific gene   

In specific aim II, we proposed to identify the ECM-regulated transcription factors during 
the differentiation of mammary epithelial cells, and to use EGFR gene as a model. We 
showed in Part I and II that the differentiation of S1 cells in 3D lrBM is accompanied by 
rearrangements of the chromatin structure. However, EGFR gene may not be a good 
model to study the transcriptional regulation during the differentiation of mammary gland 
epithelial cells induced by extracellular matrix (ECM); because this gene appears to be 
regulated posttranscriptionally in 3D lrECM. In addition, the formation of acini-like 
structures in S1 cells does not achieve the fully differentiated phenotype in that they do 
not express milk proteins. A wealth of studies have shown that tissue specific gene 
transcription is regulated in discrete and controlled stages, from the changing of 
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chromatin structure to the recruitment of protein complexes to the promoter and enhancer 
(11). We therefore, have chosen to use mammary specific genes as models, and 
investigated ECM-regulated transcription in mammary epithelial cell line EpH4, which 
forms acini-like structure in lrECM but also can fully differentiate to express milk 
proteins. 
The gene encoding the milk protein, β-casein, has been used widely as a marker for 
functional differentiation of MECs. We and others have shown that in both primary 
mouse mammary epithelial cells and immortalized mammary epithelial cell lines (12-14), 
transcription of β-casein requires signals from both laminin-111 (previously named 
laminin-1) and prolactin (15-20). Using EpH4, an epithelial cell line derived from normal 
mouse mammary gland (12, 13), we observed that β- and γ-casein mRNA levels were 
highly upregulated in response to prolactin and lrECM treatment (Fig. 3A), which 
correlated with significant changes in cellular morphology (data not shown). Furthermore, 
consistent with previous studies (2, 19), we established that laminin-111 indeed is the 
lrECM constituent that induces β-casein expression in EpH4 cells (data not shown).  
As we proposed in specific aim I, we amplified and cloned the promoter region from -340 
to -1 into a luciferase reporter vector and stably transfected the reporter plasmid into 
EpH4 cells. Luciferase activity was dramatically induced in EpH4 cells after treatment 
with lrECM and prolactin (Fig. 3B), indicating that the β-casein promoter is 
transcriptionally activated in these cells. Consistent with the PCR results, neither 
prolactin nor lrECM alone could appreciably enhance promoter activity. These results 
indicate that the ECM regulates β-casein transcription through activation of the promoter. 

A number of transcription factors, including STAT5, C/EBPβ, and GR, have been shown 
to be involved in transcription of mammary specific genes [reviewed in (15)]. STAT5 
and C/EBPβ binding sites were also identified in the bovine β-casein ECM-response 
element, BCE-1 (21). To determine whether these two factors regulate ECM- and 
prolactin- induced expression of the endogenous β-casein gene, we have detected 
expression and localization of Stat5 and C/EBPβ in Eph4 cells after treatment with ECM 
and prolactin. Although the total level of STAT5 did not change, the levels of 
phosphorylated STAT5 and its nuclear translocation increased after combined treatment 
with lrECM and prolactin. However, neither treatment alone could induce these changes 
(Fig. 3C, 3D).  Total cell and nuclear levels of C/EBPβ remained unchanged after the 
treatments (Fig. 3C, 3D). 

To determine whether STAT5 and C/EBPβ become associated with the β-casein 
promoter after ECM and prolactin treatment, we performed ChIP assays. Addition of 
these two compounds significantly increased the association of STAT5 and C/EBPβ with 
the β-casein promoter, whereas the interaction between the promoter and GR remained at 
the control level (Fig. 4A). The promoter of the β-amylase gene, which is not expressed 
in mammary epithelial cells, was included as a negative control and was not detected in 
any of the ChIP samples (data not shown). Thus, exposure of EpH4 cells to lrECM and 
prolactin increases both STAT5 levels in the nucleus, and the binding of this factor and 
C/EBPβ to the β-casein promoter. We also found that treatment with prolactin and lrECM 
moderately enhanced the binding of Brg1, the ATPase subunit of SWI/SNF complex, to 
the β-casein promoter. Analysis of the DNA immunoprecipitated with a RNA polymerase 
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II antibody showed an increased association of this protein with the β-casein promoter in 
response to lrECM and prolactin (Fig 4A). These results indicate that extracellular matrix 
and prolactin regulate DNA binding activity of stat5 and C/EBPβ to induce mammary-
specific gene transcription, and directly address the central question we asked in specific 
aim II.  
Binding sites of STAT5 and C/EBPβ were identified in promoters of other milk protein 
genes, such as γ-casein (22). We asked whether other milk protein genes are regulated 
similarly as β-casein. The association of these factors with the γ-casein promoter was 
determined by ChIP assays. We found that treatment with prolactin and lrECM enhanced 
binding of STAT5 and C/EBPβ, and increased Brg1 and RNA Polymerase II levels in the 
promoter region of γ-casein gene (Fig. 4B). The mouse casein genes cluster at a single 
gene locus on chromosome 5 in this order: α, β, γ, δ, and κ (23), and the expression of 
casein genes is coordinately regulated during pregnancy and lactation (24). Thus, the 
binding of these transcription factors and the chromatin remodeling complex together 
appears to activate the entire gene locus.  
We showed above that treatment with lrECM and prolactin induced the recruitment of 
transcription factors and the SWI/SNF complex to the β-casein promoter. To determine 
whether ECM and prolactin control these events separately or cooperatively, we 
performed ChIP analysis after cells were treated either singly or with both agents. We 
found that STAT5 bound to the β-casein promoter in cells treated with both lrECM and 
prolactin, but treatment with either component alone failed to induce appreciable binding 
(Fig. 4C). These results are consistent with the western blot data showing that nuclear 
translocation of STAT5 depends on both the ECM and hormonal signals (Fig. 3D). 
Combined lrECM and prolactin treatment also induced binding of C/EBPβ to the β-
casein promoter (Fig. 4C). Recruitment of Brg1 and RNA polymerase II in the β-casein 
promoter required both lrECM and prolactin as well (Fig. 4C). These results establish 
that ECM cooperates with prolactin to induce the binding of transcription factors as well 
as the transcriptional machinery to the β-casein promoter.  

Part IV: Histone acetylation is involved in but not sufficient to the transcriptional 
activation of β-casein gene 

Previously, we showed that treatment with histone deacetylase inhibitors could partially 
substitute for lrECM in activating a stably integrated bovine ECM-response element 
(BCE-1) in a mammary epithelial cell line (CID-9), suggesting that histone acetylation 
may play a role in transcriptional regulation of this enhancer (21). Surprisingly, however, 
the same treatment was later shown to inhibit transcriptional activation of the endogenous 
β-casein gene (25). Here we sought to determine whether histone acetylation is involved 
in transcriptional regulation of the endogenous β-casein gene. ChIP assays using 
antibodies against acetylated histone H3 and H4 demonstrated enhanced histone 
acetylation in the β-casein promoter, but not the β-amylase promoter, in response to 
treatment with lrECM and prolactin (Fig 5A). In addition, neither lrECM nor prolactin 
alone induced histone acetylation in the β-casein promoter (data not shown), confirming 
that the cooperation between the two signals is important. 
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To determine whether the increase of acetylated histone in the β-casein promoter was 
sufficient to induce transcription of the endogenous gene, EpH4 cells were treated with 
TSA in the presence or absence of ECM and prolactin. ChIP data showed that the levels 
of acetylated histone H4 (AcH4) appreciably increased in the β-casein promoter (Fig. 8B). 
Quantitative PCR showed, however, that the level of β-casein mRNA was increased by 
only 1.6 fold in undifferentiated cells after TSA treatment; the levels of both total and 
phosphorylated STAT5, C/EBPβ, and GR did not change (Fig. 5C, 5D). In the 
functionally differentiated cells that were cultured with prolactin and lrECM, TSA 
treatment significantly suppressed the induction of β-casein expression. Western blot 
analysis showed that phosphorylated STAT5 levels decreased in TSA treated cells, 
suggesting that this inhibition may be due to an indirect effect of TSA on STAT5 
phosphorylation (Fig. 5C, 5D). These results now clarify previous contradictions and 
indicate that histone acetylation alone is not sufficient to induce transcription of the 
endogenous β-casein gene above the basal level.  

Part V: ATPase activity of SWI/SNF is critical for β-casein transcription. 

A point mutation in the ATP-binding site of Brg1 was shown to abolish its ATPase 
activity, and produce a dominant negative effect on chromatin remodeling function of the 
SWI/SNF complex (26). To examine whether this ATPase was the additional factor 
required for β-casein expression, we generated a mammary cell line that conditionally 
expressed Flag-tagged DN-Brg1 under the control of a tetracycline-repressible 
transactivator. Withdrawal of tetracycline from culture medium for 2 days caused a 
dramatic induction of DN-Brg1 expression (Fig. 6A) and a significant repression in β- 
and γ-casein transcription (Fig. 6B), while lactoferrin and GAPDH transcription remained 
unaltered. Thus, the ATPase activity of SWI/SNF is necessary for transcriptional 
activation of casein genes. The binding of STAT5 and C/EBPβ, as well as the levels of 
AcH4 in the β-casein promoter in ECM- and prolactin- treated cells did not change 
significantly in response to DN-Brg1 expression (Fig. 6D). Western blot analysis 
revealed that DN-Brg1 expression did not affect the nuclear levels of STAT5, C/EBPβ 
and GR as well (data not shown). These results rule out the possibility that expression of 
DN-Brg1 inhibited β-casein transcription indirectly by repressing the activity of 
transcription factors, and suggest that transcription factor binding and histone acetylation 
in the β-casein promoter are events that take place upstream of Brg1 ATPase activity and 
are not dependent on SWI/SNF. In contrast, recruitment of RNA polymerase II to the β-
casein promoter was inhibited by DN-Brg1 expression, suggesting that its function in 
mediating transcription of casein genes occurs downstream of SWI/SNF, and therefore, is 
dependent on ATP-dependent chromatin remodeling (Fig. 6D).  

Formation of the SWI/SNF complex was shown to occur independently of its ATPase 
activity in NIH 3T3 cells (27, 28). We asked whether the SWI/SNF complex interacts 
with STAT5, C/EBPβ and GR, and whether the ATPase activity of Brg1 is necessary for 
this interaction in mammary epithelial cells. Protein complexes from control and DN-
Brg1-expressing cells were immunoprecipitated with agarose beads conjugated with anti-
FLAG M2 antibody. The immunoprecipitated protein complexes were analyzed by 
western blot using antibodies against STAT5, C/EBPβ, GR, and lamin B. STAT5 co-
immunoprecipitated with the DN-Brg1 in the DN-Brg1-expressing cells, but it was absent 
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from the immunoprecipitate from the non-expressing cells (Fig. 7A). We also detected 
interactions between DN-Brg1 and GR, and DN-Brg1 and C/EBPβ in lysates from the 
DN-Brg1-expressing cells (Fig. 7A). However, lamin B did not associate with Brg1, 
suggesting that the interaction between STAT5, C/EBPβ, GR and the SWI/SNF complex 
is specific (Fig. 7A). The association of SWI/SNF with GR and C/EBPβ has been shown 
(29, 30), but the interaction between SWI/SNF and STAT5 has not been reported 
previously. To confirm the co-immunoprecipitation (co-IP) results in DN-Brg1-
expressing cells, we performed a co-IP experiment using the parental cells. The results 
showed that endogenous wild type SWI/SNF was bound to STAT5 in lrECM- and 
prolactin-treated EpH4 cells but not in control cells (Fig. 7B). Therefore, the SWI/SNF 
chromatin remodeling complex may be recruited to the β-casein promoter by STAT5, 
C/EBPβ, and/or GR. Several other milk proteins, including α-casein, γ-casein, whey 
acidic protein (WAP), and β-lactoglobulin have been shown to be regulated by ECM and 
lactogenic hormones (15, 31-33). The promoter or enhancer elements of these genes 
contain binding sites for STAT5 and GR (15, 22, 34). Interestingly, DN-Brg1 expression 
significantly inhibited γ-casein transcription, but had no detectable effect on transcription 
of the lactoferrin gene (Fig 6B). These data are consistent with the finding that the 
expression of lactoferrin is not dependent on the cooperation of ECM and prolactin 
signals in MECs, and that basal transcriptional regulation may be different for lactoferrin 
expression (35). These results indicate that transcription factors such as STAT5 by 
binding to specific promoters determine recruitment of the SWI/SNF complex to allow 
expression of milk protein genes. 

Key research accomplishments:  

1. Histone deacetylation in 3D culture is correlated with global reduction in gene 
expression. 

2. ECM-regulated p21 down-regulation is associated with histone deacetylation in the 
promoter region. 

3. Activation of Stat5 and C/EBPβ was regulated by ECM and prolactin to induce  
mammary-specific gene expression. 

4. Histone acetylation contributes to, but is not sufficient to induce mammary-specific 
gene expression. 

5. ATPase dependent chromatin remodeling is required for the transcriptional activation 
of mammary specific gene. 

Reportable Outcomes: 

1, Manuscript, title: Extracellular Matrix, Nuclear and Chromatin Structure and Gene 
Expression in Normal Tissues and Malignant tumors: A Work in Progress. Virginia A. 
Spencer., Ren Xu., Mina J. Bissell., Advances in Cancer Research, in press. 
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2, Presentation at Asilomar Chromatin and Chromosomes Conference 2005; Title: 
SWI/SNF cooperates with Stat5 and C/EBPβ to regulate functional differentiation in 
MECs. 

3, Abstract published at ASCB 2005 Annual Conference, Title: SWI/SNF complex and 
histone acetylation cooperate with Stat5 and C/EBPβ to regulate β-casein transcription 

4, Abstract published at Era of Hope 2005 - Department of Defense Breast Cancer 
Research Program Meeting, Title: Chromatin Remodeling Cooperates with Transcription 
Factors to Regulate Functional Differentiation of Mammary Epithelial Cells   

5, Abstract published at AACR chromatin, chromosomes, and cancer epigenetics meeting 
2004, Title: From extracellular signaling to chromatin remodeling: how do extracellular 
matrix and prolactin regulate β-casein transcription. 

6, Abstract published at ASCB 2003 Annual Conference, Title: SAHA treatment 
phenotypically reverts themalignant HMT3522 T4-2 human breast cell line in three 
dimension culture. 

 

Conclusion: 
 
We demonstrate that ECM induces global histone deacetylation in human breast 
epithelial cells, and that this deacetylation correlated with a global reduction in gene 
expression. These results indicate a tight link between ECM-controlled cell function and 
chromatin structure, which plays important roles in the transcriptional regulation. Using 
β- and γ-casein genes as models, we identified STAT5 and C/EBPβ as two ECM-
regulated transcription factors. The activation of β-casein gene is associated with histone 
acetylation in the promoter regions. We further show that chromatin remodeling induced 
by histone acetylation is not sufficient for assembly or stabilization of the RNA 
transcriptional machinery on the β-casein promoter, and that this process depends on 
ATP-dependent chromatin remodeling (Fig. 7C). Such precise regulation from 
extracellular signals to chromatin structure is most likely fundamental to mammary gland 
development and function to ensure control of milk protein gene expression during 
lactation, a process that is vital to the offspring’s survival. Since the malignant mammary 
epithelial cells can not express milk proteins under differentiate condition, it will be 
interesting to detect whether the activation of transcription factors and chromatin 
remodeling are impaired in the malignant cells. 

 
 
Reference: 
 
1. Weaver, V. M., Petersen, O. W., Wang, F., Larabell, C. A., Briand, P., Damsky, 

C., and Bissell, M. J. (1997) J Cell Biol 137(1), 231-245 
2. Muschler, J., Lochter, A., Roskelley, C. D., Yurchenco, P., and Bissell, M. J. 

(1999) Mol Biol Cell 10(9), 2817-2828 

DAMD17-02-1-0441

11



3. Peignon, G., Thenet, S., Schreider, C., Fouquet, S., Ribeiro, A., Dussaulx, E., 
Chambaz, J., Cardot, P., Pincon-Raymond, M., and Le Beyec, J. (2006) J Biol 
Chem 281(6), 3560-3568 

4. Roskelley, C. D., Desprez, P. Y., and Bissell, M. J. (1994) Proc Natl Acad Sci U S 
A 91(26), 12378-12382 

5. Eberharter, A., and Becker, P. B. (2002) EMBO Rep 3(3), 224-229 
6. Kurdistani, S. K., Tavazoie, S., and Grunstein, M. (2004) Cell 117(6), 721-733 
7. Davidson, N. E., Gelmann, E. P., Lippman, M. E., and Dickson, R. B. (1987) Mol 

Endocrinol 1(3), 216-223 
8. el-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R., Trent, J. 

M., Lin, D., Mercer, W. E., Kinzler, K. W., and Vogelstein, B. (1993) Cell 75(4), 
817-825 

9. Davis, T., Kennedy, C., Chiew, Y. E., Clarke, C. L., and deFazio, A. (2000) Clin 
Cancer Res 6(11), 4334-4342 

10. Huang, L., Sowa, Y., Sakai, T., and Pardee, A. B. (2000) Oncogene 19(50), 5712-
5719 

11. Emerson, B. M. (2002) Cell 109(3), 267-270 
12. Brinkmann, V., Foroutan, H., Sachs, M., Weidner, K. M., and Birchmeier, W. 

(1995) J Cell Biol 131(6 Pt 1), 1573-1586 
13. Reichmann, E., Ball, R., Groner, B., and Friis, R. R. (1989) J Cell Biol 108(3), 

1127-1138 
14. Schmidhauser, C., Bissell, M. J., Myers, C. A., and Casperson, G. F. (1990) Proc 

Natl Acad Sci U S A 87(23), 9118-9122 
15. Rosen, J. M., Wyszomierski, S. L., and Hadsell, D. (1999) Annu Rev Nutr 19, 

407-436 
16. Roskelley, C. D., Srebrow, A., and Bissell, M. J. (1995) Curr Opin Cell Biol 7(5), 

736-747 
17. Lee, E. Y., Lee, W. H., Kaetzel, C. S., Parry, G., and Bissell, M. J. (1985) Proc 

Natl Acad Sci U S A 82(5), 1419-1423 
18. Streuli, C. H., Bailey, N., and Bissell, M. J. (1991) J Cell Biol 115(5), 1383-1395 
19. Streuli, C. H., Schmidhauser, C., Bailey, N., Yurchenco, P., Skubitz, A. P., 

Roskelley, C., and Bissell, M. J. (1995) J Cell Biol 129(3), 591-603 
20. Weir, M. L., Oppizzi, M. L., Henry, M. D., Onishi, A., Campbell, K. P., Bissell, 

M. J., and Muschler, J. L. (2006) J Cell Sci  
21. Myers, C. A., Schmidhauser, C., Mellentin-Michelotti, J., Fragoso, G., Roskelley, 

C. D., Casperson, G., Mossi, R., Pujuguet, P., Hager, G., and Bissell, M. J. (1998) 
Mol Cell Biol 18(4), 2184-2195 

22. Kolb, A. F. (2002) Biochim Biophys Acta 1579(2-3), 101-116 
23. Rijnkels, M., Wheeler, D. A., de Boer, H. A., and Pieper, F. R. (1997) Mamm 

Genome 8(1), 9-15 
24. Hobbs, A. A., Richards, D. A., Kessler, D. J., and Rosen, J. M. (1982) J Biol 

Chem 257(7), 3598-3605 
25. Pujuguet, P., Radisky, D., Levy, D., Lacza, C., and Bissell, M. J. (2001) J Cell 

Biochem 83(4), 660-670 
26. Khavari, P. A., Peterson, C. L., Tamkun, J. W., Mendel, D. B., and Crabtree, G. R. 

(1993) Nature 366(6451), 170-174 

DAMD17-02-1-0441

12



27. Hill, D. A., de la Serna, I. L., Veal, T. M., and Imbalzano, A. N. (2004) J Cell 
Biochem 91(5), 987-998 

28. de La Serna, I. L., Carlson, K. A., Hill, D. A., Guidi, C. J., Stephenson, R. O., Sif, 
S., Kingston, R. E., and Imbalzano, A. N. (2000) Mol Cell Biol 20(8), 2839-2851 

29. Kowenz-Leutz, E., and Leutz, A. (1999) Mol Cell 4(5), 735-743 
30. Muller, W. G., Walker, D., Hager, G. L., and McNally, J. G. (2001) J Cell Biol 

154(1), 33-48 
31. Streuli, C. H., Edwards, G. M., Delcommenne, M., Whitelaw, C. B., Burdon, T. 

G., Schindler, C., and Watson, C. J. (1995) J Biol Chem 270(37), 21639-21644 
32. Lin, C. Q., Dempsey, P. J., Coffey, R. J., and Bissell, M. J. (1995) J Cell Biol 

129(4), 1115-1126 
33. Blum, J. L., Zeigler, M. E., and Wicha, M. S. (1989) Environ Health Perspect 80, 

71-83 
34. Mukhopadhyay, S. S., Wyszomierski, S. L., Gronostajski, R. M., and Rosen, J. M. 

(2001) Mol Cell Biol 21(20), 6859-6869 
35. Close, M. J., Howlett, A. R., Roskelley, C. D., Desprez, P. Y., Bailey, N., 

Rowning, B., Teng, C. T., Stampfer, M. R., and Yaswen, P. (1997) J Cell Sci 110 
( Pt 22), 2861-2871 

 

DAMD17-02-1-0441

13



Figure 1: 
 

 
 
 
Figure 1.  Culture in 3D lrECM induces alterations in cellular morphology and global 
histone deacetylation.  (A) Phase contrast images of S1 non-malignant human mammary 
epithelial cells on tissue culture plastic (2D) or within lrECM (3D).  (B) Western blot 
analysis of acetylated histones H3 (Ac H3) and H4 (Ac H4) in S1 cells cultured in 2D 
and 3D. Bar graph showing relative acetylated histone levels in S1 cells cultured in 2D 
and 3D.  Error bars indicate s.e.m; (*) p<0.01; (C) Phase contrast images of T4 malignant 
human mammary epithelial cells on tissue culture plastic (2D) or within lrECM (3D).  (D) 
Western blot analysis of acetylated histones H3 (Ac H3) and H4 (Ac H4) in T1 cells 
cultured in 2D and 3D. Bar graph showing relative acetylated histone levels in T4 cells 
cultured in 2D and 3D.  Error bars indicate s.e.m; (*) p<0.01; (E) Immunofluorescence 
images of phalloidin-stained S1 and T4 cells cultured in 2D or 3D.  scale bars, 50 µm. 
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Figure 2:  

 
 
 
Figure 2.  Culture in 3D lrECM induces a global reduction in gene expression.  (A) Ratio 
of global mRNA levels for S1 cells cultured in 2D or 3D lrECM.  The x-axis shows mean 
ratio of 3D/2D for four experiments; all genes with p< 0.01 are displayed: 91 genes have 
higher mRNA levels in 3D; 162 genes have lower levels in 3D. (B, C) Quantitative 
RT/PCR analysis for EGFR (B) and p21 (C) mRNA levels, normalized to levels of 18S in 
the same samples.  (D) ChIP assay measuring Ac H3 and Ac H4 levels associated with 
the p21 promoter region for S1 cells cultured in 2D or 3D lrECM. 
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Figure 3: 
 

 
 
 
Figure 3: Stat5 phosphorylation and nuclear translocation are activated in EpH4 cells in 
response to ECM and prolactin treatment. (A) β- and γ-casein expression was determined 
by RT-PCR in EpH4 cells cultured for 2 days in GIH (DMEM/F12 supplemented with 5 
µg/ml insulin and 1 µg/ml hydrocortisone) media alone (Ctrl), GIH + 3 µg/µl prolactin 
(PRL), GIH + 2% lrECM (ECM), and GIH + 3 µg/µl prolactin + 2% lrECM (ECM+PRL). 
GAPDH cDNA was used as a loading control. (B) The β-casein promoter was cloned into 
pGL3 luciferase vector, and stably transfected into EpH4 cells.  The β-casein promoter 
activity was determined by luciferase assays. (C, D) Transcription factor levels in the cell 
lysates (C) and nuclear lysates (D) of EpH4 cells were determined by western blotting. 
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Figure 4: 

 
Figure 4: Binding of transcription factors and the SWI/SNF complex to the β-casein 
promoter is regulated by ECM and prolactin. (A, B) ChIP assays followed by PCR 
analysis to detect the binding of STAT5, C/EBPβ, GR, Brg1, and RNA Polymerase II in 
the β-casein (A; n=4) and γ-casein (B; n=2) promoters. The PCR results were quantified 
by AlphaEaseFC software, and the values of bound DNA were normalized to input DNA. 
Fold enrichments were determined by dividing the normalized values from treated cells 
by that of untreated cells, * p<0.05. (C) Quantification of ChIP results in EpH4 cells 
treated with prolactin (PRL), lrECM (ECM), or prolactin plus lrECM (PRL+ECM). 
Graph displays the mean of two experiments. 
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Figure 5: 

 
 
Figure 5: Histone acetylation contributes to, but is not sufficient to induce β-casein 
expression. (A) The levels of total histone H3, as well as acetylated histone H4 and H3 in 
the β-casein promoter were measured by ChIP analysis. The β-Amylase promoter was 
used as a control, * p<0.05 (n=3). (B) The levels of AcH4 in the β-casein promoter were 
determined by ChIP assays in control and TSA (80 nM) treated cells. (C) The β-casein 
mRNA levels in undifferentiated EpH4 cells (in GIH medium) and differentiated cells (in 
GIH plus prolactin and lrECM) were measured by quantitative RT-PCR after TSA 
treatment. Graph displays average ± SEM; * p<0.05, *** p<0.01 (n=4). (D) Protein 
levels of phosphorylated STAT5, total cell STAT5, C/EBPβ and GR were analyzed by 
western blotting after TSA treatment.  
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Figure 6: 
 

 
 

Figure 6: DN-Brg1 expression in EpH4 cells suppresses transcription of the β-casein 
gene. (A) Western blot analysis of DN-Brg1 expression in stably transfected EpH4 cells. 
(B, C) RT-PCR (B) and quantitative PCR (C) analysis of the levels of β- and γ-casein 
genes in DN-Brg1-expressing and non-expressing cells. Graph displays average ± SEM; 
*** p<0.01 (n=4). (D) ChIP assays showing the levels of AcH4 and the binding activity 
of STAT5 and C/EBPβ in the β-casein promoter in DN-Brg1-expressing cells. Graph 
displays mean of three experiments, * p<0.05. 
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Figure 7: 

 
Figure 7: STAT5, C/EBPβ, and GR interact with DN-Brg1 in EpH4 cells. (A) Interaction 
between transcription factors and DN-Brg1 was determined by co-IP analysis. Total 
lysates before immunoprecipitation were used as input control. (B) Interaction between 
endogenous Brg1 and STAT5 was detected by co-IP analysis. (C) Model displaying how 
exposure of mammary epithelial cells to ECM and prolactin induces the recruitment of 
transcription factors and chromatin remodeling enzymes to the β-casein promoter, and 
how aberrations in SWI/SNF function interfere with RNA polymerase II recruitment. 
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