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Tamoxifen is effective for treating estrogen receptor-alpha (ER)
positive breast cancers. However, few molecular mediators of
tamoxifen resistance have been elucidated. Here we describe a pre-
viously unidentified gene, MACROD?2 that confers tamoxifen resis-
tance and estrogen independent growth. We found MACROD2 is
amplified and overexpressed in metastatic tamoxifen-resistant
tumors. Transgene overexpression of MACROD2 in breast cancer
cell lines results in tamoxifen resistance, whereas RNAi-mediated
gene knock down reverses this phenotype. MACROD2 overexpres-
sion also leads to estrogen independent growth in xenograft
assays. Mechanistically, MACROD2 increases p300 binding to estro-
gen response elements in a subset of ER regulated genes. Primary
breast cancers and matched metastases demonstrate MACROD2
expression can change with disease evolution, and increased expres-
sion and amplification of MACROD?2 in primary tumors is associated
with worse overall survival. These studies establish MACROD2 as
a key mediator of estrogen independent growth and tamoxifen
resistance, as well as a potential novel target for diagnostics
and therapy.

breast cancer | tamoxifen | resistance | MACROD2 | ER positive

he selective estrogen receptor modulator (SERM) tamoxifen

is a highly effective drug for the prevention and treatment of
estrogen receptor-alpha (ER) positive breast cancers (1). How-
ever, resistance to this drug remains a clinically important problem.
The molecular mediators of tamoxifen resistance have not been
fully elucidated. In part, this is due to the heterogeneous nature of
breast cancers, resulting in multiple mechanisms of resistance. For
example, past studies have demonstrated that tamoxifen resistance
is mediated by differential expression of nuclear hormone receptor
coregulators (2, 3), growth factor signaling crosstalk (4-7), regu-
lation of microRNAs (8), cyclin dependent kinases (CKDs) (9),
CDK inhibitors (10, 11), and more recently, acquired somatic
mutations and alterations in ER (12-17). Further insight into the
molecular mediators of tamoxifen and hormone therapy re-
sistance would have great impact on the ability to target genes
and pathways that could overcome drug resistance and lead to
improved clinical outcomes.

In this study we describe a previously unidentified gene,
MACROD?2, which is amplified and overexpressed in a subset of
breast cancers. MACROD? belongs to a family of genes containing
a macro domain, an evolutionarily conserved protein motif (18),
whose functional role until recently has been unclear. Studies have
demonstrated that MACROD2 deacetylates O-acetyl-ADP ri-
bose, a signaling molecule generated by the deacetylation of
acetylated lysine residues in histones and other proteins (19).
More recent work demonstrates that MACRO domain con-
taining proteins are involved with mono-ADP ribosylation, and
can regulate cell signaling pathways and modify proteins involved
with gene transcription (20). Interestingly, MACRODI (LRP16)
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has been implicated in modulating ER and androgen receptor
(AR) signaling in prior studies (21, 22). Additionally, recent
reports suggest that the locus encompassing the MACROD2
gene at chromosome 20p12.1 may be a cancer-specific fragile site
leading to frequent somatic deletions (23). Notably, breast cancers
were not prone to fragile site deletions in these studies. Here we
show that MACROD? is amplified and overexpressed in human
breast cancers, leading to tamoxifen resistance and estrogen
independent growth, and that patients with primary breast
cancers with overexpression/amplification of MACROD?2 have
worse survival. Thus, our study identifies MACROD?2 as a new
mediator of ER signaling and tamoxifen resistance with potential
clinical implications.

Results

MACROD2 Is Amplified in a Subset of Tamoxifen-Resistant Breast
Cancers. We previously generated tamoxifen-resistant (TamR)
clones derived from the ER-positive breast cancer cell line
MCEF-7 after long term culture and demonstrated that loss of the
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CDK inhibitor p21 could mediate resistance to this SERM (10).
We reasoned that additional tamoxifen resistant clones, which
retained p21 expression, acquired resistance through additional
mechanisms and that common copy number (CN) alterations
within these clones could help identify molecular mediators of
this phenotype. Using single nucleotide polymorphism (SNP)
arrays, we identified regions of genomic gains and losses in three
independently derived TamR clones compared with parental
MCEF-7 cells. As shown in SI Appendix, Fig. S1A4, all three clones
had varying regions of copy number alterations, some of which
were unique for a given clone. A total of 16 regions of shared CN
gains or losses were identified (SI Appendix, Table S1).

A region on chromosome 20p12.1 (SI Appendix, Fig. S1B) dem-
onstrated the highest increase in CN gain across the three TamR
clones. This locus, containing the genes SELIL2, MACROD?2,
and FLRT3, was further investigated. Using quantitative PCR
(qPCR) with primers within the 20p12.1 locus along with primers
within an invariant chromosome 20 locus as a reference control,
we observed a 6- to 12-fold increase (P < 0.05) in DNA copy
number compared with parental MCF-7 cells, consistent with
amplification of this region (Fig. 14). We next evaluated the
expression of the three genes within the 20p12.1 locus. Using
quantitative real-time reverse transcriptase PCR (qQRT-PCR), we
found that expression of MACROD?2 was increased in all three
TamR clones, whereas SELIL2 and FLRT3 appeared to have
unchanged levels of expression (Fig. 1B). Western blot confirmed
overexpression of MACROD?2 protein in the TamR clones,
whereas FLRT3 and SEL1L2 protein expression remained equiv-
alent to parental MCF-7 cells (Fig. 1C). These results strongly
suggest that amplification of MACROD? leads to its increased gene
expression in TamR clones.

To verify that amplification of this region was also present in
actual human breast cancers, we evaluated liver metastases from
five ER-positive breast cancer patients. These patients (patients
3,5, 6,8, and 10) had documented tamoxifen resistance, and
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Fig. 1. Increased copy number of MACROD2 in tamoxifen-resistant MCF-7
cell lines. (A) Increase in copy number of the MACROD2Z locus was verified by
qPCR performed using multiple primer sets. Shown are 2 different primer sets
contained within the locus relative to control primers located within an in-
variant locus on chromosome 20. gPCR was performed in triplicate within
each PCR assay and each assay was performed at least 4 times. *P < 0.05. (B)
RNA was harvested from the TamR lines and parental MCF-7 cells and used
for gRT-PCR analysis. Transcripts located within the region of amplification
were tested for levels using primers within the three genes: MACROD2,
FLRT3, and SEL1L2. The samples were normalized to f-actin and TamR clones’
relative expression of these three genes was compared and normalized to
MCF-7 gene expression. *P < 0.01. (C) Western blot analysis was performed
on harvested whole cell lysates demonstrating an increase in MACROD2
protein levels in the TamR cell lines with no change in protein levels of FLRT3
or SEL1L2. GAPDH antibody was used as a loading control.
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were part of a rapid autopsy series (24). Single metastatic breast
cancer lesions and adjacent normal tissues were analyzed for
the presence of chromosome 20p12.1 CN gain using qPCR.
Interestingly, we found that in three of the five patient samples,
there was a marked reduction in CN, indicating a possible loss of
this genomic locus. Conversely, patients 5 and 10 showed a sig-
nificant CN gain of this locus, indicating an increase CN gain of
the 20p12.1 region (Fig. 24). We then performed immunohis-
tochemistry (IHC) staining of these five patients’ primary breast
cancers and matching metastatic lesions from multiple sites.
Patient 10’s liver lesion used for qPCR was unavailable for this
analysis; however other sites of disease were available and ana-
lyzed. As seen in Fig. 2B and SI Appendix, Fig. S2 and Table S2,
MACROD?2 labeling was positive in three out of five primary
breast cancer samples and was present in multiple metastatic
sites from all five patients, although there was variability in ex-
pression between metastatic sites of disease within each patient.
This finding is consistent with the known concept of tumor
heterogeneity within a primary tumor and metastatic sites (25).
These findings are also in accord with recent data demonstrating
that acquired ER mutations can be found in liver metastatic
lesions, but not pulmonary metastases within the same patient
(15), and additional studies revealing that ER mutations are
relatively rare in primary breast cancers but are more common
after acquired resistance to endocrine therapies (12-14, 16).
Gene expression qRT-PCR data from the prior analysis in Fig.
1B correlated with IHC results for the metastatic sites queried in
these five patients. These results demonstrate that MACROD2
overexpression is present in primary breast cancers and can in-
crease in metastatic sites of disease after development of re-
sistance to tamoxifen therapy.

MACROD2 Overexpression Leads to Tamoxifen Resistance, and Gene
Knock Down Reverses This Resistance. To determine whether in-
creased gene expression of MACROD?2 in TamR clones medi-
ates tamoxifen resistance, we overexpressed the full length
MACROD?2 cDNA in two ER-positive breast cancer cell lines,
MCF-7 and T47D. Western blot analysis verified overexpression of
MACROD? relative to parental and empty vector controls (Fig.
34). We then exposed the MACROD?2 overexpressing cell lines
to tamoxifen for 7 d and verified relative resistance to tamoxifen
in both MCF-7- and T47D-derived clones (Fig. 3B). Interestingly,
MACROD?2 overexpressing cell lines were growth-stimulated by
tamoxifen, similar to prior reports that tamoxifen can often act as
an ER agonist when resistance occurs (10). To definitively dem-
onstrate that MACROD2 was mediating tamoxifen resistance
along with tamoxifen-stimulated growth, TamR and MACROD?2
overexpressing cell lines were exposed to estrogen, tamoxifen, or
both. As shown in Fig. 3C, both TamR and MACROD?2 over-
expressing clones demonstrated a tamoxifen resistant phenotype,
and when grown in tamoxifen alone, both MACROD2 overex-
pressing clones and TamR cell lines appeared to grow preferen-
tially with tamoxifen. As expected, the parental and empty vector
control cells did not show growth with tamoxifen compared with
the vehicle control but did demonstrate the anticipated growth
response to estrogen that was blocked with the addition of
tamoxifen.

We next sought to determine whether knock down of MACROD?2
gene expression by RNAI could reverse tamoxifen resistance.
This reversal was accomplished through the use of short hairpin
RNAI (shRNA) constructs against the MACROD?2 transcript in
TamR cell lines. We generated two constructs, shRNA3 and
shRNAS, which were effective in reducing expression of
MACROD?2 when stably expressed in TamR clones (Fig. 44). We
then assessed tamoxifen sensitivity by growing the MACROD?2
knock down and control cell lines in the presence or absence of
tamoxifen. As shown in Fig. 4 B and C, shRNA knock down
resulted in reversal of tamoxifen resistance compared with con-
trol shRNA cell lines or parental TamR clones. There was,
however, partial rather than full restoration of tamoxifen sen-
sitivity, which may be due to the inability of RNAI to completely
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Fig. 2. Increased copy number of MACROD2 in metastatic lesions from
patients with tamoxifen-resistant disease. (A) Quantitative PCR was per-
formed on genomic DNA isolated from frozen tissue specimens obtained
from breast cancer patients with documented tamoxifen resistance. Liver
metastases (Tu) and adjacent normal tissue (NI) were analyzed for increased
MACROD2 copy number using primers within the amplified region and nor-
malizing to an invariant locus on chromosome 20p. *P < 0.05. (B) FFPE sam-
ples were used for MACROD2 immunohistochemical labeling as described in
the text. Shown is patient 3's primary breast cancer (Upper) scored as nega-
tive for nuclear MACROD?2 labeling and a soft tissue metastatic rib lesion
(Lower) from patient 3, scored as positive for nuclear MACROD2 labeling.
Magnification: 400x.

abrogate gene expression. Taken together with our cDNA over-
expression experiments, these results strongly suggest that
overexpression of MACROD2 can mediate a tamoxifen re-
sistance phenotype.

MACROD?2 Overexpression Increases Gene Expression of ER Regulated
Genes and p300 Binding to Estrogen Response Elements. MCF-7 cells
are a frequently used model for ER-positive estrogen-dependent
breast cancer cell growth. However, TamR clones demonstrated
a relatively reduced response to exogenous estrogens and indeed
were capable of cell proliferation in the absence of estrogen and
tamoxifen. Prior reports demonstrated that the MACROD?2 ho-
molog MACRODI (LRP16), functions as an ER coactivator in
MCEF-7 cells (21). We reasoned that MACROD?2 overexpression
may function similarly as an ER coactivator and that its over-
expression may lead to increased expression of ER regulated
genes, even in the absence of estrogen. We initially surveyed
selected candidate ER-regulated genes using RT-PCR and
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demonstrated that in the absence of estrogen and tamoxifen,
gene expression was increased in TamR clones (Fig. 54). We
hypothesized that MACROD?2 may directly or indirectly bind
regulatory elements in these estrogen regulated genes, and/or
increase binding of other known ER coactivators. We therefore
performed chromatin immunoprecipitation (ChIP) using anti-
MACROD2, ER and p300 (an ER coactivator) antibodies. For
these experiments, we used parental MCF-7 cells as well as two
TamR clones grown under serum-starved conditions in the pres-
ence of ethanol (vehicle control), estrogen or tamoxifen. Quanti-
tative real time PCR was used to assess relative fold changes in
DNA binding using primers for promoter and enhancer regions
with known estrogen response elements (EREs) (26). As seen in
Fig. 5B and SI Appendix, Fig. S3, there was variability in DNA
binding using our anti-MACROD?2 antibody for the regions ana-
lyzed in estrogen and tamoxifen growth conditions relative to ve-
hicle controls. This variability may reflect differences in clonal
populations and/or the fact that there are currently no validated
MACROD?2 antibodies for ChIP. Indeed, in our hands commer-
cial antibodies did not have specificity for MACROD2 by Western
blot, necessitating the use of our own antibody for these studies.
On the other hand, ER binding was for the most part consistent
with its known role in binding EREs in several ER regulated
genes. Strikingly, in TamR cells stimulated with tamoxifen, a con-
sistent pattern of increased p300 binding was seen in all four
promoter regions compared with parental MCF-7 cells (Fig. 5B).
This same consistent pattern of increased p300 binding upon
tamoxifen stimulation was seen in other regulatory elements of
the known ER response genes PGR (enhancer region), SMAD,
SBNO2, P2RY2, ABCA3, and GREBI, whereas estrogen induced
variable results in p300 binding (SI Appendix, Fig. S3). The single
exception to this trend was the analysis of NRIP1. Because p300
is a well known coactivator and mediator of ER regulated gene
expression, taken together, these results suggest that overex-
pression of MACROD?2 may lead to increased expression of
ER regulated genes by facilitating augmented binding of p300
to EREs.

MACROD2 Overexpression Alters Protein Expression of ER and Non-ER
Regulated Genes and Leads to Estrogen Independent Growth in Vivo.
Given MACROD?2’s recently described function in ADP ribo-
sylation (20), and the fact that ER coactivators can have both
estrogen dependent and independent mechanisms of mediating
tumor growth (27) we sought to examine a broader array of
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Fig. 3. MACROD2 overexpression in human breast
cancer cell lines mediates tamoxifen resistance and
growth. (A) Whole cell lysates were harvested from
cell lines as indicated and used for Western blots. EV,
empty vector control. GAPDH antibody staining was
used for a loading control. (B) MCF-7, T47D and their
derivate cell lines were seeded in assay media and
exposed to vehicle (ethanol) or 1 pM 4-OH tamoxi-
fen for 7 d as described in the text. EV, empty vector
control. *P < 0.01. (C) MCF-7 and the derivative cell
lines were seeded in triplicate and exposed to es-
trogen (1.25 nM 17-p-estradiol), tamoxifen (1 pM
4-OH tamoxifen), or a combination of both drugs
for 7 d as described in the text. EV, empty vector
control. *P < 0.01.
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signaling pathways that regulate cell growth. We therefore sub-
jected TamR and parental MCF-7 cells to reverse phase protein
array (RPPA) analysis. As shown in SI Appendix, Fig. S44, the
overall expression pattern was similar between TamR clones, yet
was strikingly distinct from parental MCF-7 cells. Interestingly,
several growth promoting genes and enzymes were differentially
expressed in TamR clones relative to parental MCF-7 cells (S1
Appendix, Fig. S4B), suggesting MACROD?2 overexpression may
mediate its effects via ER and non-ER regulated genes.

To further characterize MACROD?2 estrogen independent
growth, we assessed TamR proliferation as xenografts in athymic
nude mice. It is well established that MCF-7 cells require es-
trogen supplementation to grow as xenografts (28, 29). There-
fore, we inoculated female athymic nude mice with the TamR
clones as well as their MACROD?2 knock down counterparts
without exogenous estrogen supplementation. Xenograft tumors
did not form in control mice inoculated with parental MCF-7
cells (SI Appendix, Table S3). However, as seen in Fig. 64, we
observed extensive in vivo tumor growth for parental TamR
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as a loading control. (B and C) MCF-7 and the de-
rivative cell lines were seeded in triplicate and ex-
posed to vehicle control (ethanol) or tamoxifen
(1uM 4-OH tamoxifen) for 7 d as described in the
text. EV, empty vector control. *P < 0.05. Repre-
sentative results are shown in B with quantification
relative to controls and depicted graphically in C.

clones compared with TamR clones expressing MACROD2
shRNA knock down. Histologic analysis of TamR xenografts
demonstrated poorly differentiated tumors with numerous mi-
toses (SI Appendix, Fig. SS5). These results strongly suggest that
overexpression of MACROD?2 can lead to an estrogen inde-
pendent growth phenotype.

Cell Proliferation Mediated by MACROD2 Overexpression Is Dependent
on ER and Is Not Sufficient for Growth Factor Independent Growth in
ER Negative Cells. Although MACROD?2 overexpression led to ta-
moxifen resistance and estrogen independent growth, its ability to
enhance gene expression of ER regulated genes suggested these
effects may require ER and other cofactors to mediate cell pro-
liferation. To address this, we first used pharmacologic means to
reduce ER expression with the selective estrogen receptor down
modulator, fulvestrant. As seen in SI Appendix, Fig. S64, fulves-
trant successfully reduced levels of ER in MCF-7 and TamR cell
lines as shown by Western blot, although interestingly, this effect
was reversed with the addition of tamoxifen. Cell lines were then

Fig. 5. MACROD2 overexpression can induce es-
trogen regulated genes and increases p300 binding
to estrogen response elements in response to ta-
moxifen. (A) The parental MCF-7 and TamR clones
were seeded in assay media without estrogen and
tamoxifen and then RNA was harvested from these
cells and RT-PCR was performed on a subset of es-
trogen responsive genes (shown). GAPDH was used
as a loading control. (B) Parental MCF-7 cells and
TamR cells were seeded in assay conditions and then
vehicle (ethanol) or tamoxifen was added to the
cells. The cells were then harvested and subjected to
chromatin immunoprecipitation (ChIP) as described
in the text using antibodies against MACROD2, ER,
p300, and a control [IgG(-)]. Quantitative PCR was
then performed using primers that encompass es-
trogen response elements in promoter or enhancer
regions of known ER target genes (primers in S/
Appendix, Table S5). Results are representative of
duplicate samples comparing quantitative real time
PCR results after controlling for input DNA and then
analyzing relative fold differences between tamox-
ifen and vehicle control. Parental MCF-7 and two
representative TamR clones are shown.
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Fig. 6. MACROD2 overexpression results in estrogen-independent tumor
formation in vivo, and overexpression in primary breast cancers is associated
with worse survival in luminal A/B tumors. (A) TamR clones and their shRNA-
expressing counterparts (ShRNA3 or shRNA5) were inoculated into female
athymic nude mice (2 x 10° cells per mouse) in reduced growth factor
Matrigel. After 42 d, mice were killed and tumor volume was measured. Re-
sults are representative of three independent experiments with 10 mice per
group. *P < 0.05. (B) MACROD2 amplification and overexpression (greater
than twofold) were used as parameters to query The Cancer Genome Atlas
(TCGA) breast cancer database, limited to luminal A/B (i.e., ER positive)
tumors as described in the text. Shown is a Kaplan-Meier estimate of overall
survival between patients with luminal A/B primary breast cancers with am-
plification or overexpression of MACROD2Z (red) and those without (blue).

subjected to proliferation assays to determine if reduction of ER
could affect growth of TamR cell lines. As shown in SI Appendir,
Fig. S6B, fulvestrant did reduce cell proliferation relative to ta-
moxifen stimulated growth, although this effect was partial. This
partial effect could be due to other growth factors regulated by
MACROD?2 and/or that pharmacologic reduction of ER
was not 100%. To further address this question, we then over-
expressed the MACROD2 cDNA in the ER negative, non-
tumorigenic cell line, MCF-10A (30). This cell line requires
exogenous growth factors for continuous proliferation, including
epidermal growth factor (EGF), and we have previously charac-
terized that gene targeted oncogenic mutations can lead to EGF
independent growth (31). As demonstrated in SI Appendix, Fig.
S6C, transient and stable transfection of MCF-10A led to detect-
able MACROD?2 protein by Western blot. However, when com-
paring EGF-independent growth relative to EGF dependent
growth, (SI Appendix, Fig. S6D), there was no discernible differ-
ences between parental MCF-10A, empty vector control or cells
transfected with MACROD?2. Moreover, gene expression of ER
regulated genes was not increased in MACROD?2 overexpressing
MCF-10A cells (SI Appendix, Fig. SOE), despite the fact that
transfection of ER in MCF-10A cells can lead to increased ex-
pression of these genes (32). Collectively, these results suggest that
MACROD?2 is dependent on ER and possibly other cofactors to
mediate its proliferative effects.

Primary Luminal Breast Cancers with Overexpression or Amplification
of MACROD2 Have Worse Prognosis. Finally, to determine the
clinical significance of MACROD2 overexpression in human
breast cancers, we queried The Cancer Genome Atlas (TCGA)
database for luminal human breast cancers that demonstrated
overexpression and/or increased gene copy number of MACROD?2.
Using the cBioPortal for Cancer Genomics platform (33), ~4%
of luminal A or B (i.e., ER positive) primary breast cancers dem-
onstrated increased expression or amplification of MACROD?2 in
this analysis. An overall survival Kaplan—-Meier estimate dem-
onstrated a statistically significant difference between patients
whose tumors had overexpression/amplification of MACROD2
compared with those that did not (P = 0.015) (Fig. 6B). Be-
cause this analysis represented fewer than 200 patients, we
wished to extend these findings to additional larger datasets.
The METABRIC database incorporates almost 2,000 women
and clinical follow up with a history of primary breast cancers (34).
Importantly, ER/PR status, copy number variations and gene ex-
pression analysis is available on these patients’ tumors as well as
survival outcomes. We queried these data to determine whether
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our initial results could be confirmed. As shown in SI Appendix, Fig.
S7, there were statistically significant differences in survival in
patients whose tumors demonstrated amplification/overexpression
of MACROD?2, but almost exclusively in women with ER and/or
PR-positive disease. These results provide additional evidence that
MACROD? overexpression is biologically relevant, has prognostic
significance for ER-positive breast cancers, and may serve as a
predictive marker and future target of therapy.

Discussion

Although great strides have been made in treating ER-positive
breast cancers using endocrine therapies, drug resistance remains
a formidable clinical problem. Indeed, there has been renewed
interest in understanding and uncovering genetic effectors of
endocrine therapy resistance with the recent discovery of ER
mutations and translocations that are found at relatively high
frequency in metastases but are rare in primary breast tumors.
Notably, these studies suggest the emergence of ER mutations/
alterations after treatment and progression on endocrine thera-
pies. However, ER mutations/alterations do not account for all
mechanisms of hormone resistance, and the ability to identify
additional mediators of resistance remains of high clinical impor-
tance. In this study we have identified MACROD? as a mediator of
tamoxifen resistance and estrogen independent growth. We con-
clude this on the following bases: First, independently derived ta-
moxifen-resistant MCF-7 clones (TamR) have overexpression and
amplification of MACROD?2. Second, MACROD?2 overexpression is
observed in human breast cancer samples from patients with ta-
moxifen-resistant disease. Third, overexpression of MACROD?2 in
two separate ER-positive breast cancer cell lines leads to tamox-
ifen resistance, and gene knock down by stable shRNA reverses
this phenotype. Fourth, MACROD?2 overexpression leads to es-
trogen independent growth in vivo, and up-regulates growth
promoting genes that are both ER-regulated and non-ER regu-
lated. Finally, overexpression or amplification of MACROD?2 in
ER-positive (luminal A/B) primary breast tumors has a signifi-
cantly worse outcome compared with breast cancer patients
whose primary tumors do not have overexpressed/amplified
MACROD?. This result suggests that these patients may have de
novo resistance to tamoxifen and perhaps other endocrine thera-
pies. Of note, ESRI (ER) mutations were not found in TamR
clones further underscoring the various mechanisms leading to
tamoxifen resistance (SI Appendix, Fig. S8).

As mentioned, MACROD? is a relatively newly characterized
gene and paradoxically, some cancer sequencing/genomic studies
have shown that it is frequently deleted, leading to the hypothesis
that it may function as a tumor suppressor (23). Interestingly, the
Sanger Institute demonstrated that MACROD? is not a general
common fragile site (35), but suggested that it may be a cancer-
specific fragile site similar to a recent report (23), although in the
latter study breast cancers were not prone to a high frequency of
MACROD? deletion. In contrast, our study demonstrates that
MACROD?2 overexpression and amplification occur in breast
cancers, leading to tamoxifen resistance and estrogen-independent
growth, properties more consistent with an oncogene. It may be
that as a cancer specific fragile site, MACROD? is lost without any
selective pressure for its retention. However, in the case of ER-
positive breast cancers treated with tamoxifen, the fragility of this
locus allows for amplification, so that drug resistant clones can
emerge. Along those lines, data from TCGA would suggest that
overexpression/amplification of MACROD?2 occurs at relatively low
frequency in primary breast cancers, but the results from our study
suggest that metastatic sites of disease display a higher frequency of
MACROD?2 overexpression, which may mediate tamoxifen re-
sistance, and also estrogen independent growth. A limitation of our
study is the relatively small number of patients examined, as it is
difficult to obtain metastatic biopsies from patients with clinical
follow up. However, because MACROD? is amplified, it may be
possible in the future to quickly identify and “track” MACROD?2
amplified metastatic disease using a liquid biopsy approach re-
cently described by Bardelli and colleagues (36). Regardless, the
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significantly worse outcomes in patients whose primary breast
cancers display overexpression/amplification of MACROD2, in-
cluding the large dataset from the METABRIC study, is consistent
with the idea that MACROD?2 may herald intrinsic resistance to
tamoxifen therapy with a more aggressive cancer phenotype.

Our gene expression and ChIP data suggest that MACROD?2
can mediate cell growth and proliferation through ER-dependent
and -independent mechanisms. Given MACROD2’s recently de-
scribed role in mono-ADP ribosylation and other enzymatic func-
tions, as well as the fact that MACROD?2 overexpression increases
p300 coactivator binding to EREs, it is likely that MACROD2
affects gene expression via transcriptional regulation and epigenetic
modifications. With the recent interest and success of epigenetic
therapies for cancer treatment, it is tempting to speculate that
MACROD?2 may be a “druggable” protein, and that its overex-
pression may help identify patients whose tumors have intrinsic
resistance to tamoxifen and a high risk phenotype. Thus, the dis-
covery of a previously unidentified gene, MACROD?2, and its
functional role in drug resistance, may lead to improved systemic
therapies and predictive markers for the treatment of ER-positive
breast cancers.

Materials and Methods

Cell Culture and Transfections. Cell lines used have been described (31).
Overexpression and shRNA constructs used for transfection and assays were
performed as described (37, 38).
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Cell proliferation Assays. Cell proliferation assays were performed as de-
scribed (37, 39).

Xenograft Assays. Xenograft assays were performed as described (37).

In Silico Data Analysis. Expression data and prognostic survival curves were
generated using cBioPortal (33) using the TCGA database for breast cancers and
selecting for luminal A/B tumors which demonstrated either 2x overexpression
or amplification of MACRODZ2. The METABRIC database has been previously
described (34). Upon IRB approval, these data were accessed through Synapse
(synapse.sagebase.org), and used for correlating MACROD2 amplification/
overexpression with survival.

Additional methods are provided in S/ Appendix, SI Materials
and Methods.
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