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Summary

An abnormal differentiation state is common in BRCA1-deficient mammary epithelial cells, but 

the underlying mechanism is unclear. Here we report a convergence between DNA repair and 

normal, cultured human mammary epithelial (HME) cell differentiation. Surprisingly, depleting 

BRCA1 or FANCD2 (Fanconi Anemia [FA] proteins), or BRG1, a mSWI/SNF subunit, caused 

HME cells to undergo spontaneous epithelial-to-mesenchymal transition (EMT) and aberrant 

differentiation. This also occurred when WT HMEs were exposed to chemicals that generate 

interstrand DNA cross links (repaired by FA proteins) but not in response to double strand breaks. 

Suppressed expression of ΔNP63 also occurred in each of these settings, an effect that links DNA 

damage to the aberrant differentiation outcome. Taken together with somatic breast cancer genome 

data, these results point to a breakdown in a BRCA/FA--mSWI/SNF-ΔNP63- mediated DNA 
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repair and differentiation maintenance process in mammary epithelial cells that may contribute to 

sporadic breast cancer development.
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Introduction

The differentiation of stem/progenitor cells contributes to normal tissue homeostasis and to 

cancer suppression(Jopling et al., 2011; Santos et al., 2014; Tata et al., 2013; Tetteh et al., 

2015; Wang et al., 2012). Most BRCA1 breast cancers are triple negative/basal-like (TNBC), 

while others are luminal(Mavaddat et al., 2012). Some of the cells of BRCA1-associated 

TNBC exhibit mesenchymal traits, suggesting that they have passed through an epithelial to 

mesenchymal transition (EMT)(Polyak and Weinberg, 2009). BRCA1 deficiency also 

disrupts normal mammary gland development in mice(Molyneux et al., 2010; Xu et al., 

1999) and perturbs normal human mammary epithelial stem/progenitor-like cell 

differentiation(Lim et al., 2009; Liu et al., 2008; Proia et al., 2011). The mechanism 

underlying these phenomena has been unclear.

BRCA1 suppresses breast and ovarian cancer development, at least in part, by maintaining 

genome integrity(Huen et al., 2010). Previous work indicates that endogenous or exogenous 

DNA damage elicits differentiation defects in melanocyte stem cells(Inomata et al., 2009), 

hematopoietic stem cells(Wang et al., 2012), B cells(Sherman et al., 2010), myeloid 

progenitor cells(Santos et al., 2014), and intestinal progenitor cells(van Es et al., 2012), 

indicating a link between differentiation maintenance and a proper response to DNA 

damage. Others have reported a link between defective BRCA1 function and a breakdown in 
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normal mammary epithelial cell differentiation, Thus, we asked whether DNA damage 

arising from the loss of BRCA1–driven DNA repair is sufficient to promote an aberrant 

differentiation state in mammary epithelial cells.

The ATPase-dependent chromatin remodeling protein, BRG1, is a BRCA1-interacting 

protein of unexplained value in a BRCA1 disease-suppressing context(Bochar et al., 2000), 

although it has been proposed as a breast and ovarian cancer suppressor(Bultman et al., 

2008; Jelinic et al., 2014; Ramos et al., 2014). BRG1 is a key component of the 

differentiation-promoting mammalian (m)SWI/SNF chromatin remodeling complex(Ho and 

Crabtree, 2010). Similar to BRCA1, one possible mechanism by which a mSWI/SNF 

complex might suppress malignancy is through the maintenance of genome integrity, given 

that the loss of BRG1 or other mSWI/SNF components generates spontaneous anaphase 

bridges(Dykhuizen et al., 2013). Hence, we explored the possibility that BRCA1 and BRG1 

cooperate to support proper mammary epithelial cell differentiation by contributing to 

efficient DNA damage repair.

Here we report that BRCA1/BRG1/FANCD2-dependent crosslink repair stabilizes the 

differentiated state of primary, immortalized, diploid human mammary epithelial (HME) 

cells. Similarly, exposure of otherwise naive HME cells to inter-strand crosslink-inducing 

agents, elicited aberrant differentiation in HME cells. In addition, BRCA1/BRG1/FANCD2-

driven crosslink repair-dependent differentiation was stabilized by the action of the p53 

family member, ΔNp63. Together, these results and abundant genomic sequencing data from 

sporadic human breast cancers imply that this mechanism can serve as a mediator of breast 

cancer suppression.

Results

BRCA1 is required for differentiation maintenance in human mammary epithelial cells

In light of prior findings(Huen et al., 2010; Liu et al., 2008; Mani et al., 2008; Proia et al., 

2011; Tetteh et al., 2015) and to test whether BRCA1 is essential for the maintenance of 

mammary epithelial cell differentiation, we assessed the differentiated state before and after 

loss of BRCA1 function (Figure 1A) in the FACS-purified CD44low (an epithelial 

phenotype) cells from a strain of wtBRCA1 hTERT-immortalized, primary human 

mammary epithelial cells. We then infected the cells with a tetracycline-inducible 

shScramble (control) or shBRCA1-encoding lentiviral vector (targeting the BRCA1 3’-

UTR). Doxycycline (Dox) exposure resulted in marked BRCA1 (p220) depletion without a 

change in proliferation (Figures 1A-1B and Figure S1A–S1D).

Then single, CD44low HME cells from the shScramble- and shBRCA1-transduced 

populations were seeded on individual plastic disks and incubated in the continuous 

presence or absence of Dox. Individual colonies were isolated and analyzed for cell-surface 

expression of CD24 (an epithelial-like marker) and CD44 (a CD44high state represents a 

mesenchymal and a CD44low state an epithelial one). Clones containing > 5% CD44high 

cells, were classified as aberrantly differentiated, since the vast majority of clones derived 

from shScramble– transduced or untreated parental cells contained less than this level of 

CD44high cells.

Wang et al. Page 3

Mol Cell. Author manuscript; available in PMC 2017 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In CD44low HME cells inducing an shScramble revealed no effect on BRCA1 expression or 

the abundance of CD44high cells (Figure 1B-1C and Supplemental table 1). However, 

following Dox- induced BRCA1 depletion, 30% of newly isolated clones contained 

significant numbers of CD44high cells (Figure 1B-1C and Supplemental table 1). The values 

associated with BRCA1 depletion represent a ~3-fold increase when compared with 

uninduced controls (P=0.002) (Figure 1C). The presence of CD44high cells in the uninduced 

control setting is likely a result of spontaneous conversion and/or leaky hairpin expression.

BRCA2 is a BRCA1- interacting protein, and some of its DNA damage repair properties are 

complemented by BRCA1 function. However, depletion of BRCA2 in tet-on inducible 

shBRCA2 CD44low HME cells did not cause aberrant differentiation (Figure 1B-1C). This 

appeared to be the result of a failure of the CD44low cells to clone and to proliferate robustly 

after BRCA2 depletion (Figure S1A–S1D).

To determine whether the shBRCA1-driven change in mammary epithelial differentiation 

was BRCA1 depletion-specific, HA-tagged shRNA-resistant BRCA1 and an empty vector 

were introduced, in parallel, into inducible CD44low HME cells before Dox exposure. 

Constitutive expression of shRNA-resistant BRCA1 was confirmed by western blotting 

(Figure 1D). This protein also formed discrete nuclear foci after exogenous DNA damage 

(Figure 1E), consistent with its ability to perform certain normal, post-damage BRCA1 

functions. Unlike the control, it prevented conversion of CD44low to CD44high HME cells 

following BRCA1 depletion (Figures 1F and Supplemental table 1). Thus, the shBRCA1-

driven, CD44 phenotype change represents an on-target, BRCA1 depletion-associated effect.

Since BRCA1 depletion had no effect on CD44low cell colony formation (Figure S1A–S1D), 

selection against this property did not contribute to the BRCA1 depletion-driven expansion 

of CD44high cells. Moreover, the fraction of CD44high cells arising from each BRCA1-

depleted clone did not strictly correlate with the efficiency of BRCA1 depletion (Figure 2A). 

This suggested the existence of a threshold BRCA1 concentration below which cells may 

exhibit an aberrant CD44high phenotype. This aside, these results indicate that sufficient 

BRCA1 is necessary for the maintenance of a normal state of HME cell differentiation.

To determine whether re-expression of BRCA1 can revert an otherwise stable BRCA1 

depletion-induced CD44high phenotype, Dox was removed; and nearly pre-depletion level 

BRCA1 expression reappeared at ~5 days (Figure 2A-2B). However, the CD44high 

phenotype remained stable in four, different clones for at least 4 weeks after Dox washout 

(Figure 2A-2C). Thus, the BRCA1 depletion associated differentiation change was not 

reversible following re-expression of the protein in formerly depleted cells.

Since changes in mammary differentiation have been associated with EMT induction in 

HME cells (Mani et al., 2008), we asked whether the change from a CD44low to CD44high 

phenotype was associated with the appearance of an EMT phenotype. Indeed, CD44high 

cells arising after BRCA1 depletion exhibited mesenchymal morphology (Figure 2D-middle 

and right vs left panel). Similarly, expression of E-cadherin, an epithelial marker, decreased 

while that of the mesenchymal markers, N-cadherin and ZEB1, increased in these cells 

(Figure 2E). In addition, mammary epithelial stem/progenitor-like cell activity, as reflected 
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by mammosphere formation(Dontu et al., 2003), was significantly higher in the emerging 

BRCA1-depleted CD44high cells when compared with their CD44low counterparts (Figure 

2F). These results are consistent with earlier findings(Liu et al., 2008; Proia et al., 2011).

Collectively, these results indicate that BRCA1 depletion in mammary epithelial cells can 

result in newly appearing CD44high cells that exhibit traits associated with a more primitive 

stem/progenitor-like state.

DNA Damage and Mammary Cell Differentiation

We then asked whether a defect in BRCA1-driven DNA damage responsiveness, a central 

BRCA1 function, accompanied the EMT observed in BRCA1-depleted CD44high HME 

cells. Importantly, BRCA1 is known to engage in the repair of both DSBs and ICLs, albeit 

by only partially overlapping mechanisms(Bunting et al., 2012; Bunting et al., 2010; Cao et 

al., 2009; Scully et al., 1997). Therefore, we challenged these cells with two, different DNA 

damaging agents: etoposide, which generates double strand breaks (DSB), and cisplatin, 

which largely generates interstrand DNA crosslinks (ICLs).

Etoposide exposure (1µM for 48 hours) significantly reduced colony formation but failed to 

promote the appearance of CD44high cells (Supplemental table 2). When CD44low cells were 

independently exposed to cisplatin at different concentrations (0.5µM for 8days, 1µM for 

8days), we detected multiple clones containing CD44high cells in both cases (Figure 3A and 

Supplemental table 2). CD44high cell-containing clones also appeared at the highest cisplatin 

dose (2 µM for 48 hours). After plating the same number of cells, the number of surviving 

clones that was detected (N=28) was comparable to those that appeared after etoposide 

exposure (1µM for 48 hours, N=35). Under these conditions, only cisplatin exposure was 

associated with increased CD44high expression in any of the surviving clones. Thus, after 

eliciting comparable cell toxicity, DNA damage induced by cisplatin but not by etoposide 

triggered the development of a mesenchymal-like CD44high phenotype in the previously 

CD44low cells.

Similar to the effects of BRCA1 depletion, when CD44high and CD44low HME cells from 

each of two, independent cisplatin-treated clones were sorted by FACS, the CD44high HME 

cells exhibited elongated mesenchymal morphology. The mesenchymal morphology was 

accompanied by a lack of cell-cell junctions while the CD44low cells formed well-defined 

islands via direct cell-cell contact and exhibited ‘cobblestone’ epithelial morphology (Figure 

3B). Unlike CD44low cells, the CD44high cells revealed lower/absent E-cadherin expression 

and relatively high N-cadherin, Vimentin, and ZEB1 abundance (Figure 3C). Moreover, the 

CD44high cells generated mammospheres more efficiently than CD44low cells derived from 

the same clones (Figure 3D).

Taken together with the previously described results, these data imply that unrepaired ICL 

damage, on its own, can trigger the development of an aberrant state of mammary epithelial 

cell differentiation.
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FANCD2 and BRG1 are essential for differentiation maintenance by promoting crosslink 
repair

FANCD2, a BRCA1- interacting protein(Garcia-Higuera et al., 2001), plays a key role in 

ICL repair (Kim and D’Andrea, 2012) , and BRCA1 deficiency is known to impair post-

damage FANCD2 nuclear focus formation(Bunting et al., 2012; Garcia-Higuera et al., 

2001). Consistent with defective ICL repair underlying conversion of mammary epithelial 

cells into mesenchymal stem-like cells, FANCD2 depletion from CD44low HME cells 

resulted in the emergence of multiple (5/45) CD44high cell–containing clones. In contrast, all 

64 shControl-infected clones remained CD44low (Figure S2A–S2D). Western blotting 

confirmed the depletion of FANCD2 in the relevant clones (Figure 3E), and these CD44high 

cells exhibited a mesenchymal morphology and EMT-like protein expression while CD44low 

cells retained their epithelial properties (Figures 3E and Figure S2D).

Importantly, these FANCD2-deficient CD44high cells also exhibited signs of spontaneous 

DNA damage in the form of anaphase bridges (Figure 3F and Figure S2E). This result is 

consistent with failure of FANCD2 to contribute to the repair of the DNA lesions that give 

rise to these structures(Naim et al., 2013). These data again imply that failed DNA repair can 

elicit a change in the differentiation state of CD44low HME cells.

Endogenous BRCA1 interacts with the endogenous SWI/SNF protein, BRG1(Bochar et al., 

2000), as was confirmed in 293T and MCF7 cells (Figure S3A–S3C), implying that 

endogenous BRCA1/BRG1 complexes also exist in human mammary epithelial cells. 

Similarly, endogenous/endogenous BRG1 and FANCD2 co-immunoprecipitate (Figure 

S3D), leading to speculation that BRG1, FANCD2, and BRCA1 co-contribute to certain 

common DNA repair functions(Dykhuizen et al., 2013).

Like BRCA1 or FANCD2 depletion, BRG1 depletion also elicited an aberrant differentiation 

effect in CD44low HME cells (Figure 4A, and Figure S4A–S4B). BRG1-depleted CD44high 

cells exhibited EMT properties (Figure 4B and Figure S4C) and formed mammospheres 

more efficiently than controls (Figure 4C). Similar to BRG1 depletion, expression of a 

dominant negative ATPase-defective BRG1 mutant cDNA [K785R(Sif et al., 2001)] in 

CD44low HME cells led to a CD44high phenotype in numerous cells (Figure S4E) while WT 

BRG1 expression had no effect. Exposure of a BRG1 inhibitor (Vangamudi et al., 2015), 

PFI-3 (50µM), also led to an accumulation of CD44high cells compared with untreated 

controls (Figure 4D and Figure S4F–S4G). Thus, BRG1, like BRCA1 and FANCD2, 

participates in maintaining a stably differentiated HME cell state

Protein C receptor (PROCR)-expressing mammary epithelial cells represent multipotent 

mammary stem cells in mice (Wang et al., 2015) and in humans(Shipitsin et al., 2007). We 

detected the overexpression of PROCR (Figure S5A) in BRCA1 or BRG1- depleted 

CD44high cells by comparison with CD44low cells. This suggests aberrant CD44high HME 

cells after BRG1 or BRCA1 depletion may reflect a more primitive stem-/progenitor-like 

state. These results are analogous to Drosophila neuroblast dedifferentiation following the 

loss of mSWI/SNF complex function(Eroglu et al., 2014; Koe et al., 2014).
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Consistent with the fact that both BRCA1 and BRG1 facilitate DNA decatenation 

(Dykhuizen et al., 2013; Lou et al., 2005), the BRCA1- or BRG1-depleted CD44high HME 

cells exhibited greater spontaneous anaphase bridge development, a manifestation of 

spontaneous DNA damage, than control CD44low cells (Figure 4E-4F). Thus, attenuating 

BRCA1 or BRG1 or FANCD2 function in CD44low HME cells led to aberrant 

differentiation and a parallel defect in resolving sister chromatids, an effect that can generate 

chromosome instability (Chan et al., 2009). Importantly, these results again imply that the 

control of genome integrity is linked to the maintenance of mammary epithelial cell 

differentiation.

BRCA1/BRG1/FancD2 depletion effects in other MEC lines

To assess the generality of BRCA1/BRG1 regulation of mammary epithelial cell 

differentiation, we found that loss of BRCA1 or BRG1, or both together, resulted in 

increased mammosphere-forming ability (Figure 5A) in another BRCA1+/+ HME line 

(CP29-HME) (Pathania et al., 2014). In addition, each of these perturbations as well as 

FancD2 depletion enhanced mitomycin C (MMC-another ICL generator) sensitivity in 

CP29-HME (Figure S5B–S5C). Exposure of naive CP29-HME to cisplatin (0.25µM) also 

led to enhanced mammosphere formation (Figure 5B). We further observed that depletion of 

BRCA1, BRG1, or both proteins together, triggered a loss of chromatin- bound FANCD2 in 

CP29-HME cells (Figure 5C). These data may well represent another indication of a close 

functional relationship among these proteins.

In yet a third HME line (CP37-HME(Pathania et al., 2014)), we again observed that BRG1 

depletion promoted aberrant differentiation (Figure 5D-5F). After BRG1 depletion, 39% of 

these cells acquired a CD24medium mesenchymal phenotype (Figure 5D) while 98% of 

shcontrol-treated cells remained CD24high. Despite the lack of a CD44 change, the cells, 

nonetheless, revealed traits consistent with a change in differentiation state (Figure 5E-5F). 

Of note, others have observed a relationship between reduced CD24 expression and EMT in 

mammary epithelial cells (Al-Hajj et al., 2003; Mani et al., 2008).

In keeping with the aforementioned results pointing to BRG1/BRCA1/FANCD2 functional 

interactivity (Figure 5C), BRG1 depletion in CP37-HME cells also impaired the formation 

of FANCD2-containing nuclear foci after mitomycin C treatment (Figure 5G). Finally, in a 

related manifestation, CP37 HME cells revealed a major increase in comet formation after 

BRG1 depletion (Figure 5H), supporting a proposed role for BRG1 in the repair of 

spontaneously arising chromatid breaks.

Fanconi Anemia and mSWI/SNF genes are frequently mutated in breast cancer

Since BRCA1 is an established Fanconi Anemia (FA) gene (FANCS) (Sawyer et al., 2015), 

and BRCA1, FANCD2, and BRG1 all support ICL repair and a stable mammary epithelial 

differentiation state, we asked whether a breakdown of the FA or mSWI/SNF machinery 

leads to development of somatic breast cancer by analyzing the breast cancer genomic 

sequences in the 974 patient, TCGA Breast Cancer (BrCa) database (Cancer Genome Atlas, 

2012; Cerami et al., 2012; Gao et al., 2013).
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Collectively, the breast cancer genomes of 28% (264/974) of the TCGA patients contain 

mutations in 17 BRCA1/FA and 17 mSWI/SNF complex genes (Figure S6A). Moreover, 

each of the 264 cancers contained at least one BRCA/FA and/or one SWI/SNF mutation. 

This is consistent with the knowledge that FA and mSWI/SNF genes can serve as breast 

cancer suppressors (D’Andrea, 2010; Houghtaling et al., 2005; Kadoch et al., 2013).

In addition, this 264 breast tumor subset contains all of the FA and SWI/SNF mutations in 

the N= 974 breast cancer collection. All of these FA and SWI/SNF mutations are somatic, 

and these 264 tumors include abundant luminal and triple negative cancers (Cancer Genome 

Atlas, 2012). Given the role of FA gene products and a key SWI/SNF complex component in 

sustaining normal mammary epithelial differentiation, these FA- and/or SWI/SNF- mutant 

tumors represent a large and novel BrCa subset, defined with respect to defective DNA 

repair-centered processes that may have contributed to their development as cancers.

We also found that FANCD2 was preferentially mutated in the sporadic hormone- negative 

breast cancers while FANCA was mutated in the sporadic hormone- positive breast cancers 

among this 264 case subset (Figure S6B). Similarly ARID1A was more frequently mutated 

in hormone- positive breast cancers while ARID1B is more frequently mutated in hormone 

negative tumors (data not shown). Perhaps, certain defective differentiation control functions 

dominated in these cancers depending upon the nature of their defective FA or mSWI/SNF 

subunit function.

In addition, mSWI/SNF mutations were identified in approximately half of the patient tumor 

DNAs that contained BRCA1 mutations (N=15, 15/32, 47%). However, many more that 

contained mSWI/SNF mutations lacked BRCA1 mutations (N=135, 135/942, 14%; 

P<0.0001; Fig S6C). Our results also indicate that BRCA1 and BRG1 cooperate in both in 

mammary epithelial differentiation maintenance (mammosphere suppression) and 

participate in ICL damage repair (Figure 5A-5B). Therefore, since BRCA1/FA and 

mSWI/SNF mutations were co-identified in multiple, albeit a minority of breast cancers, one 

might also hypothesize that BRCA1/FA and mSWI/SNF functions cooperate to suppress 

breast cancer development.

ΔNp63 links DNA damage responsiveness and differentiation control in mammary 
epithelial cells

p63, a multifunctional p53 family member, can suppress the development of mammary 

epithelial EMT, likely by inhibiting TGFβ function(Adorno et al., 2009; Lindsay et al., 

2011) . And BRCA1 (Buckley et al., 2011) and FANCD2(Park et al., 2013) positively 

regulate p63 transcription.

HME cells contain ΔNp63 and not TAP63 p63 isoforms (Figure 6A) (Lindsay et al., 2011). 

In BRCA1-, BRG1-, or FANCD2- depleted CD44high HME cells, ΔNp63 mRNA and 

protein expression were diminished when compared with their expression in naive CD44low 

HME (Figure 6B-6E). Similarly, BRCA1 depletion reduced ΔNp63 expression in HME cells 

which remained CD44low during the assay (Figure S5D). Depleting another FA protein, 

PALB2, also reduced ΔNp63 expression in CD44low cells (Figure S5E). Consistent with the 

results of others(Fomenkov et al., 2004), there was a concomitant reduction in expression of 
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the two ΔNp63 isoforms, α and β after 24 hour exposure of CD44low HME cells to cisplatin 

(Figure 6F). These findings suggest that ICLs trigger the suppression of ΔNp63 expression 

(Fomenkov et al., 2004).

To determine if ΔNP63 depletion affects HME cell differentiation, we sought and detected 

evidence of a conversion of CD44low to CD44high HME cells after siRNA-mediated ΔNp63 

depletion (Figure 6G-6I). This abnormal differentiation-associated phenotype was prevented 

by co-expression of HA-tagged, siP63-resistant ΔNp63α or ΔNp63β but not by relevant 

controls (Figure 6G-6I). Thus, ΔNp63 expression suppressed the aberrant differentiation of 

HME cells.

siRNA-mediated ΔNp63 depletion also led to increased expression of the mesenchymal 

marker and EMT driver, ZEB1, in HME cells, which was suppressed by siP63-resistant HA-

ΔNp63α or HA-ΔNp63β expression (Figure 6I). Thus, maintenance of ΔNP63 expression 

sufficed to prevent EMT development in these cells (Adorno et al., 2009).

We also attempted to reconstitute BRCA1 -depleted CD44high cells in two ways. First, 

allowing the BRCA1 concentration in HME cells to rise to nearly what it was before Dox-

triggered depletion failed to alter EMT protein expression signature or their ΔNp63-depleted 

state (Figure 2B). By contrast, in cells that had become ΔNp63α/β co-depleted after Dox 

induced BRCA1 depletion, subsequent ectopic ΔNp63β re-expression led to the 

development of a mesenchymal to epithelial transition (MET) phenotype (Figure 7A-7E) 

and to conversion of significant numbers of CD44high to CD44low cells (Figure 7A-right 

FACS panel). Indeed, the fraction of ΔNp63β -generated CD44low cells increased from 3% 

after 2 weeks to 20% after 6 weeks. After FACS purification, these CD44low cells revealed 

an epithelial phenotype, while their residual CD44high counterparts retained mesenchymal 

morphology (Figure 7B-7E). ΔNp63β re-expression also led to reduced N-cadherin and 

Zeb1 and increased E-cadherin expression (Figure 7E).

While reconstitution with ΔNp63α failed to promote a marked CD44high to CD44low HME 

cell change or dramatic EMT reversal (Figure 7A), it did lead to a major reduction in N-

cadherin and ZEB1 expression (Figure 7E). The basis for the differing effects of the two 

isoforms is unknown.

Thus, after BRCA1 depletion and the development of an aberrantly differentiated/ EMT 

phenotype, reversal of these characteristics was not achievable by eliminating the initial 

insult, i.e. BRCA1 depletion. It did, however, occur after re-expression of a downstream 

effector protein, ΔNp63β. The latter strongly implies that the aberrant differentiation of 

these cells arising after DNA damage is a product of the dedifferentiation of more 

differentiated derivative cells.

Notably, while ΔNp63β reconstitution led to the appearance of a sizeable subpopulation of 

CD44low, MET-appearing cells, it failed to reduce the abundance of their anaphase bridges 

(Figure 7F). Thus, the dedifferentiated phenotype can be eliminated while the offending 

damage remains.
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Our data suggest a model in which BRCA1, BRG1, and FANCD2 together contribute to the 

maintenance of HME cell differentiation by sustaining ΔNp63 expression in the face of 

ongoing DNA damage (Figure 7G).

Effects on HME cells of simple aldehyde exposure

Simple, naturally occurring aldehydes have been shown by others to elicit DNA crosslink 

damage that requires FA pathway function to repair. In FA-deficient mice lacking a suitable 

aldehyde dehydrogenase species, they also promoted leukemogenesis(Langevin et al., 2011; 

Pontel et al., 2015).

In an effort to assess their potential to perturb mammary differentiation control, we exposed 

HME cells to acetaldehyde and, independently, to formaldehyde(Langevin et al., 2011; 

Pontel et al., 2015). Both promoted mammosphere formation, a manifestation of early 

progenitor/stem cell activity (Figure S7A and S7B). Interestingly, formaldehyde exposure 

also induced a change to a more mesenchymal morphology (Figure S7C) and suppressed E-

cadherin and increased Vimentin expression in CD44low cells after 24 hours exposure, 

suggesting a role in promoting EMT (Figure S7D). Taken together, these data strongly 

suggest that certain simple aldehydes in sufficient concentration can promote aberrant 

differentiation of HME cells.

Similar to cisplatin exposure, we also found that exposure to acetaldehyde or formaldehyde 

suppressed ΔNp63 expression in CD44low cells (Figure S7E–S7F). Furthermore, 0.2mM 

formaldehyde led to incomplete and 1uM disulfiram, an ALDH inhibitor, led to no ΔNp63 

depletion. However, when combined, these two perturbations led to greater depletion than 

was detected after formaldehyde exposure, alone (Figure S7G).

These results are consistent with sufficient formaldehyde or acetaldehyde exposure 

triggering a key step on the road to MEC dedifferentiation, at least in part, by suppressing 

ΔNp63 expression. The ΔNp63 depletion effect was further enhanced by what is presumed 

to be greater accumulation of formaldehyde that had been inefficiently metabolized because 

a key metabolizing enzyme(s) was inhibited by Disulfiram (Figure S7G).

Discussion

We have demonstrated a convergence of two, important, tumor suppressing processes in 

mammary epithelial cells, genome stability control and differentiation maintenance. Both are 

governed by BRCA1/FANCS, by its known partner proteins, BRG1 and FANCD2, and 

likely by other FA and mSWI/SNF gene products, as well. Using derivative clonal analysis 

as a lineage-tracing tool, we have confirmed that BRCA1 is necessary for differentiation 

maintenance in human mammary epithelial cells.

Loss of BRCA1, FANCD2, or BRG1 expression triggered differentiation-related CD44 or 

CD24 cell surface expression changes in ostensibly normal mammary epithelial cells. Where 

tested, such changes were accompanied by increased PROCR expression, acquisition of 

EMT morphology and an associated protein expression profile, enhanced mammosphere 

formation, and clear evidence of spontaneously arising chromosomal instability (e.g. 
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anaphase bridge formation and comets). Importantly, exposure to an interstrand crosslinking 

agent, alone, elicited most of these outcomes. These results and the human breast cancer 

genomic evidence, discussed above, suggest the existence of a BRCA1/FA-mSWI/SNF-

ΔNp63- driven DNA repair- dependent epithelial differentiation control system operating as 

a major component of breast cancer suppression.

We also observed that BRCA1, FANCD2, or BRG1 deficiency elicited an aberrant 

differentiation change from an epithelial to a more primitive, stem/progenitor-like 

phenotype. An analogous EMT-associated phenotype has been observed in BRCA1-

defective mouse models(Ye et al., 2015). Moreover, others have shown that primary 

mammary epithelial cells from BRCA1 mutation carriers contain abnormally high numbers 

of CD44high or p27+ progenitor-like cells by comparison with their non-isogenic, wt 

counterparts(Choudhury et al., 2013).

Importantly, cisplatin, simple aldehydes, BRG1, FancD2, or BRCA1 depletion, alone, led to 

reduced ΔNp63 expression and spontaneously arising DNA damage in CD44low HME cells. 

Each of these conditions also led to an aberrant differentiation state. The aberrant 

differentiation phenotype following BRCA1 depletion was reversed, albeit incompletely, by 

ectopic expression of ΔNp63β. While it promoted the re-differentiation of BRCA1-deficient 

CD44high/ EMT positive cells to CD44low /MET derivatives, it failed to reduce anaphase 

bridges in these cells. Thus, not surprisingly, the DNA damage remained despite the re-

differentiation effect.

These findings show that the results of BRCA1 depletion in CD44low HME cells are not a 

product of overgrowth by a pre-existing, ΔNp63-negative CD44high cell population. They 

also argue strongly that the development of an aberrant mammary epithelial phenotype in 

such a setting represents a form of dedifferentiation to a more stem/progenitor-like state.

This putative disease-generating effect is compatible with genomic data obtained from a 

sizeable subset of a large breast cancer group. This subset was targeted by a combination of 

somatic BRCA1/FA and mSWI/SNF mutations that, we propose, reflect a new, disease-

contributing pathophysiological process. In one scenario, defective ICL repair or a related 

repair mechanism(s) may lead to: 1) the development of replication stress (Pathania et al., 

2014; Pathania et al., 2011), an established characteristic of BRCA1 +/− mammary epithelial 

cells and of numerous epithelial cancers(Gorgoulis et al., 2005), and/or 2) transcription-

associated damage (Aguilera and Garcia-Muse, 2012; Hatchi et al., 2015; Hill et al., 2014; 

Schwab et al., 2015) that may also underlie at least part of this disease-producing process.

Stimulated by the work of Patel and co-workers, we tested two, small aldehydes 

(formaldehyde and acetaldehyde) and observed that they, too, elicited a dedifferentiating 

effect in mammary epithelial progenitor cells (Langevin et al., 2011; Pontel et al., 2015). An 

aldehyde oxidase inhibitor significantly exacerbated the effect of a limiting concentration of 

formaldehyde, suggesting that aldehyde-driven DNA damage leads to defective FANC-

mSWI/SNF-ΔNp63 differentiation control, which may contribute to the widely reported 

breast cancer risk-elevating effect of ethanol ingestion (Jayasekara et al., 2015). A test of 

this notion will be needed in the future.
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Finally, these results reinforce the argument that genome caretaking sustains not only 

chromosomal integrity but also normal cellular differentiation, organ development, and 

tumor suppression (Eroglu et al., 2014; Park et al., 2013; Santos et al., 2014; Wang et al., 

2012).

Experimental Procedures

Cell culture

All human mammary epithelial (HME) cells were immortalized with hTERT and maintained 

in MEGM medium as reported previously (Pathania et al., 2014). 293T and MCF7 cells 

were cultivated in DMEM containing 10% FBS. All cells were cultivated at 37 °C in a 10% 

CO2-containing atmosphere.

FACS and Single clone generation

HME cells were stained with CD24-FITC and CD44-PE antibodies and sorted in a BD 

FACSAria II instrument.

Single mammary epithelial cell clone were generated by plating ~500 single CD44low in a 

10cm plate. After 8–10 days, individual clones were retrieved, and each was expanded in a 

single well of a 24 well plate for flow cytometry analysis.

Western blotting and antibodies

Cells were lysed for 2 hours on ice in NETN-250 lysis buffer. To separate the soluble and 

chromatin fractions, cells were lysed for 30 minutes on ice in NETN-250 lysis buffer. 

Soluble and chromatin fractions were separated by centrifugation at 13,200g at 4°C.

Immunoprecipitation was performed by incubation of NTEN 250-based soluble extract with 

anti-BRCA1 or anti-BRG1 antibodies and protein A-coupled Sepharose beads (GE). The 

beads were washed in NTEN100 buffer and boiled for 5 min at 95°C in Laemmli buffer and 

centrifuged. The supernatants were subjected to western analysis.

The antibodies were listed in the supplemental information.

Clonogenic and cell growth assays

To measure cell growth, ~ 300 cells/well were seeded in 6-well plastic plates and treated 

with drugs and cultivated for 10 days. Cells were fixed and visualized with crystal violet.

To measure colony-forming efficiency before vs after BRCA1/BRCA2 depletion, one or two 

cells from that line were seeded in each well of a 96-well plate with or without doxycycline. 

After 8 days, cells were fixed and stained with crystal violet to visualize individual clones.

Cell cycle was analyzed with a FITC Mouse Anti-BrdU kit according to the manufacturer’s 

protocol.
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ShRNAs and SiRNA

The shRNA and siRNA sequences were listed in the supplemental information. The 

packaging of lentivirus was described as before as described (Sheng et al., 2010).

Anaphase bridges

Proliferating cells were plated at ~ 60% confluence, fixed with 4% paraformaldehyde for 15 

minutes, and stained with 4’,6-diamidino-2-phenylindole (DAPI; Vector Labs). A total of at 

least 100 anaphase or early telophase cells were scored in each experiment.

Comet Assay

Alkaline comet assay were performed on CP37-HME cells before and after BRG1 depleting 

using the Single-Cell Gel Electrophoresis Assay kit (Trevigen) according to the 

manufacturer’s instructions. About 400 cells were accounted in each experiment.

Quantitative RT-PCR

RNA from relevant cell lines was extracted using an RNeasy Plus Mini Kit (Qiagen). cDNA 

was prepared using a SuperScript III kit (Invitrogen). cDNA was analyzed by qRT-PCR with 

iQ SYBR green supermix (Bio-Rad), and the results were analyzed using the delta-delta 

threshold cycle method. Primer sequences are listed in supplemental information.

Vectors and Cloning

ShRNA-resistant HA-BRCA1 was described earlier(Pathania et al., 2011). Flag-tagged 

BRG1 WT- and K785R- encoding plasmids were gifts of Dr. Robert Kingston 

(Massachusetts General Hospital). Full-length ΔNP63β and ΔNP63β cDNAs were amplified 

with specific primers (listed in supplemental item 4) and cloned into a POZ-FH-N retro-

vector as previously described(Nakatani and Ogryzko, 2003).

TCGA Mutational analysis of Fanconi Anemia(FA) genes and mSWI/SNF genes

TCGA-collected mutations in BRCA1/ Fanconi Anemia (FA) and 17 core mSWI/SNF genes 

were identified at the cbioport website using TCGA 2015 Cell(Cerami et al., 2012; Gao et 

al., 2013) data (974 tumors with sequencing and CNA data). The analysis results can be 

retrieved using the link (http://bit.ly/1MpaUnB). Concurrent relationships between 

mutations in BRCA1/FA, and mSWI/SNF genes were assessed using two-sided Fisher’s 

exact tests.

Statistic Analysis

Otherwise stated, all statistic analysis was performed by a two-sided student’s t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• BRCA1 is necessary for the maintenance of mammary epithelial cell 

differentiation

• Interstrand crosslink repair stabilizes mammary epithelial cell 

differentiation

• FA and mSWI/SNF genes are frequent mutated in sporadic breast 

cancers

• ΔNP63 links DNA repair and differentiation maintenance in HME cells

Wang et al. Page 18

Mol Cell. Author manuscript; available in PMC 2017 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. BRCA1 contributes to the maintenance of differentiation in CD44low human 
mammary epithelial (HME) cells (Also see Figure S1)
1A) Experimental scheme to search for a differentiation marker expression change in 

CD44low HME cell clones after BRCA1 depletion.

1B) Immunoblotting for BRCA1 or BRCA2 in CD44low HME cells infected with the 

indicated tet-on shRNA vectors before and after doxycycline exposure.

1C) Summary of the analysis of aberrantly differentiated CD44high clones (that contain ≥5% 

CD44high cells) emerging after BRCA1 or BRCA2 depletion in CD44low HME cells. The 

data represented are mean values ±S.D. **P<0.01 and NS: Not significant.
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1D) Immunoblotting for shRNA-resistant HA-BRCA1 in CD44low HME cells before and 

after endogenous BRCA1 depletion. A nonspecific band serves as the loading control.

1E) Formation of nuclear foci by shRNA-resistant HA-BRCA1 in CD44low cells after 

depleting endogenous BRCA1. Cells were treated with cisplatin (1µM, 24hours). Scale bar: 

10µm. 1F) Prevention of the emergence of aberrantly differentiated clones by shRNA-

resistant BRCA1 in CD44low HME cells following shBRCA1 expression. The data 

represented are mean values ±S.D. **P<0.01.
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Figure 2. Aberrant differentiation of HME cells following BRCA1 depletion
2A) (Top panel) Immunoblotting for BRCA1 after Doxycycline-induced BRCA1 depletion 

(DOX +) and after BRCA1 re-accumulation (R) for 4 weeks after Dox removal. (Lower 

panel)The abundance of CD44high cells was measured before and 4 weeks after doxycycline 

removal in four, independent, BRCA1- depleted clones. The data represented are mean 

values ±S.D. NS: Not significant.

2B) Immunoblotting for BRCA1 and EMT markers in CD44high HME cells (clone9) after 

BRCA1 depletion or reexpression.
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2C) Representative CD24 and CD44 FACS profiles of clone 9 derived after BRCA1 

depletion (clone 9 Dox+) and 4 weeks after subsequent Doxcycline removal.

2D) Respective phase-contrast images of CD44low parental and of CD44high cells (clones 2 

and 9) isolated after Dox-induced BRCA1 depletion in CD44low cells. The inserts depict the 

results of anti-E-cadherin (red) and DAPI (blue) staining. Scale bar: 50 µm

2E) Immunoblotting for EMT marker proteins in two, independent, aberrantly differentiated 

CD44high clones (clones 2 and 9) that appeared after BRCA1 depletion in CD44low cells. 

2F) Mammosphere assays were performed on a clone (clone9) containing uniformly 

CD44high HME cells derived after BRCA1 depletion of CD44low cells or on shluc CD44low 

control cells. The data are represented as mean values ±S.D. ****P<0.0001.
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Figure 3. DNA Crosslink damage affects the differentiation of CD44low HME cells (Also see 
Figures S2)
3A) Summary of the effect of Cisplatin exposure upon the state of HME cell differentiation 

as reflected by the abundance of clones containing CD44high cells (≥5%). The data are 

represented as mean values ±S.D. *P<0.05, **P<0.01 and ***P<0.001.

3B) Phase-contrast images of FACS-purified CD44high and CD44low cells derived from an 

HME clone (Clone 4) following cisplatin-treatment. Scale Bar: 100µm

3C) Immunoblotting for EMT markers in FACS-purified CD44low and CD44high cells 

(clones 4 and 51) following cisplatin treatment of CD44low (control) cells.
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3D) Mammosphere assays performed on cisplatin-treated, FACS-purified CD44high cells 

compared with their CD44low counterparts in two independent clones. The data represented 

are mean values ±S.D. **P<0.01 and ****P<0.0001.

3E) Immunoblotting for FANCD2 and EMT markers in CD44high cells from three, 

independent, FANCD2-depleted clones.

3F) Statistical analysis of anaphase bridge-positive cells in two, independent FANCD2-

depleted clones (clone43 and clone44). The data represented are mean values ±S.D. 

**P<0.01 and ***P<0.001
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Figure 4. BRG1 suppresses DNA damage-associated aberrant differentiation (Also see Figures 
S3 and S4)
4A) Summary of the effect of BRG1 depletion on the differentiation state of CD44low HME 

cells. ****P<0.0001.

4B) Immunoblotting for EMT markers from four, independent CD44high clones following 

BRG1 -depletion.

4C) Mammosphere assays were performed on CD44high HME cells that appeared after 

BRG1 depletion and on Shluc CD44low control cells. The data represented are mean±S.D. 

****P<0.0001.

4D) Summary of the BRG1 inhibitor, PFI-3 (50 µM), exposure on the differentiation state in 

CD44low HME cells. . The data represented are mean values ±S.D. **P<0.01. **P<0.01. 4E) 

Representative images of normal anaphase chromosomes and anaphase bridges in untreated 

and cisplatin-treated (1µM, 24hr) CD44low cells, respectively. Other panels depict drug-free 
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CD44high cells following long term, hairpin-mediated BRCA1 (clone 9) or BRG1 (Clone 

13) depletion. Scale Bar: 10 µM.

4F) Analysis of anaphase bridge-positive cells in drug-free CD44low, shBRCA1 clone 9, and 

shBRG1 clone 13 CD44high cells and after exposure of these cells to cisplatin (1 µM, 24 

hours). The data represented are mean±S.D.
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Figure 5. BRCA1 and BRG1 cooperate in crosslink repair and differentiation maintenance. (Also 
see Figures S5 and S6)
5A) Effect of BRCA1, BRG1, and BRCA1+BRG1 co-depletion on mammosphere-forming 

efficiency in CP29-HME cells. The mammosphere number was corrected for clonogenic 

survival efficiency on plastic to measure the relative mammosphere formation efficiency. 

The data represented are mean±S.D. **** P<0.0001.

5B) A mammosphere assay was performed on wt CP29-HME cells before and after cisplatin 

treatment. The data represented are mean±S.D. *** P<0.001
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5C) Immunoblotting for chromatin-associated and soluble FANCD2 and E-cadherin 

following hairpin depletion of BRCA1, BRG1, or both in primary, telomerase-immortalized 

BRCA1+/+: p53 +/+ CP29-HME cells.

5D) CD24 and CD44 expression profiles following BRG1 depletion in CP37-HME cells.

5E) Immunoblotting for BRG1 and for EMT markers following BRG1 depletion in CP37- 

HME cells. FACS- purified CD24high and CD24medium cells were analyzed here.

5F) A mammospshere assay of CP37-HME cells following BRG1 depletion. The data 

represented are mean±S.D. *** P<0.001

5G) Quantification of FANCD2-containing DNA damage foci in CP37-HME cells after 

mitomycin C exposure. The data are represented as mean values ±S.D. *** P<0.001.

5H) Percent of cells with comet tails in BRG1-depleted CP37-HME cells compared to 

shcontrol cells. The data represented are mean values±S.D.
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Figure 6. ΔNp63 depletion is associated with aberrant HME cell differentiation (Also see Figure 
S7)
6A) ΔNp63 is the primary p63 isoform in CD44low HME cells. The data represented are 

mean values±S.D. *** P<0.001

6B) ΔNP63α and ΔNP63β mRNA expression were significantly reduced in aberrantly 

differentiated CD44high cells after BRCA1 or BRG1 depletion or after Cisplatin treatment. 

The data represented are mean values±S.D. ***P<0.001.

6C-6E) Immunoblotting for ΔNp63 in CD44high cells after BRCA1/BRG1/FANCD2 

depletion.
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6F) Cisplatin suppresses endogenous ΔNP63 expression in CD44low HME cells.

6G-6I) ΔNP63 is necessary and sufficient to suppress the aberrant differentiation of CD44low 

cells. After siP63 transfection, the percentage of CD44high cells was measured, and 

expression of the EMT marker, Zeb1, and of the two HA-tagged ΔNP63 vectors was 

analyzed. ****P<0.0001.
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Figure 7. ΔNP63β expression promotes differentiation of BRCA1-deficient CD44high HME cells
7A) Representative CD24 and CD44 profiles after ΔNP63 α vs β reconstitution of a 

BRCA1-depleted clone (clone9) composed, almost uniformly, of CD44high cells when the 

experiment was initiated.

7B) Phase-contrast images of CD44high cells after empty vector or HA-ΔNP63α 
transduction of CD44high cells (clone9) and phase contrast images of CD44high and CD44low 

cells isolated by FACS after HA-ΔNP63β transduction of CD44high cells (clone9). Scale bar: 

100µm.
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7C) CD44low cells arising after HA-ΔNP63β reconstitution were positive for E-Cadherin 

while CD44high cells remained E-cadherin negative. Scale bar: 50µm.

7D) Percentage of CD44low cells after ΔNP63β, ΔNP63α,β or empty vector reconstitution 

of CD44high cells (clone9).

7E) Immuoblotting for EMT markers after ΔNP63β or ΔNP63αβ or empty vector 

reconstitution in CD44high cells (clone9).

7F) Percentage of anaphase bridge-positive cells in ΔNp63β- reconstituted CD44high and 

CD44low BRCA-depleted clone 9 cells. The data represented are mean values±S.D..

7G) A model of the mechanism underlying BRCA1/BRG1/FANCD2 dependent 

differentiation maintenance in HME cells in response to DNA damage. The short red bars 

represent interstrand DNA cross links.
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