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RB1 deficiency in triple-negative breast cancer induces
mitochondrial protein translation
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for RB1-deficient TNBC.

Introduction

Breast cancer (BC) is a leading cause of cancer-related deaths in
women worldwide. It can be classified into at least 5 molecular
subtypes: luminal A, luminal B, human EGFR 2-overexpressing
(HER2-overexpressing), basal-like, and claudin-low (1-4). Most
basal-like and claudin-low tumors are categorized as triple-neg-
ative BCs (TNBCs), as they lack expression of hormone recep-
tors (estrogen receptor [ER], progesterone receptor [PR]) and
HER?2 and consequently resist the targeted therapies available for
patients with ERa* and HER2* BC. Although TNBCs respond to
standard chemotherapy, less toxic treatments with more specific-
ity are urgently needed.

The TP53 and RB1 tumor suppressors are frequently altered
in BC, particularly in TNBCs (3, 4). Indeed, we previously showed
that deletion of murine Rb in mammary epithelium via mouse
mammary tumor virus long terminal repeat promoter-driven
Cre (MMTV-Cre) induced luminal B and TNBC-like tumors, with
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Triple-negative breast cancer (TNBC) includes basal-like and claudin-low subtypes for which no specific treatment is currently
available. Although the retinoblastoma tumor-suppressor gene (RB1) is frequently lost together with TP53 in TNBC, it is not
directly targetable. There is thus great interest in identifying vulnerabilities downstream of RB1 that can be therapeutically
exploited. Here, we determined that combined inactivation of murine Rb and p53 in diverse mammary epithelial cells induced
claudin-low-like TNBC with Met, Birc2/3-Mmp13-Yap1, and Pvt1-Myc amplifications. Gene set enrichment analysis revealed
that Rb/p53-deficient tumors showed elevated expression of the mitochondrial protein translation (MPT) gene pathway
relative to tumors harboring p53 deletion alone. Accordingly, bioinformatic, functional, and biochemical analyses showed that
RB1-E2F complexes bind to MPT gene promoters to regulate transcription and control MPT. Additionally, a screen of US Food
and Drug Administration-approved (FDA-approved) drugs identified the MPT antagonist tigecycline (TIG) as a potent inhibitor
of Rb/p53-deficient tumor cell proliferation. TIG preferentially suppressed RB1-deficient TNBC cell proliferation, targeted
both the bulk and cancer stem cell fraction, and strongly attenuated xenograft growth. It also cooperated with sulfasalazine,
an FDA-approved inhibitor of cystine xCT antiporter, in culture and xenograft assays. Our results suggest that RB1 deficiency
promotes cancer cell proliferation in part by enhancing mitochondrial function and identify TIG as a clinically approved drug

the latter containing dominant-negative p53 mutations, demon-
strating a causal effect of Rb in BC (5). Furthermore, orthotopic
transplantation of primary mammary epithelial cells (MECs) from
several independent MMTV-Cre Rb"? p53/%/# mice accelerated the
formation of spindle-cell/mesenchymal-like tumors.

pRb functions primarily as a transcriptional cofactor; it binds
the transactivation domains of activating E2Fs, E2F1/2/3a and
recruits chromatin-modifying factors such as histone deacetylases
and methylases to silence gene expression. pRb binds a myriad of
other cellular proteins (6, 7), but it exerts its effects on cell prolif-
eration and survival primarily through the regulation of activating
E2Fs (8-10). Indeed, major targets of pRb-E2F are genes involved in
cell-cycle progression and apoptosis (10-14). While deregulation of
cell proliferation due to pRb loss promotes cancer, the sensitization
of Rb-deficient cells to apoptosis precludes aberrant growth under
nonpermissive conditions such as limited growth signals. There-
fore, in most types of cancer, pRb inactivation is accompanied by
the induction of prosurvival pathways such as p53 inactivation.

RBI loss is not directly druggable (15, 16). However, it is con-
ceivable that pathways downstream of this tumor suppressor are
actionable. For example, many oncogenic events promote rapid
cell proliferation by redirecting glucose and glutamine into ana-
bolic pathways (17-20). In Drosophila, the pRb homolog Rbf has
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been implicated in regulating nucleotide synthesis and glutathi-
one (GSH) metabolism, though this effect was not consistently
seen in RB1-negative mammalian cancer cells (21). Deletion of all
3 members of the Rb gene family (Rb, pI107, and p130) in mouse
embryonic fibroblasts (MEFs) induces GSH metabolism (22),
whereas deletion of Rb alone in primary cells alters cell metab-
olism, mitochondrial function, and mitophagy (23-26). Inter-
estingly, following the initial submission of this manuscript, it
was reported that RBI loss suppresses oxidative phosphorylation
(OXPHOS) in noncancerous cells (27). The effect of RBI loss on
metabolism in cancer cells and whether this effect is amenable to
therapeutic intervention are largely unknown.

To address this issue, we generated and compared histolog-
ically similar Rb/p53- and p53-deficient mammary tumors for
vulnerabilities that can be exploited for therapy. We have found
that, relative to p53-deficient tumors, combined loss of Rb and p53
induced tumors with elevated mitochondrial protein translation
(MPT) pathway and sensitivity to tigecycline (TIG), an MPT inhib-
itor. TIG monotherapy efficiently suppressed growth of human
RB1/TP53-deficient TNBC cells in culture as well as in xenograft
assays. Collectively, our results indicate that RBI loss reprograms
cancer metabolism not toward anabolic pathways but toward
enhanced mitochondrial function. This effect is mediated through
direct transcriptional activation of MPT genes by activating E2Fs,
suggests that combined loss of RBI and TP53 may cooperate in
cancer cells to promote aggressive cancer metabolism, and points
to TIG as a potential new therapeutic for RB1-deficient TNBC.

Results
Frequent loss of both RB1 and TP53 in basal-like BC. Genomic and
proteomic analyses indicate that RB1 is lost in approximately 20%
to 30% of basal-like BCs, while TP53 is disrupted in 50% to 80%
of basal-like BCs (3, 4). To estimate the frequency of tumors with
alterations in both RBI and TP53, we manually identified these
tumors using cBioPortal (http://cbioportal.org) and The Cancer
Genome Atlas (TCGA) data sets (Figure 1A). Concurrent RBI
and TP53 alterations were found in nearly 40% of basal-like BC,
which was a significantly higher percentage than that detected in
other subtypes (P = 0.00151; Figure 1B). The overlap coefficient
for combined RBI and TP53 alterations in basal-like BC was high
(0.94) but not significant due to very high TP53 mutation rates in
this subtype (88%). When all BC subtypes were compared, the
overlap coefficient was high and significant (0.78, P = 4.34 x 10~),
indicating preferential concomitant loss of RBI and TP53 in BC.

We also estimated the frequency of combined loss of these
tumor suppressors using a TP53 pathway activity signature (Sig)
developed by Gatza et al. (28, 29) and an RBI loss Sig from Hersc-
hkowitz et al. (30). The advantage of using these Sigs is that they
capture divergent mechanisms of loss of function of these tumor
suppressors. We used PAMS50 to molecularly classify 1,500 patients
(Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/JCI81568DS1)(29). Notably, PAM50
does not differentiate between different TNBC subgroups, and the
basal tumors include basal-like, claudin-low, and other lesions.

Of the 20 RBI loss Sig genes, 18 were reproducibly found in
our microarray datasets. When examined individually, tumors
with both an RBI loss Sig (RB Sig*) and TP53 pathway activity-low
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(p53") were predominantly basal (Figure 1C; 131 of 636 = 36% and
240 of 363 = 66%, respectively). As with TCGA analysis above,
RBI-TP53 double loss was found predominantly in basal-like
tumors (27.8%), followed by HER2" and luminal B tumors, with
none found in luminal A or normal-like tumors (P = 0.000372;
Figure 1D). Importantly, co-occurrence of RB Sig* and p53° was
highly significant, with an overlap coefficient of 0.77 (P = 5.69 x
107*) in basal-like tumors and 0.56 (P =2.53 x 10~) in all subtypes
(Figure 1E). Thus, 2 different approaches show that combined
RBI-TP53 loss occurs frequently (28%-40%) in basal-like/TNBC.

Disruption of murine Rb and p53 in divergent MECs, includ-
ing luminal progenitors, induces mammary tumors with features of
EMT. To model combined RBI-TP53 loss in BC, we disrupted
both tumor suppressors using different deleter lines or sorted cell
populations. Specifically, we transplanted primary MECs from
MMTV-Cre Rb" p53#/f females or from mid-pregnancy (15 dpc)
Wap-Cre Rb™f p53/7/f females (using the whey acidic protein [Wap]
Cre, which targets alveolar progenitors) (31), into mammary
glands of the recipient mice (Figure 2A and Supplemental Figure
2), or isolated MECs from Rb"/ p53#// mice (i.e., Cre negative) and
then used adenoviral-Cre (Ad-Cre) to delete Rb and p53 ex vivo
prior to transplantation (Figure 2A, Supplemental Figure 2, and
Supplemental Figure 3). We also monitored cohorts of nullipa-
rous MMTV-CreMsT RbVF p537f and MMTV-Cre Rb"# p53LSLR270H/+
animals, in which Rb is deleted together with p53, or in which a
p53-R270H point mutation is expressed (5, 32, 33). Many of these
transgenic mice succumbed to lymphomas, but surviving animals
developed mammary tumors, albeit with longer latency. In all
cases, mammary tumors shared similar spindle-shape histolo-
gy, expressed high levels of the mesenchymal markers vimentin,
desmin, and N-cadherin, but not the luminal marker E-cadherin,
and were histologically classified as adeno-sarcomatoid/spindle-
cell/mesenchymal-like BC (Figure 2, B and C, and Supplemen-
tal Figure 2, H-J). Spindle-cell tumors have been observed in a
number of other mouse BC models and were shown to be sim-
ilar to human claudin-low BC (34). These tumors exhibit low
expression of tight-junction proteins, including claudins 3, 4, and
7 and E-cadherin, as well as high expression of genes associated
with epithelial-to-mesenchymal transition (EMT), stem cell-like
properties, and immune response (1, 35), share a gene Sig derived
from tumor-initiating cells (TICs)/cancer stem cells (CSCs), and
are clinically associated with poor outcome (36, 37).

The aforementioned results suggest that combined inactiva-
tion of Rb plus p53 can induce claudin-low-like tumors from diver-
gent epithelial cell populations, not only from mammary stem
cells, as is widely thought (38-41). However, while the Cre drivers
used above target different cells along the mammary epithelial
hierarchy, their expression patterns do overlap to some extent.
Therefore, to test the effect of Rb plus p53 mutation specifically
in luminal versus basal progenitors, we disrupted these genes in
enriched populations of luminal or basal progenitors. Primary
MECs were isolated from Rb"f p53%/f mice, FACS sorted into lumi-
nal and basal cell subpopulations using CD24, a luminal marker,
and CD49f (a6 integrin), a basal marker (42, 43), and seeded into
3D Matrigel culture (Supplemental Figure 3A). Under these condi-
tions, CD24"CD49f° luminal progenitors formed large structures
with a hollow acini-like appearance, whereas CD24°CD49f" basal
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Figure 1. RB1 and TP53 are frequently lost together in TNBC. (A) Oncoprint plot of RB1and TP53 alterations in the Breast Invasive Carcinoma, TCGA data
set (n = 463 complete samples with mutation, copy number, and expression data). The overlap coefficient of combined RB1and TP53 loss was 0.94

(P =0.121) in basal BC and 0.78 (P = 4.34 x 10~°) in all BC subtypes. (B) Percentage of tumors from major molecular subtypes with alterations in both RB1
and TP53. Patients with basal BC showed frequent alterations in both RB1and TP53 relative to other subtypes (40%; P = 0.00151, by Kruskal-Wallis test).
(C) Patients with RBT loss of function identified using an 18-gene RBT loss Sig. (D) A significantly higher percentage of basal tumors was RB Sig* p53°
(~28%, P = 0.000372, by Kruskal-Wallis test) compared with all other subtypes. (E) Venn diagrams showing overlaps between RB Sig* and TP53" in basal
BC and all BC samples. Significant overlaps between RB Sig* and TP53" were observed in both groups: basal BC = 0.77 (P = 5.69 x 10%); all BC = 0.56

(P =2.53x10"%). LumA, luminal A; LumB, luminal B; N, normal-like.
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Figure 2. Disruption of Rb and p53 through diverse Cre drivers induc-

es spindle-cell tumors that cluster with human claudin-low BC. (A)
Kaplan-Meier mammary tumor-free survival curves of the indicated
mouse or transplantation models used to disrupt Rb and p53. P values
were determined by log-rank test. (B) Histology of mammary tumors from
MMTV-Cre Rb™/" p537/f transplanted cells (T-MCRP), MMTV-Cre Rb"/#

mice (MCRP), Ad-Cre Rb™ p53f/f! transplanted cells (ACRP), or MMTV-Cre
Rbffl p53tstR270H/+ mice showing very similar spindle-cell morphology with
numerous mitotic cells. (C) Immunostaining for vimentin (mesenchymal
marker) and E-cadherin (luminal marker) of an adenocarcinoma (left) and
spindle-cell carcinoma (right) isolated from the indicated mice. Note the
widespread expression of E-cadherin in Rb-deficient adenocarcinoma,
but only in normal epithelial ducts in Rb/p53-deficient spindle tumors.
(D) Cluster analysis comparing Rb*p53* tumors (indicated by an aster-
isk) with 13 different BC mouse models showing resemblance to other
models of spindle-like tumors. MMTV-Cre Brca®™*° p53*/~, Brca floxed,

p53 heterozygous. (E) Cluster analysis of Rb®p53* tumors with human BC
using a human claudin-low predictor. Blue (low expression); magenta (high
expression). Asterisk indicates the location of the Rb/p53 mouse samples.
(F) Heatmap of EMT and claudin-low-related markers in Rb/p53-deficient
spindle-cell mammary tumors relative to normal mammary glands. Scale
bars: 50 um (B and C). up, upregulation; down, downregulation.
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Figure 3. Rb/p53-deficient mammary tumors show a high frequency of CD49f*CD24" TICs and genomic amplifications involving Met, Birc2/3-Mmp13-
Yap1, and Pvt1-Myc. (A) Flow cytometric profiles of normal mammary gland and p53* and Rb*p53“ claudin-low mammary tumors with CD49f and
CD24 cell-surface markers. (B) Gates used to isolate tumor cell populations (1°). FACS profiles of secondary tumors obtained from CD49f°CD24" (P1),

CD49f"CD24" (P2), and CD49f"CD24" (P3) populations (2°). See Table 1 for T
amplifications on chromosomes (Chrom) 6gA2, 9gA1, and 15gD1. (D) Integra

IC frequency. (C) Probe level images of copy number data showing high-level
tion of CNAs with gene expression identified genes regulated at the genomic

and transcriptional levels, including Met, Pvt1, and Mmp13 amplification as well as Fhit deletion on chromosome 14gA1. Green (low); red (high). CN, copy

number; mam, mammary; PE, phycoerythrin.

cell populations formed solid spheres (Supplemental Figure 3E,
top) (44). Luminal and basal cells rarely gave rise to organoids of
the other type (<0.05%). Following dissociation of the Rb¥ p53#/1
organoids into single cells, luminal or basal cells were transduc-
ed with Ad-Cre, which targets both mammary stem cells (MaSCs)
and non-MaSCs (45), and immediately transplanted into cleared
fat pads of immune-deficient mice. To provide a similar cellular
milieu, infected luminal and basal cells were mixed (1:1 ratio) in
some experiments with lineage-depleted (CD45-CD31Tert119)

cells, supporting MECs before transplantation. Following orthot-
opic injection, a higher frequency of tumors was developed from
luminal progenitors relative to basal progenitors (76% vs. 46%),
though this did not reach statistical significance (P = 0.1322, Fish-
er’s exact test; Supplemental Figure 3, F and G). However, tumor
onset for the luminal progenitor population was shorter compared
with that of the basal population (median onset of 74 vs. 148 days,
P=0.0093, log-rank test). Importantly, all tumors from both lumi-
nal- and basal-derived cell populations exhibited a spindle cell

3743
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Table 1. Enrichment of Rb*p53* TICs in Lin"CD49f"CD24" and Lin-CD49f°CD24" cell subpopulations

Cells injected 1,000 250 100 50 10

P1 (Lin"CD49f°CD24") 6/8 4/4 5/10 2/4 4/10
P2 (Lin-CD49f"(D24") 7/8 2/4 6/10 1/4 4/8
P3 (Lin"CD24"CD49f") 6/8 174 2/10 1/4 0/8

3744

AP1versus P3, P = 0.0295; BP2 versus P3, P = 0.0163.

amplifications at the 6qA2 locus
(in 5 of 9 tumors), which includes
TIC frequency (95% Cl) the caveolins (Cavl, Cav2),

1/220 (1/115-1/422)* Met, ST7, Wnt2, Aszl, and a Cfir
1/197 (1/103-1/379)® cluster; 9qAl (orthologous to
1/635 (1/318-1/1,230) human 11922, in 2 of 9 tumors),
which encompasses the proto-

histology that was indistinguishable from that seen in MMTV-Cre
RV"7 p537F and Wap-Cre Rb" p537# mice or in Ad-Cre-infected
bulk mammary cells (Supplemental Figure 3E). Together, these
results suggest that, in the context of combined Rb plus p53 defi-
ciency, spindle-cell tumors can arise from luminal progenitors and
possibly from both the luminal and basal compartments.

Rb/p53-deficient mammary tumors cluster with human clau-
din-low BC and exhibit highly mesenchymal TICs and alterations in
the Met, Birc2/3-Mmpl3-Yapl, Pvtl-Myc, and Fhit loci. To molec-
ularly classify the Rb/p53-deficient mammary tumors, we per-
formed inter- and cross-species comparison of gene expression
profiles (35). Most Rb*p53* mouse mammary tumors (9 of 10)
clustered closely with other mouse spindle-cell tumors (7,12-
dimethylbenz[a]anthracene-treated [DMBA-treated] MMTV-Cre
Brcal®”c p53+- and MMTV-Cre p53"f mouse tumors; Figure 2D).
Furthermore, using a claudin-low predictor developed by Prat and
Perou (46), 9 of 10 of the Rb*p53* tumors clustered most close-
ly, albeit as a distinct group as expected from cross-species com-
parison, with human claudin-low TNBC (Figure 2E). Consistent
with a claudin-low-like classification, the mouse Rb/p53-defi-
cient spindle-cell tumors expressed low levels of differentiation
markers (Elf5, Mucl, Prir) and claudins and cell adhesion markers
(Cdhl, Ocln), as well as high levels of EMT inducers such as Snaill
and Twist1 (Figure 2F).

Mouse mammary tumors, including p53-deficient, MMTV-
Neu,and MMTV-WNT1tumors, exhibit prominent CD49fCD24"
cell populations enriched in TICs (43, 47). In contrast, the Rb*p53*
claudin-low tumors expressed very low levels of CD24 and were
mostly CD49fCD24"° or CD49f°CD24" double negative (Fig-
ure 3A). Serial dilutions and transplantation assays revealed that
TICs were present at a significantly higher frequency within the
CD49f°CD24" and CD49f"CD24% fractions (1 0f 220 and 1 0f 197,
respectively), compared with the CD49f¥CD24"% compartment
(10f'635; P< 0.03; Table 1). Secondary tumors exhibited flow cyto-
metric profiles similar to those of the primary tumors from which
they were derived (Figure 3B). Thus, most Rb*p53* TICs did not
express the CD24 luminal marker, underscoring their highly mes-
enchymal characteristics.

To identify oncogenic networks that cooperate with Rb/p53
loss to induce claudin-low-like TNBC, we performed array com-
parative genomic hybridization (aCGH) analysis. Numerous DNA
copy number aberrations, including low-level copy number alter-
ations (CNAs), were identified and involved gains of large portions
of chromosomes 3, 5, 8, and 15, as well as losses affecting chro-
mosomes 1, 2, 7, and 12 (Supplemental Figure 4, A and B). Further
examination of high-level gains and homozygous losses (using
log, ratio thresholds of 1.14 and -1.1, respectively) identified focal

jci.org  Volume126  Number10  October 2016

oncogenes Yapl and cIAPI (also
known as Birc2), cIAP2 (also
known as Birc3), and a cluster of
MMP genes; 15qD1 (syntenic with human 8q24, in 5 of 9 samples),
which contains the PvtI and c-Myc oncogenes; as well as a homo-
zygous deletion at 14qA1 (orthologous to the fragile site at human
3pl4.2, in 4 samples), which harbors the putative tumor suppres-
sor Fhit (48, 49) (Figure 3C and Supplemental Figure 4, C and D).
Notably, the Birc-MMP-Yapl and Met amplicons were previously
identified in Rb/p53- and p53-deficient mouse tumors (50, 51).

Integration of the copy number data with matched gene
expression profiles revealed that Met, Mmp13, and PvtI were high-
ly expressed at the mRNA level in tumors with amplified 6qA2,
9qAl, and 15qD1, respectively, and that Fhit mRNA was down-
regulated in tumor samples that showed copy number loss (Fig-
ure 3D). In accordance, the MET inhibitor crizotinib (52) and the
MMP13-specific inhibitor WAY-170523 (53) suppressed growth
of our Rb*p53* tumor cells in a dose-dependent manner (Supple-
mental Figure 5). Collectively, these results indicate that Rb/p53
deficiency induces highly mesenchymal tumors that resemble
human claudin-low TNBC, contain CD24" TICs, and show a high
incidence of chromosomal gains and losses, including specific
alterations in Met, Birc2/3-Mmpl3-Yapl, Pvt1-Myc, and Fhit.

Bioinformatic analysis identifies an elevated MPT pathway in Rb/
p53-deficient versus p53-deficient tumors. To identify potentially
novel therapeutic targets for Rb-deficient TNBC, we performed
gene set enrichment analysis (GSEA) (54), combined with Enrich-
ment Map (55, 56) (Figure 4A). Overall, there were fewer signifi-
cantly (FDR < 0.05) enriched gene sets in claudin-low p53* tumors
relative to claudin-low Rb*p53* tumors, which primarily involved
immune response. Upregulated in Rb*p53* relative to p53* tumors
were pathways indicative of a stem cell/primitive differentiation
state including EMT, fetal development, and WNT signaling.
Consistent with the known effects of Rb loss, mitosis and cell
cycle, apoptosis, and DNA damage and repair pathways were also
enriched in upregulated genes. Importantly, several pathways
associated with cellular metabolism were induced in Rb*p53* ver-
sus p53% tumors, including MPT, the TCA cycle, nucleotide metab-
olism, and GSH transferase.

Activation of metabolic pathways in Rb*p53* versus p53*
tumors could be indirect, through an oncogenic event that cooper-
ates with Rb loss, or direct, through transcriptional deregulation by
its partners such as activating E2F1-3. To address the latter possi-
bility, we first asked whether promoters of MPT genes upregulated
in Rb*p53* tumors contain consensus E2F-binding sites. We iden-
tified 89 upregulated MPT genes in “mitochondrial organization”
(Gene Ontology [GO] ID: 0007005); “mitochondrial part” (GO ID:
0044429); “mitochondrial matrix” (GO ID: 0005729); “organellar
ribosome” (GO ID: 0000313); and “mitochondrial ribosome” (GO
ID: 0005761) gene sets (Figure 4, B and C). We then searched for
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overrepresented, conserved transcription factor-binding sequences
within +1 kb to -2 kb from the transcription start sites (TSSs) using
oPOSSUM 3.0 (57) and found 41 E2F motifs in the vicinity of 26
genes (Supplemental Figure 6A). Compared with 115 other tran-
scription factor motifs (JASPAR database), E2F1 had the third high-
est Fisher score and the twelfth highest Z score, both measures indi-
cating the level of overrepresentation of this motif in the input MPT
promoter compared with all genes in the genome (Figure 5A). E2F
also ranked high on promoters for “cell cycle” and “E2F-mediated
regulation of DNA replication,” but poorly on “nucleotide metab-
olism,” “TCA,” or “GST transferase” (glutathione S-transferase)
pathways (Figure 5A and Supplemental Figure 6B).
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To determine whether E2F is actually recruited to promot-
ers of these MPT genes in BC cells, we analyzed ChIP-sequenc-
ing (ChIP-seq) data from ENCODE (ENCyclopedia Of DNA
Elements) for HA-E2F1 binding in the BC cell line MCF7 (58).
Remarkably, of the 26 genes identified by oPOSSUM analysis, 19
were present in the ENCODE data set, indicating direct recruit-
ment of E2F1 to promoter regions surrounding these MPT genes
in BC cells (Figure 5B and Supplemental Table 1). Importantly, the
ChIP-seq scores were at least as high for MPT genes as for bona
fide E2F1-regulated cell-cycle promoters such as dihydrofolate
reductase (Dhfr) and thymidine kinase (Tk; nucleotide synthe-
sis), DNA polymerase a (DNA replication), and cyclin E and Cdc2
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(cell-cycle progression)(59). In addition to localizing at the vicini-
ty of TSSs, the CHIP-seq signals for genes such as Mrpl37, Nsun4,
Phb2, Tomm40, and Atp5d were well aligned with transcriptionally
active regions and histone H3K27 acetylation peaks, which mark
actively transcribed genes (Supplemental Figure 6, C and D).

Additional evidence for E2F1 recruitment to MPT promot-
ers was obtained using ChIP-chip data from MCF7 BC cells and
from the immortalized, basal-like MEC MCF10A (Figure 5C and
Supplemental Table 1). To examine whether these MPT genes are
affected by deregulated E2F in nontumor cells, we analyzed ChIP-
seq data from Rb-null MEFs overexpressing E2F1, E2F3a, or E2F3b
(SB and GL, unpublished observations). In these data sets, no E2F1,
E2F3a, or E2F3b binding was observed on the 19 MPT genes using
the same stringent conditions of +1 kb to -2 kb around the TSS,
or a more relaxed window of * 20 kb (not shown). Thus, efficient
recruitment of activating E2Fs to MPT promoters is context specif-
ic, as observed in transformed and BC cells but not MEFs.

We next examined levels of the 19 MPT transcripts as a func-
tion of RBI or E2F1-3 gene expression in human BC. We first deter-

mined expression of RBI and E2F1-3 in 1,500 primary tumors col-
lected from several cohorts with a known subtype. RBI transcripts
were significantly reduced, whereas E2F1 and E2F3, but not E2F2,
were significantly elevated in TNBC relative to luminal A, lumi-
nal B, or HER* tumors (Figure 6A). To increase the power of our
analysis, we analyzed a total of 2,228 BC samples of mixed sub-
types for correlation between RBI/E2F1-3 and MPT mRNA levels.
Of the 19 MPT genes from the E2F1 ENCODE" list, 9 (ATP5D,
CISD1, MRPL37, NDUFABI1, NSUN4, PHB2, SFXNI, SMAD3,
and TOMMA40) had a significantly positive correlation with E2F1
expression, and 6 genes also had a significantly negative correla-
tion with RBI and a positive correlation with E2F3, but not with
E2F2 (Figure 6B and Supplemental Table 2). Although correla-
tions were modest, ranging from 0.06 to 0.37, they were highly
significant; for example, for MRPL37, correlations with Rb*°, E2F1-
high, or E2F3-high had P values of 7.4 x 10", 2.3 x 107, and 5.7
x 1079, respectively. Moreover, similar levels of correlation seen
with MPT genes were observed with the known E2F-regulated
cell-cycle genes (DHFR, TK, POLAI, cyclin EI, and CDC2), rang-
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ing from 0.08 to 0.35, but not for the negative control albumin
(ALB) (Figure 6B), suggesting that pRb/E2F1-E2F3 complexes reg-
ulate cell-cycle and MPT genes to a similar extent and that both
gene sets are independently regulated by additional mechanisms
as well. Previous reports documented E2F1-binding sites and/or
regulation of the MRPL37, TOMM40, and NDUFABI promoters
(60, 61). Our results demonstrate that these and the other MPT
genes are coordinately induced in RB1-deficient BC cells through
E2F-binding sites in their promoters.

E2F1 and pRb directly affect MPT expression in TNBC cells. To
determine the effect of overexpressing activating E2Fs on MPT
gene expression, we initially transduced E2F3a or E2F3b via ret-
roviral vectors into MDA-MB-231, an RB1* TNBC cell line. Stable
lines transduced by MYC-E2F3b, which has modest transcrip-
tion-activating function, expressed high levels of this protein,
whereas lines transduced by MYC-E2F3a expressed negligible
amounts, suggesting that these cells cannot tolerate overexpres-
sion of this factor (Supplemental Figure 7A). Quantitative real-
time PCR (qRT-PCR) analysis of the E2F3b-transduced cells ver-
sus control GFP-transduced cells revealed a modest increase in
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the expression of several MPT genes as well as of the bona fide
E2F-regulated cell-cycle genes (Supplemental Figure 7B).

Transient transduction of E2F1 via an adenoviral vector at
high multiplicities of infection (MOI) led to massive apoptosis
3-4 days after infection (data not shown). To overcome this, we
used an approach we used previously to rescue the differentiation
defects of Rb-deficient myoblasts by cotransducing the survival
factor BCL2 (23). Indeed, coinfection of Ad-E2F1 with Ad-BCL2
markedly reduced apoptosis (data not shown). qRT-PCR under
these conditions revealed robust induction of multiple MPT genes
in the RB1* line (MDA-MB-231) as well as in the RB1- TNBC lines
BT549 and HCC1937 (Figure 7A). Importantly, E2F1 stimulated
MPT gene expression to the same extent that it induced known
E2F1-regulated cell-cycle genes and the proapoptotic gene BBC3
(also known as PUMA).

The mitochondrial genome encodes 13 mRNAs for OXPHOS
subunits that are translated within this organelle. Among these are
cytochrome c oxidase I (COX [; MT-COI) and COX II (MT-CO2).
To ask whether induction of MPT genes by E2F1 would increase
mitochondrial translation, we quantified the level of COX II and
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compared it with levels of COX IV and tubulin, which are translat-
ed in the cytosol. Three days after transduction, Ad-E2F1 signifi-
cantly induced COX Il in 4 different BC lines (RB1*: MDA-MB-231
and MCF7; RB1: BT549 and HCC1937) relative to Ad-GFP con-
trol, with or without coinfection with Ad-BCL2 (Figure 7B and
Supplemental Figure 8).

Finally, we asked whether overexpression of RB1 would sup-
press MPT genes. We transduced the RB1-deficient BT549 cell
line with a recombinant adenovirus encoding WT human RBI,
using Ad-GFP as a control. Expression of both MPT genes and
known E2F-regulated cell-cycle and apoptotic genes was signifi-
cantly suppressed by approximately 2-fold 2 days after transduc-

tion (Figure 7C). Exceptions were the cell-cycle gene DNA POLA
and the MPT genes ATP5D and NDUFABI, possibly due to low
basal mRNA expression of these genes (data not shown). Thus,
MPT genes are induced by E2F1 and repressed by pRb as efficient-
ly as are bona fide E2F1-regulated genes.

FDA-approved drug screen identifies TIG, an MPT inhibitor, as a
suppressor of Rb/p53-deficient TNBC cell proliferation. In parallel to
the above experiments, we performed a repurposing drug screen to
identify a potential new therapy for RB1/TP53-mutant TNBC. We
isolated 2 primary cell lines (lines 1 and 2) from tumors that devel-
oped following transplantation of MMTV-Cre Rb"# p53/# MECs
and 1line (line 3) from an MM TV-Cre Rb" tumor that spontaneous-
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ly acquired a p53 mutation in the DNA-binding domain (C138R) (5)
(Figure 8A). These cells had spindle morphology in tissue culture
(Supplemental Figure 9A) and expressed low levels of tight-junc-
tion genes including CDHI, OCLN, and claudins (Figure 8B).
Using these lines, we screened 312 US Food and Drug Admin-
istration-approved (FDA-approved) drugs for a variety of diseases
and malignancies (62). A total of 27 compounds at a dose of 10 uM
(Figure 8C) and 11 compounds at 1 uM (Supplemental Figure 9B)
were found to reduce growth by at least 50% after 3 days of treat-
ment. Top hits from the screens were the anthracyclines (ATCs)
(doxorubicin, epirubicin, and idarubicin) currently used to treat
TNBC (63). In addition, we identified 2 receptor tyrosine kinase
inhibitors (sunitinib and vandetanib), the proteasome inhibitor
bortezomib, as well as salinomycin, which had been discovered in

3750
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a screen for drugs that target BC stem cells (62, 64). These drugs
were validated on the 3 Rb*p53 lines (Supplemental Figure 9C).
Strikingly, TIG, an inhibitor of prokaryotic protein translation,
was among the most effective drugs in the 10-uM screen (Figure
8C). TIG is a bacteriostatic inhibitor of protein synthesis that binds
the 30S ribosomal subunit and blocks entry of aminoacyl-trans-
fer RNA (aminoacyl-tRNA) into the A site of the ribosome during
protein translation (65); it was approved by the FDA in 2005 to
treat antibiotic-resistant bacteria. Recently, TIG has been found
to inhibit acute myeloid leukemia by targeting mammalian MPT
(62, 66). As we identified MPT genes as direct targets of pRb-E2F
(Figures 4-7), we asked whether TIG could be a viable therapeu-
tic for RB1/TP53-deficient TNBC. We initially used six human
claudin-low and basal-B TNBC lines with mutations or deletions
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P values were determined by 2-tailed t test.
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Figure 11. RB1 loss/induction of E2F1 promotes proliferation of TNBC
cells by transcriptionally inducing both cell-cycle and MPT genes. Loss of
pRb and therefore deregulation of activating E2Fs induce not only cell-
cycle genes but also MPT genes, leading to increased MPT. Inhibition of
MPT by TIG effectively suppresses cell proliferation and tumor progression
in RB1-deficient TNBC.

in TP53, three of which also lack functional RB1 (MDA-MB-436,
Du4475, and BT549) and three with intact RBI (MDA-MB-231,
HCC38, and Hs578t) (67, 68). Dose response to TIG revealed
that the RB1/TP53-mutant human TNBC cell lines were sig-
nificantly more sensitive to TIG (average IC_ = 3 uM) compared
with RB1-proficient/TP53-mutant lines (average IC, >8 uM;
P<0.0001; Figure 8D). As these tumor lines are cultured in differ-
ent media (RPMI or DMEM), we allowed all lines to adapt to RPMI
and then retested for TIG sensitivity; under these conditions, the
RBI lines remained significantly more sensitive to TIG than did
the RB1* lines (P = 0.0066).

Next, we tested 5 basal A and basal-like BC lines: 2 RB1-
(HCC1937 and MDA-MB-468) and 3 RB1* (HCC3153, HCC70,
and HCC1569) (67, 68), all cultured in RPMI. Importantly, the
RBI1-deficient basal A lines also showed a significant increase in
TIG sensitivity compared with the RB1* lines (P < 0.0001; Figure
8E). Thus, although the RB1-E2F complex is likely one of several
factors that control MPT, RB1 deficiency consistently correlated
with an enhanced response to TIG in both claudin-low and basal-
like BC cells, at least in these 11 TNBC lines. Notably, in most RB1*
TNBC lines, pRb is partially inactivated through hyperphosphor-
ylation (67), suggesting that the actual effect of pRb-E2F on TIG
sensitivity is even higher.

TIG treatment reduced the expression of mitochondrially
translated COX I and COX II, but not that of cytosolically translat-
ed COX 1V (Figure 8F). It also suppressed ATP levels in RB1-defi-
cient tumor cells more effectively than in RB1-proficient cell lines
(Figure 8G). In the latter assay, ATP levels were not normalized
for cell numbers, so the effects reflect reduced ATP and cell pro-
liferation. Taken together, these results indicate that RB1-deficient
TNBC cells display an enhanced dependency on MPT in vitro.

TIG cooperates with the MET inhibitor crizotinib and the anti-
oxidant inhibitor sulfasalazine to suppress growth of TNBC cells in
vitro. Effective new therapies, especially those directed at signal-
ing pathways, are likely to involve combination treatments with 2
or more drugs, each targeting different tumor vulnerabilities. We
therefore asked whether TIG could be used in combination with
other antineoplastic drugs. The ATC doxorubicin showed no or
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only minor cooperation with TIG (Figure 8H and Supplemental
Figure 10A). In experiments in which we treated tumor cells with
doxorubicin first and then with TIG, or vice versa, we found that
when TIG was administered first, it negated the effect of doxoru-
bicin (Supplemental Figure 10B). We attribute this antagonism to
the cytostatic effect of TIG on cell proliferation, the latter of which
is needed for efficient inhibition by doxorubicin.

As MET is amplified in p53-deficient tumors (51) and in our
Rb/p53-mutant tumors (Figure 3, C and D), we asked whether TIG
could cooperate with the MET (as well as the ALK and ROS proto-
oncogene 1 [ROS1]) inhibitor crizotinib, which effectively kills
these tumor cells (Supplemental Figure 5). In contrast to doxoru-
bicin, we observed cooperative inhibition between TIG and crizo-
tinib (Supplemental Figure 10C). However, as MET inhibitors have
so far failed in clinical trials, possibly due to poor patient selection
(69), we looked for an FDA-approved drug that can target TNBC.

The FDA-approved sulfasalazine (SSZ) attenuates the growth
of claudin-low TNBC cells more efficiently than do other BC sub-
types (70). SSZ targets the xCT antiporter, which is required for
cystine transport and GSH production. A review of the published
data revealed that RB1 status had no effect on the response to SSZ.
In accordance, we found no statistically significant difference in
sensitivity to SSZ in the same 6 claudin-low TNBC lines that dif-
ferentially responded to TIG treatment (Supplemental Figure 10,
D and E). To assess for synergism with TIG, we performed single
and combination treatments of claudin-low TNBC cell lines with
SSZ (300 uM for MDA-MB-231, MDA-MB-436, and BT549; or
500 uM for the more resistant line Hs578t), adding increasing
doses of TIG, and observed a range of cooperative inhibition with
these 2 drugs (Figure 9A).

Consistent with previously published work (70), SSZ treat-
ment increased ROS levels in all tested TNBC cells (Figure 9B). In
contrast, TIG had no detectable effect on ROS, nor did it increase
ROS when administered together with SSZ. Notably, we used IC, |
drug concentrations for each line so their effect could be com-
pared at similar levels of growth inhibition. In keeping with the
cytostatic effects of TIG and SSZ, cell death analysis by 7JAAD and
annexin V flow cytometry revealed that single and even combined
SSZ plus TIG treatment (at IC,  each) only modestly compromised
cell viability (Figure 9C).

To determine whether these drugs targeted the CSC frac-
tion, we performed flow cytometric analysis with Abs against the
cell-surface markers ESA, CD24, and CD44. It was previously
demonstrated that sorted CD24 ESA*CD44" cells from sever-
al BC lines (including those used herein) are enriched for CSCs
and thus capable of initiating new tumors following engraftment
into immune-deficient mice (71). Using IC, j drug concentrations,
the CD24°ESA*CD44" CSC fraction was unaffected 72, 120, and
168 hours after TIG and/or SSZ treatment in the RB1-deficient
TNBC line MDA-MB-436. However, exposure to TIG (but not
to SSZ) steadily increased the relative percentage of CSCs in the
RB1-proficient MDA-MB-231 cell line by 2.88-fold (Figure 9D
and Supplemental Figure 11). We extended this analysis to 2 other
TNBC lines with discernible CD24"ESA*CD44* CSC populations:
basal A/basal-like RB1- HCC1937 and basal B/claudin-low RB1*
HCC38. Again, TIG treatment increased the CSC fraction in the
RB1-proficient line by 1.62-fold but reduced this fraction to 0.69 in
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the RB1-deficient line (Figure 9D). Thus, TIG not only abrogates
the growth of RBI claudin-low TNBC more effectively than do
RB1* cells, it also enriches for CSCs in at least some RB1* tumors,
potentially leading to relapse. Thus, TIG should preferentially be
used to treat RB1-deficient TNBC cells.

TIG monotherapy potently inhibits xenograft growth of RBI'/
TP537, but not RBI'/TP53", TNBC and further cooperates with SSZ in
vivo. As a prelude to long-term xenograft assays, we determined the
effect of TIG and SSZ either alone or in combination (using IC,, for
each) on the growth of TNBC lines over a 2-week period, replenish-
ing the drugs twice a week. On both RB1-deficient MDA-MB-436
and RB1-proficient MDA-MB-231 lines, each drug alone reduced
the culture by approximately 50%, while combined TIG plus SSZ
treatment almost completely abolished cell growth (Figure 10A).

We next tested the effect of these drugs on the growth of MDA-
MB-436 xenografts in immune-deficient NOD/SCID/IL-2Ry
(NSG) mice. For TIG monotherapy, we injected tumor-bear-
ing mice (rn = 9) with TIG twice a day at 50 mg/kg and gradual-
ly increased the drug concentrations to 75 mg/kg. Control mice
(n=9) were injected with vehicle alone. For the TIG plus SSZ com-
bination treatment, we injected mice (n = 8/group) once a day with
TIG as above and/or with SSZ at 250 mg/kg. Tumor volume was
calculated by caliper measurement (Figure 10, B and C). In addi-
tion, at 22 to 23 days after treatment and at 36 days (endpoint),
we measured tumor weights for 3 mice or the remaining mice
(n =5-6) in each group. We observed reductions of 56% and 48%
in tumor weights for the twice-daily TIG or TIG plus SSZ therapy
by days 22-23, and 63% (P = 0.0014) and 59% (P = 0.0152) reduc-
tions at the endpoints, respectively (Figure 10, D and E). SSZ treat-
ment cooperated with TIG until day 25 (Figure 10, C and E), after
which the tumors became unresponsive to SSZ. In contrast, TIG
treatment strongly inhibited tumor growth throughout the course
of these experiments.

Albeit smaller in size, no obvious differences between TIG-
treated and control tumors were observed upon pathological anal-
ysis (Supplemental Figure 12). However, in accordance with the
cytostatic effect of TIG in vitro, staining for phospho-histone H3,
a mitotic marker, revealed a reproducible and statistically signifi-
cant reduction in dividing cells in the TIG-treated arm versus that
observed in the control vehicle-treated mice (Figure 10, F and G,
and Supplemental Figure 12). Finally, we compared the effect of
TIG on RB1* (MDA-MB-231) versus RB1"- (MDA-MB-436) TNBC
xenografts in a parallel experiment using similar drug regimens.
TIG treatment significantly delayed the growth kinetics of both
xenografts (Supplemental Figure 13). However, TIG treatment
only had a significant effect on final tumor size in the RB1 tumors.
Taken together, our results demonstrate that RBI loss promotes
cancer by coordinating cell-cycle progression with increased MPT
and that inhibition of the latter suffices to suppress cell prolifera-
tion and growth of RB1-deficient TNBC (Figure 11).

Discussion

Inactivation of the RB1 and TP53 tumor suppressors, either
individually or in combination, has long been implicated in the
genesis of numerous human cancers including BC. Here, we
estimated that these 2 tumor suppressors are inactivated togeth-
er in approximately 28% to 40% of patients with TNBC. In the
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mouse, we showed that combined mutations in Rb and p53 led
to tumors with prominent spindle-cell/mesenchymal-like his-
tology, which clustered closely with human claudin-low TNBC.
Although claudin-low/mesenchymal tumors are rare in primary
biopsies (46, 72), mesenchyme-like cancer cells are observed in
human breast tumors and may represent CSCs that drive relapse
and resistance to chemotherapy. Thus, while our Rb/p53-defi-
cient tumors represent an exaggerated form of this phenotype,
their analysis may uncover novel mechanisms for targeting these
critical BC cells (73).

Through comparison of Rb/p53- versus p53-deficient tumors,
bioinformatics, and functional, cell biological, and biochemical
analyses, we uncovered a direct role for RB1in MPT. In addition,
in a nonbiased drug screen, we identified TIG, an MPT inhibitor,
as a potent growth suppressor of Rb/p53-deficient mouse spin-
dle-cell tumors. TIG preferentially inhibited the proliferation of
both TICs and non-TICs in human RB1-deficient/TP53-negative
TNBC lines both in vitro and in xenograft assays. Thus, we show
that RBI loss coordinates cell-cycle progression with increased
mitochondrial activity, leading to enhanced sensitivity to TIG,
and that inhibition of MPT in TNBC suffices to suppress cell pro-
liferation. Our results complement a previous observation that
the repressor p130-E2F4 complex attenuates growth by inhibit-
ing genes involved in both cell-cycle and mitochondrial biogen-
esis and metabolism (74), some of which overlap with the MPT
genes we demonstrate herein to be regulated by activating E2Fs
in response to RBI loss.

Our observation that RBI loss stimulates mitochondrial func-
tion rather than anabolic metabolism suggests that enhanced
mitochondrial activity and ATP production are critical for cancer
progression. While intriguing, this new metabolic role of RB1 is
consistent with previous reports suggesting that its inactivation
enhances migration in vitro and metastasis in vivo (75, 76). Where-
as glycolysis promotes rapid macromolecule synthesis and cell
proliferation, recent evidence suggests that cancer cell invasion
and dissemination, the prerequisite for metastasis, consume a
substantial amount of energy and depend on mitochondrial func-
tion and OXPHOS (77, 78). This, however, may be context specific,
as the mitochondrial biogenesis factor PGC-1a promotes metasta-
sis in BC but suppresses metastasis in prostate cancer (79). Yet, it is
clear that certain oncogenes and tumor suppressors (PI3K, MYC,
p53) drive anabolic metabolism, whereas others, like RBI loss, as
shown herein, promote mitochondrial function and OXPHOS.
These opposing metabolic states probably have different impacts
on cancer proliferation and dissemination. We propose that the
“right” balance between glycolysis and OXPHOS may endow
tumor cells with the ability to both proliferate and invade and that
this balance may depend on the specific oncogenic networks that
are activated in a particular cancer cell.

Cooperation between pRb and p53 is attributed to p53-medi-
ated apoptosis induced by Rb loss and other genetic interactions
(80, 81). Our results raise the possibility that these 2 tumor sup-
pressors may also cooperate by establishing a metabolic environ-
ment conducive to both rapid cell proliferation and invasion and
metastasis. Indeed, while Rb loss is shown here to promote MPT,
p53 deficiency not only promotes glycolysis but also protects mito-
chondria from permeabilization and cell death, which are induced
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by WT TP53 in response to various genotoxic stresses (82). Nota-
bly, the inhibitory effect of TIG on cell proliferation suggests that
induction of MPT in response to RBI loss may be coupled to its
effect on cell growth and not only on invasion. Additional experi-
mentation is required to test these hypotheses.

TIG concentrations that inhibited RB1* TNBC cells (~8 uM) are
similar to those found effective for leukemia (62), whereas those
that inhibited RB1-deficient cells were significantly lower (~3 uM).
In humans, TIG plasma concentrations of 5 uM have been safely
achieved (83). Moreover, analysis of patients’ plasma following
TIG infusions reveals that C__and calculated AUC (0-24 hours)
values are considerably higher (AS, unpublished observations).
Thus, serum TIG levels far exceed the IC,  of RB1-deficient TNBC
cells and should be therapeutic. Our results point to a vulnerability
of RB1-deficient TNBC that can be exploited therapeutically with
TIG or second-generation inhibitors, but other MPT inhibitors
may be explored to target these aggressive tumors.

Methods

Identification of RB1/TP53 double-mutant BC patients

The Breast Invasive Carcinoma data set (3) was mined using cBio-
Portal (84, 85). Patients with combined RBI and TP53 alterations
were identified manually using the Download option. RB loss Sig*
and p53 activity-low BC patients were identified in Gene Expres-
sion Omnibus (GEO) repository data sets (GSEs 2034, 2603, 5327,
6532,11121, and 25066). The values of gene expression were medi-
an centered and visualized as heatmaps. Patients with over 90% of
genes above the median were considered RB loss Sig*. Significance
of overlap of patients was calculated by hypergeometric distribution
with “phyper” in R.

Mice

Compound mutant mouse strains were genotyped as previously
described (5, 31). p53LSER70H/+ mice were obtained from the National
Cancer Institute (NCI) Mouse Models of Human Cancers Consortium
(32). Compound mutant mice were on a mixed background.

Cell lines

TMCRP1, TMCRP2, TMCRP3, RB400, TC53-120, TC53-127, MDA-
MB-231, and Hs578T cells were maintained in DMEM containing
10% FBS and 1% penicillin/streptomycin (PEST) at 37°C with 5%
CO,. MDA-MB-436 was maintained in DMEM containing 10% FBS,
1% PEST, and 10 pg/ml insulin. HCC38, Du4475, and BT549 were
maintained in RPMI containing 10% FBS and 1% PEST. TMCRP1,
TMCRP2, TMCRP3, RB400, TC53-120, and TC53-127 mouse lines
were generated in this laboratory. BT549, MDA-MB-436, and MDA-
MB-231 cell lines were gifts of the late Mona Gauthier. The remaining
lines were purchased from the America Type Culture Collection.

Primary cell isolation, lineage depletion, and 3D culture
MECs were isolated and lineage depleted (47). FACS-sorted luminal
and basal cell populations were cultured as previously described (44).

Histology, IHC, and immunoblotting
The following Abs were used: vimentin (1:100; clone D21H3 XP)
and E-cadherin (1:400; clone 24E10) from Cell Signaling Technolo-
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gy. Secondary biotinylated anti-rabbit IgG Ab (Vector Laboratories)
was used at a dilution of 1:200. For post-treated xenografts, sections
were probed with rabbit anti-human cleaved caspase-3 Ab (Cell Sig-
naling Technology; catalog 9661) or rabbit anti-human phospho-his-
tone 3 (catalog CST-9701). The following Abs were used for immu-
noblotting: RB1 (BD Pharmingen; G3-245), p53 (1:1,000, CST-1C12),
rabbit anti-human COX I (1:500; Thermo Fisher Scientific; catalog
26688); rabbit anti-human COX I (1:500; Thermo Fisher Scientific;
catalog PA5-26688); rabbit anti-human COX II (1:1,000; Abcam;
catalog ab79393); rabbit anti-human COX IV (1:1,000; Cell Sig-
naling Technology; catalog 4844). For COX expression, n-dodecyl-
B-D-maltoside (Thermo Fisher Scientific; catalog 89902) was used
to solubilize membrane proteins.

FACS

The following Abs were used: anti-CD49f conjugated with R-phyco-
erythrin (1:100; BD; CD49f-PE, clone GoH3); anti-CD24 conjugated
with FITC (1:200; BD; CD24-FITC; clone M1/69); and 2 ug/ml propid-
ium iodide (BD). Cell sorting was carried out using a BD FACSAria
11-color cell sorter (Aria GC BRU or Aria II RITT BRV) at 20 psi, and
flow cytometry with a BD 4-color FACSCalibur system.

Ad-Cre infection

Primary MECs were counted and plated on 24-well low-attach-
ment plates in growth media (without Matrigel) and infected with
Ad-CMV-IRES-GFP or Ad-CMV-Cre-IRES-GFP (Vector BioLabs)
using an MOI of 50 for 1 to 2 hours at 37°C, mixed by gentle pipetting
every 15 minutes. After infection, cells were washed 3 times in HBSS
supplemented with 2% FBS (HF) and returned to culture for PCR
analysis or counted for transplantation. For infection of sorted lumi-
nal and basal cells, organoids were collected after 5 to 8 days of cul-
ture by gentle centrifugation (130 g) for 5 minutes and dissociated in
0.05% trypsin (Sigma-Aldrich) for 5 to10 minutes (basal organoids)
or 10 to 20 minutes (luminal organoids), passed through a 40-pm
strainer, and infected as above.

Transplantation

Isolated bulk, sorted primary mammary, or tumor cells were resus-
pended in 10 pl HF mixed 1:1 with 10 ul Matrigel and injected into the
fourth inguinal mammary glands of 3- to 4-week-old immune-defi-
cient mice. Ad-CMV-Cre-IRES-GFP-infected cells (1 x 10* to 3 x 10%)
were transplanted into cleared mammary fat pads.

Gene expression

Affymetrix Mouse Gene 1.0 ST arrays were analyzed as described
previously (56, 86). Differentially expressed genes were identified by
ANOVA (FDR = 0.05). Data were integrated by distance-weighted dis-
crimination (DWD) (87, 88), using shared intrinsic genes and unsuper-
vised hierarchical clustering (average linkage).

DNA copy number

Mouse SurePrint G3 1M arrays were analyzed at The Centre for
Applied Genomics (operated by the Hospital for Sick Children)
using tail DNA pooled from 5 Rb¥" p53"" mice as a reference and
Nexus Copy Number software, version 6.0 (BioDiscovery). Normal-
ized and median-centered log, ratios of genes of interest were visu-
alized by heatmaps (Partek).
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Pathway enrichment

Gene expression data were analyzed using GSEA (54), with parame-
ters set to 2,000 gene set permutations and a gene sets size between 8
and 500, and were analyzed as described previously (55), with a nomi-
nal Pvalue of less than 0.005, an FDR g value of less than 0.05, and an
overlap coefficient of 0.5.

E2F transcription binding site (0POSSUM 3.0) and recruitment
(ENCODE and ChIP-on-chip)

2,000-bp upstream and 1,000-bp downstream sequences from
the TSS of upregulated genes (FDE <0.05) were analyzed using
oPOSSUM 3.0 (default parameters) (http://opossum.cisreg.ca/
0oPOSSUM3/) (57). Genes harboring an E2F1 motif (JASPAR database
ID: MA0024.1) within the -2 kb to +1 kb window were retrieved for the
“mitochondrial translation” pathway module. Human orthologs for
the MPT genes with consensus E2F binding sites were retrieved using
BioMart-Ensembl (Homo sapiens GRCh39 and Mus musculus GRCm38.
p2). Peaks from ENCODE ChIP-seq data for the BC cell line MCF7
targeted by the HA-E2F1 Ab (GEO GSM935477, narrowPeak) located
within -2 kb to +1 kb of these orthologous genes were retrieved using
the Genomic Regions Enrichment of Annotations Tool (GREAT) (89),
and corresponding tracks were visualized using the UCSC genome
browser (GRCh37/hg19).

For ChIP-chip analysis, the Hgl7-built ChIP-on-chip data sets
(NimbleGen_1500b_Promoter_ Array, GPL4599) of E2F1 binding in
MCF7 and MCF10A cells were downloaded from the NCBI's GEO
data sets (GSE 8716). Genomic locations of the GPL4599-hg17 bind-
ing sites were converted to hgl9 by UCSC LiftOver (http://genome.
ucsc.edu/cgi-bin/hgLiftOver) for comparison with ENCODE. Ini-
tial analysis was performed using BioConductor package ACME
in R, with the window size at 1,000 bp to obtain P values for each
genomic probe. Two thousand permutations were carried out using
ACME-generated P values to calculate empirical P values (ePV) using
ACME parameters set to 1,000 bp as the window size, 0.85 as the
threshold, and 0.05 as ePV cutoff.

Correlation analysis

Expression levels of RB1 and E2F1-3 genes in different BC subtypes
were determined in six GPL96 cohorts (GEO GSEs 2034, 2603, 5327,
6532, 11121, and 25066). Each data set was analyzed independently
by obtaining the robust multiarray average-normalized (RMA-nor-
malized) expression value of individual cohorts and normalizing by
median expression. Data from each cohort was log, transformed and
median centered, followed by Pearson’s linear correlation » and P val-
ue calculations using the paleontological statistics software package
for education and data analysis PAST as previously described (29).

qRT-PCR
qRT-PCR was performed using Power SYBR Master Mix on a7900HT
Fast Real-Time PCR System (both from Applied Biosystems) and the
comparative threshold cycle method (AACt). All reactions were per-
formed in triplicate in at least 3 separate experiments. Relative gene
expression was normalized to GAPDH and calibrated to the control.
The primers used are listed in Supplemental Figure 14.

Retroviral and adenoviral E2F and RB1 transduction
Phoenix Ampho cells were transfected with pBABE encoding MYC-
tagged E2F3a or E2F3b ¢cDNAs, and viral media were collected 48
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hours later. MDA-MB-231 cells (1 x 109) were plated and incubated
with viral media at 37°C for 48 hours. E2F3-expressing and puromycin-
resistant clones were selected for 2 weeks in 300 pg/ml puromycin-
containing media.

High-titer recombinant adenovirus particles Ad-E2F1 (ADV-
207490), Ad-BCL2 (catalog 1412), Ad-GFP (catalog 1060), and
Ad-RB1 (catalog 1043) were purchased from Vector BioLabs. Cells
were seeded so that after 2 or 3 days they would be up to 80% conflu-
ent and infected with an MOI of 500.

Drug screen, validation, and MTT viability assays

The Sequoia Library (Pangbourne, United Kingdom) was screened as
previously described (33, 90). Chemicals were purchased from Sig-
ma-Aldrich (doxorubicin, epirubicin, idarubicin, SSZ); Selleck Chem-
icals (sunitinib, salinomycin, TIG, crizotinib); Tocris (WAY 170523);
and Sequoia Research Products (TIG). MTT assays were performed as
described previously (90).

ATP quantification and ROS analysis

Cellular ATPlevels were determined using the CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega). For ROS, 2',7'-dichlo-
rofluorescin diacetate (DCF; Sigma-Aldrich) was added to cell
media to a final concentration of 20 uM and incubated at 37°C for
3 hours. Cells were analyzed on a BD FACSCaliber system within
1 hour after staining.

CSCs and apoptosis

Cells were incubated with mouse anti-human ESA/Ep-CAM/
CD326-PE (BioLegend), CD24-FITC (BD), and CD44-APC (BD)
Abs on ice, followed by 7-AAD, and processed on a BD FACSCaliber
system within 1 hour after staining. A BD Annexin V-PE Kit was used
for the apoptosis assay.

Long-term in vitro and xenograft analysis

Drugs were replaced twice weekly for 2 weeks, and cells were fixed
in 10% formalin for 5 minutes and stained with 0.05% Crystal Violet
(Sigma-Aldrich). For SSZ and TIG xenograft assays, NSG mice were
injected with 1 x 10¢ MDA-MB-436 cells into inguinal fat pads. Once
palpable tumors formed (~14 mm?, 3 weeks after injection), mice were
randomized and treated 6 days per week for 5 weeks.

Combination experiments. Mice were treated i.p. once per day with
50 mg/kg TIG, 250 mg/kg SSZ, a combination of both, or with vehicle
alone. Drugs were prepared fresh each day.

Double-dose TIG experiments. Mice were treated i.p. twice per day
with saline or 50 mg/kg TIG for the first week, 62.5 mg/kg TIG the
second week, and 75 mg/kg TIG for the remaining time.

RBI* versus RBI- comparison. Cells (1 x 10%) (MDA-MB-436 or
MDA-MB-231) were injected, and, once palpable tumors were
detected, mice were treated twice per day with 50 mg/kg TIG. Tumor
volumes were measured by caliper 5 times per week.

Statistics

Comparison of 2 means was performed using a 2-tailed Student’s ¢
test. Multiple sample comparisons were calculated using ANOVA, fol-
lowed by Tukey’s post-hoc analysis. Kaplan-Meier plots were gener-
ated using GraphPad Prism, version 6.0 (GraphPad Software), and P
values for curve comparisons were calculated using the Mantel-Cox
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(log-rank) method. Differences between values were considered sta-
tistically significant at a P value of less than 0.05. TIC frequency was
estimated by Poisson distribution using L-Calc Software, version 1.1.1
(STEMCELL Technologies). All data represent SD.

Study approval

Animal protocols were approved by the University Health Network
(Toronto, Ontario, Canada) in accordance with Canadian Council of
Animal Care guidelines.
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