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Abstract

Cyclin E (CCNE) is altered in nearly a third of invasive breast cancers where it is a powerful
independent predictor of survival in women with stage I-111 disease. Full-length cyclin E is post-
translationally cleaved into low molecular weight (LMW-E) isoforms, which are tumor-specific
and accumulate in the cytoplasm because they lack a nuclear localization sequence (NLS). We
hypothesized that aberrant localization of cytosolic LMW-E isoforms alters target binding and
activation ultimately contributing to LMW-E-induced tumorigenicity. To address this hypothesis,
we used a retrovirus-based protein complementation assay to find LMW-E binding proteins in
breast cancer, identifying ATP-citrate lyase (ACLY), an enzyme in the de novo lipogenesis
pathway, as a novel LMW-E-interacting protein in the cytoplasm. LMW-E upregulated ACLY
enzymatic activity, subsequently increasing lipid droplet formation, thereby providing cells with
essential building blocks to support growth. ACLY was also required for LMW-E-mediated
transformation, migration and invasion of breast cancer cells in vitro along with tumor growth in
vivo. In clinical specimens of breast cancer, the absence of LMW-E and low expression of
adipophilin (PLINZ2), a marker of lipid droplet formation, associated with favorable prognosis,
whereas overexpression of both proteins correlated with a markedly worse prognosis. Taken
together, our findings establish a novel relationship between LMW-E isoforms of cyclin E and
aberrant lipid metabolism pathways in breast cancer tumorigenesis, warranting further
investigation in additional malignancies exhibiting their expression.
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INTRODUCTION

Our knowledge of inherited abnormalities leading to breast cancer have advanced
significantly in recent years; however, an understanding of how the molecular events that are
found in sporadic breast cancer integrate to regulate tumor initiation and progression has
remained largely elusive for this complex disease. Cancer cells often exhibit uncontrolled
proliferation due to deregulation of the cell cycle and of members of the cell cycle regulatory
pathways. Deregulation of cyclin E results from gene amplification, protein overexpression
and post-translational cleavage in multiple tumor types leading to genomic instability and
centrosome amplification (1). Moreover, cyclin E has shown to be an independent predictor
of survival in patients with invasive breast cancer (2).

Full-length cyclin E protein (EL; 50 kDa) is post-translationally cleaved by elastase into two
low-molecular-weight isoforms, LMW-E (T1; 45 kDa) and LMW-E (T2; 33kDa) (3). The
significance of these tumor-specific LMW-Es which was originally discovered in breast
cancer by our group and subsequently by others (4-6) has recently been the subject of
several review articles (7-9). These isoforms are also found in ovarian cancer (10, 11),
melanomas (12), colorectal cancer (13-16), lung cancer (17) and renal cell carcinomas (18).
Transgenic mice expressing the LMW-E isoforms have increased mammary tumor
development and metastasis compared to mice expressing EL (19). In addition, the LMW-E
isoforms have greater affinity toward cyclin-dependent kinase 2 (CDK2) and are less
sensitive to inhibition by the CDK inhibitors p21 and p27 (20, 21). Significantly, the LMW-
E isoforms lack a classical nuclear localization sequence (NLS) that targets cyclin E to the
nucleus and thus preferentially accumulate in the cytoplasm (22, 23). Together, these data
suggest that the biological and chemical differences between EL and LMW-E isoforms are
due to disparate protein interactions in the cytoplasm. Therefore, we hypothesized that
aberrant localization of LMW-E isoforms in the cytoplasm leads to binding interactions and
altered activation of cytoplasmic proteins that ultimately contribute to LMW-E
tumorigenicity.

To further understand the role of the LMW-E isoforms in breast cancer tumorigenesis, we
used a retrovirus-based protein complementation assay (RePCA) to identify LMW-E (T1)
protein interactions in the cytoplasm. RePCA was first developed to identify AKT1-binding
partners and is an effective system for discovering novel protein-protein interactions in an
endogenous environment (24). Using this methodology, we identified ATP-citrate lyase
(ACLY) as a novel interacting protein of LMW-E (T1) in the cytoplasm. ACLY catalyzes the
first step of the de novo lipogenesis pathway and converts cytoplasmic citrate to acetyl-CoA
and oxaloacetate. We found that LMW-E upregulates ACLY enzymatic activity and
subsequent lipid production in human mammary epithelial cells. Moreover, ACLY is
required for LMW-E mediated transformation /n vitro and tumorigenesis /n vivo. Lastly,
lack of LMW-E and low adipophilin (a marker for lipid droplet formation in human tissue)
in 100 breast cancer specimens were associated with a favorable prognosis, while
overexpression of both proteins was correlated with a significantly worse prognosis. Our
data implicate a novel link between metabolic pathways and the deregulated cell cycle in
breast cancer.
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MATERIALS AND METHODS

Cell culture and plasmids

RePCA

MCF7 and MCF7 Tet-On cells were purchased from BD Clontech (Palo Alto, CA) and
cultured as previously described (25). The LMW-E (T1) intensely fluorescent protein N-
terminus (IFPN) construct was generated previously (23) and used to create MCF7 Tet-On
cells stably expressing the LMW-E (T1)-IFPN construct by selection with 80 pg/mL zeocin
(Invitrogen, Grand Island, NY). Embryonic kidney HEK 293T/17 cells from ATCC
(Manassas, VA) were cultured in Dulbecco's modified Eagle's medium supplemented with
10% FBS. RePCA plasmids IC1, IC2 and IC3 and packaging plasmids pcGP and pVSVG
were used to produce the RePCA retrovirus. The immortalized non-tumorigenic human
mammary epithelial cell line, 7T6NEB6, which ectopically express cyclin E isoforms under a
doxycycline-inducible promoter was cultured as previously described (26). 7T6NE6-tumor
derived cells (TDCs) were cultured as previously described (26). sShRNA constructs were
purchased from the ShRNA and ORFeome core at the University of Texas MD Anderson
Cancer Center (Houston, TX) and were generated in a lentiviral packaging system as
previously described (27). All cells were free of mycoplasma contamination. Cell lines were
identified and authenticated by karyotype and short tandem repeat analysis using the MD
Anderson's Characterized Cell Line Core Facility regularly (every six months).

RePCA was performed as previously described (24). Briefly, IC1, IC2 or IC3 retrovirus
were produced in HEK 293T/17 cells and subsequently used to transduce 1 x 10’ MCF7
Tet-On cells stably expressing the LMW-E (T1)-IFPN construct. MCF7 cells display very
low endogenous levels of LMW-E that will not compete with the tagged overexpressed
forms. Puromycin-resistant cells were subjected to fluorescence-activated cell sorting for
GFP expression using a BD FACSAria Il cell sorter (BD Biosciences, San Jose, CA). Single
cells were grown at low density in minimal essential medium-a containing 2 pg/mL
puromycin to form clones. The clones were expanded and RNA was extracted using
RNAeasy mini kits (Qiagen, Valencia, CA). Reverse transcription was performed with a
random primer (RT-1) as previously described (24). The cDNA was amplified by PCR with
an intensely fluorescent protein C- terminus (IFPC)-specific primer and a T7 primer (24)
using HotStarTag DNA polymerase (Qiagen). PCR products were gel purified and
sequenced at the Sequencing and Microarray Facility at the MD Anderson Cancer Center.
Sequences were identified using GenBank BLAST (24).

Immunocytochemical analysis and lipid staining

RePCA clones were cultured in the presence of 2 ug/mL doxycycline for 48 hours. Cells
were fixed with 4% paraformaldehyde, and nuclei were counterstained with 4,6-
diamidino-2-phenylindole (DAPI) (Sigma, St. Louis, MO). Lipid staining was conducted
using the LipidTox reagent according to the manufacturers instructions (Invitrogen, Grand
Island, NY). LipidTox reagent was diluted and incubated with cells for 45-60 minutes.
Images were captured on an Olympus Epi-fluorescence microscope and Hamamatsu Orca
camera.
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ACLY activity

ACLY activity was measured by the malate dehydrogenase-coupled method as previously
described (28). This method can be used with either pure enzyme or crude cell lysates
(28-30), as we have used in this study. Briefly, cell lysates were extracted from MCF7 and
76NES6 cell lines and incubated with the reaction mixture (200mM Tris HCI pH 8.7, 20mM
MgCL,, 20mM potassium citrate, ImM DTT, 0.2mM NADH, 1U/mL MDH, 0.5mM CoA)
with and without ATP. ACLY activity was measured every 3 minutes for 30 minutes using a
NanoDrop 2000c spectrophotometer from Thermo Scientific (Wilmington, DE). ACLY
specific activity was calculated as the change in absorbance with ATP minus the change in
absorbance without ATP normalized to protein concentration. /n7 vitro assays used 25ng of
purified recombinant ACLY enzyme (US Biological, Salem, MA).

In vivo xenograft model

Nude mice were obtained from the department of Experimental Radiation Oncology at The
University of Texas MD Anderson Cancer Center (Houston, TX). MCF7 cells were injected
in a 50:50 ratio of cells:Matrigel at a density of 2.5 x 108 cells/mL into inguinal mammary
fat pads bilaterally (No. 5 and No. 10). Tumors were measured twice per week with caliper
starting at 3 weeks for 12 weeks. Maximum tumor volume per mouse reached 1500mm3,
The IACUC protocol for this study, #00001188-RNO1 entitled “Gene Therapy Approaches
to Solid Tumors Using Tumor Suppressor Genes”, was approved by The Institutional
Animal Care and Use Committee at The University of Texas MD Anderson Cancer Center.

Breast Cancer Patients

Oil Red O

We utilized a patient cohort of 100 stage I-111 breast cancer patients enrolled in a prospective
study between January 2000 and June 2010 (Lab00-222); the study was approved by MD
Anderson's Institutional Review Board. Formalin-fixed, paraffin-embedded (FFPE) tissue
and clinical and pathologic information were collected from all patients. Patients were also
followed for recurrence and survival. Clinical characteristics of the patients are listed in
Supplementary Table 1.

Frozen sectioned tissue slides were air dried and fixed with 4% paraformaldehyde and
stained with Qil Red O solution (0.5 g Oil Red O in 100 mL propylene glycol) for 30
minutes at room temperature and rinsed under running tap water 10 minutes. Slides were
lightly stained with alum hematoxylin for 1 min, rinsed with distilled water, and mounted for
microscopy.

Statistical analysis

All experiments were performed at least in triplicates with at least three technical replicates
per experiment if not otherwise indicated. The results of each experiment are reported as the
mean of experimental replicates. Error bars represent the standard deviation from the mean.
If not otherwise indicated, pairwise comparisons were analyzed using the unpaired 2-sided *
test (GraphPad Prism). For all tests, p<0.05 was considered significant.
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RESULTS

Interacting partners of LMW-E (T1) identified in RePCA screen

To identify LMW-E (T1) binding proteins in the cytoplasm, we utilized RePCA system (24).
Tet-On MCF7 cells stably expressing the LMW-E(T1) isoforms were transduced with the
RePCA retrovirus. Following infection, 80,000 fluorescent cells gave rise to 204 colonies
and 29.9% (61 of 204) retained fluorescence following doxycycline induction. From the 61
colonies we identified 11 independent LMW-E (T1) interacting proteins (Supplementary
Table 2). Sequencing the individual clones revealed the IFPC fusion transcript integrated at
or near the transcriptional start site in 6 of the 11 transcripts, indicating full-length or near-
full-length proteins were generated. We found the majority of the interacting proteins
identified (8 of 11, 73%) displayed known localization to the cytoplasm. For example,
YWHAQ (14-3-3p) regulates protein signaling by binding phosphoserine-containing
proteins (31). HSP27 (heat shock protein 27) is a chaperone protein induced upon
environmental stress (32). VAMPS (vesicle-associated membrane protein 8) is a component
of a protein complex involved in the docking of synaptic vesicles with the presynaptic
membrane (33). RPL41 (ribosomal protein L41) is a component of the 60S subunit of the
ribosome and important for mitosis and centrosome integrity. RANBP1 is a GTPase that
facilitates protein transport across the nuclear membrane (34). The largest functional group
(3 of 11, 27%) of proteins discovered from the screen were proteins involved in metabolism.
Trans-2,3-Enoyl-CoA reductase (TECR) catalyzes the final step in synthesizing long and
very long chain fatty acids (35). Aldolase A (ALDO-A), also known as fructose
bisphosphate aldolase, plays a key role in glycolysis and gluconeogenesis (36). Lastly,
ACLY, catalyzes the first step of the de novo lipogenesis pathway and converts cytoplasmic
citrate to acetyl-CoA and oxaloacetate (37). Elevated ACLY protein and activity levels have
been shown to correlate with tumor growth and progression in breast carcinoma, lung
adenocarcinoma, and glioblastoma (28, 36, 38), while ACLY inhibition by genetic or
pharmacologic methods suppresses tumor growth (29). On the basis of its role in promoting
tumor growth and its novel interaction with cyclin E, we selected ACLY for further
investigation.

Cyclin E and ACLY are interacting proteins

To examine the localization of the LMW-E (T1) protein complexes, we subjected several
RePCA clones to fluorescence microscopy. The LMW-E(T1)/ACLY interaction was
identified in clones #18 and #46 (Figure 1A) and as expected, the complex was localized
primarily to the cytoplasm. Another clone, #16 (used as a control), identified an interaction
between LMW-E(T1) and VAMPS, and this interaction was localized to the plasma
membrane. The LMW-E (T1)/ACLY interaction was further validated by co-
immunoprecipitation from cells co-expressing myc-ACLY and either EL or T1 N-terminally
tagged with SFB (S-tag, Flag epitope tag, and streptavidin-binding peptide tag) (Figure 1B)
or endogenously using three different breast cancer cell lines (MCF-7, MDA-MB-436 and
MDA-MB-157) (Figure S1). Because Cdk? is the primary binding partner of cyclin E, we
examined whether cyclin E or Cdk2 directly binds ACLY. A GST pull-down assay revealed
cyclin E as the direct binding partner of ACLY (Figure 1C) and further demonstrated that
Cdk2 does not bind directly to ACLY. ACLY is phosphorylated post-translationally by
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multiple proteins, including cAMP-dependent protein kinase, GSK3p, nucleoside
diphosphate kinase (NDPK) and protein kinase B (Akt) (39-41). Therefore, we examined
whether ACLY is a substrate of the cyclin E/Cdk2 complex. An /n vitro kinase assay
revealed ACLY (aa420-486) is not a substrate of EL/Cdk2 or T1/Cdk2 (Figure 1D). Akt1,
which phosphorylates ACLY at Ser454, was used as a positive control (28). Together, these
results indicate that ACLY directly binds cyclin E without post-translational modification.

LMW-E isoforms enhance ACLY enzymatic activity

ACLY enzymatic activity has shown to be elevated in breast carcinoma and lung
adenocarcinoma compared to normal tissue (28, 36). Therefore, the effect of cyclin E
expression on ACLY enzymatic activity was examined in human breast cancer, MCF7, cells
ectopically expressing the cyclin E isoforms. Expression of LMW-E(T1) and LMW-E(T2)
significantly increased ACLY enzymatic activity by 25-60%, while EL overexpression had
no effect (Figure 2A,B). We examined cyclin E expression on ACLY activity in another
model system, in which the expression of FLAG-tagged vector, EL, LMW-E(T1), and
LMW-E(T2) in 76NES6 cells could be induced by doxycycline (Figure 2C,2D ). ACLY
activity increases were only detected upon doxycycline induction of the LMW-E isoforms,
but not EL (Figure 2C). The phosphorylation of ACLY on Ser454 by Akt provides one
mechanism for regulation of ACLY enzymatic activity, however, the increase in ACLY
enzymatic activity observed upon expression of the LMW-E isoforms did not result in
changes of total or phosphorylated ACLY protein levels in either model system, indicating
the elevation in activity is independent of Akt (Figure 2B,D) (28). Lastly, we examined the
ability of different isoforms of cyclin E to increase enzymatic activity of purified ACLY ina
cell free, in vitro assay. The results revealed that together LMW-E(T1) and LMW-E(T2)
directly upregulate ACLY activity, and addition of EL or CDK2 did not result in significant
elevation (Figure 2E). Collectively, our findings suggest LMW-E(T1) and/or LMW-E(T2)
isoforms activate ACLY compared in EL in all systems evaluated.

Cytoplasmic ACLY activation is associated with lipid accumulation

ACLY is primarily found in the cytoplasm, but also localizes to the nucleus in murine
embryonic fibroblasts, murine pro-B-cell lymphoid cells, glioblastomas and colorectal
carcinomas (42). To examine whether the LMW-E isoforms specifically upregulate
cytoplasmic ACLY activity, 76NE6 cells with inducible expression of cyclin E were
fractionated (Figure 3A) and assayed for ACLY activity (Figure 3B). ACLY activity was
higher in the cytoplasm compared to the nucleus in all conditions examined, however,
activity increased only in the cytoplasmic fraction of cells containing LMW-E compared to
uninduced conditions (Figure 3B). Importantly, induction of EL had no effect and nuclear
LMW-E isoforms only increased ACLY activity by about 10% (Figure3B), suggesting that
the cytoplasmic interaction between LMW-E and ACLY results in elevated ACLY activity.

End products of the de novo lipogenesis pathway include phospholipids and complex fatty
acids resulting in lipid droplet formation (43). Lipid droplets are intracellular structures
comprised of a phospholipid and sterol outer layer and hydrophobic core containing neutral
lipids such as triacylglycerides and cholesterylesters (44). To measure lipid accumulation,
cyclin E inducible 76NEG6 cells were stained with a neutral lipid dye. Lipid staining under
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uninduced conditions showed a diffuse pattern in all cells, however, doxycycline induction
in LMW-E expressing cells revealed a punctate staining pattern indicating lipid droplet
formation (Figure 3C). Quantitation of the lipid droplet containing cells showed a significant
increase when LMW-E was induced (Figure 3D). Next, to examine if lipid droplet
accumulation in LMW-E expressing cells requires ACLY, ACLY was downregulated in the
LMW-E inducible cells (Figure 3D,E). Results revealed that lipid droplets were present in
only 20-30% of cells when ACLY was downregulated, compared to 40-60% in control
shRNA suggesting that expression of LMW-E(T2) is insufficient to induce lipid droplet
formation in the absence of ACLY (Figure 3G,H). Together, these data show that ACLY is
highly active in the cytoplasm due to the presence of LMW-E and results in lipid droplet
formation in human mammary epithelial cells.

ACLY is required for LMW-E mediated transformation

To examine the requirement of ACLY in LMW-E mediated transformation we performed an
anchorage-independent growth assay in MCF-7 overexpressing the cyclin E isoforms
concomitantly with ACLY downregulation; which effectively reduced protein expression
and enzymatic activity (Figure 4 A,B). ACLY downregulation had no effect on vector
expressing cells and only a slight reduction in anchorage independent growth was observed
in EL cells at 10 days (Figure 4C, top panel), but was rescued by 30 days (Figure 4C, bottom
panel). However, ACLY downregulation in LMW-E expressing cells resulted in a significant
reduction in colony formation at 10 days, which was not rescued by 30 days (Figure 4C).
Moreover, the average colony diameter was reduced in the LMW-E but not EL expressing
cells containing ACLY knockdown (Figure 4D). Importantly, ACLY knowndown did not
affect CDK2 associated kinase activity, suggesting that CDK2 activity does not account for
the reduced colony size in LMW-E expressing cells containing ACLY
downregulation(Figure 4E). Together, these data suggest that ACLY contributes to LMW-E
mediated transformation in the context of anchorage-independent growth.

ACLY downregulation reduces migratory and invasive capabilities of human mammary
epithelial cells

ACLY has been implicated in regulating migration in glioblastoma (38). Moreover, it has
been shown that LMW-E expression in non-tumorigenic human mammary epithelial cells
(7T6NE6-HMECs) that have been serially passaged three generations through mice; called
tumor derived cells (TDCs), have an increased propensity to invade using a transwell
invasion assay (26). To examine whether ACLY is required for LMW-E mediated migration
and invasion in TDCs, ACLY was downregulated using sShRNA in the 3 different TDCs
(Figure S2A,B). Cyclin E levels in these clones were previously reported (26, 27). A wound
healing assay showed that migration of LMW-E TDCs was significantly inhibited 30-50%
within 24 hours in the ACLY knockdown cells compared to scrambled shRNA, while ACLY
downregulation had minimal effect in the migration parental or EL expressing cells (Figure
5A,B). Importantly, reduced migration was not due to changes in the proliferative or
apoptotic capacity of the ACLY knockdown cells, as no changes were observed in Annexin
V or BrdU expression (Figure 5C). Additionally, no significant changes were observed in the
cell cycle profiles or doubling times following ACLY downregulation (Figure S2C,D and
Table S3). The transwell invasion assay revealed that ACLY is required for LMW-E TDC
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mediated invasion. LMW-E (T1) and LMW-E TDCs are inherently more invasive as can be
seen by the increased number of invasive cells in the scrambled shRNA conditions compared
to the parental and EL cells. However, invasive capacity of LMW-E TDCs was reduced up to
60% when ACLY was downregulated, with minimal or no effect in parental or EL cells
(Figure 5D,E). Levels of EMT related genes such as E-cadherin, Twist, Slug and Zeb1 were
not altered by ACLY downregulation (Figure S3). Together, these data suggest that ACLY is
required for migration and invasion of LMW-E TDCs and that cell cycle, proliferation and
EMT are unaffected.

ACLY is required for LMW-E mediated tumor growth in vivo

To further examine the requirement of ACLY in LMW-E mediated tumorigenesis, we
performed an /in vivo xenograft tumor assay and injected MCF7 cells containing both stable
expression of the cyclin E isoforms and stable knockdown of ACLY into the mammary fat
pad of nude mice. ACLY downregulation in vector expressing cells modestly reduced tumor
growth, compared to EL expressing tumors with ACLY knockdown (Figure 6A,B and Figure
S4A). However, ACLY downregulation in LMW-E expressing cells substantially inhibited
tumor growth (Figure 6A,B). Specifically, tumor volumes from vector expressing cells
increased 3-fold and tumor volumes from EL expressing cells increased 6-fold. LMW-E
expressing cells containing ACLY downregulation exhibited virtually no change in tumor
volume over the 10-week period (Figure 6A). These changes were corroborated with
examination of tumor weight. Specifically, LMW-E expressing tumors with ACLY
downregulation were extremely small with weights ranging from 6mg-65 mg, while vector
and EL expressing tumors displayed weights ranging from 200-400mg (Figure S4B). We
also observed ACLY knockdown in LMW-E expressing tumors delays tumor latency.
Specifically, ShACLY transcript #1 delayed tumor formation by 6 weeks in LMW-E(T1) and
up to 9 weeks in LMW-E(T2) expressing tumors. Similarly, tumor formation was delayed in
cells expressing ShACLY transcript #2, with tumors only forming in 40% of mice after 12
weeks (Table S4). H&E staining revealed moderate to poorly differentiated invasive ductal
carcinoma with desmoplastic stroma in all tumor samples (Figure 6C). We confirmed
reduced expression of ACLY in knockdown ACLY tumors. Cyclin E expression was
localized to the nucleus in EL expressing tumors, while LMW-E expressing tumors
displayed cyclin E localization to the nucleus and cytoplasm (Figure 6C, Table S5). ACLY
knockdown also increased Ki67 positivity for only vector and EL expressing tumors (Figure
6C, Figure S4C, Table S5). To interrogate the ability of LMW-E expression to induce lipid
production, we stained the mouse tumors with Oil Red O (Figure 6D). Vector and EL
expressing tumors showed no lipid accumulation while LMW-E expressing tumors
displayed neutral lipid accumulation that was reversed upon ACLY downregulation (Figure
6D). Using tumor xenografts, we also show that acetyl-CoA levels remain unchanged in
vector or EL expressing cells containing ACLY knockdown, while acetyl-CoA in LMW-E
expressing cells containing ACLY knockdown increases significantly compared to controls
(Figure S4D). Additionally, oxaloacetate and citrate levels in these conditions remain
unchanged overall (Figure S4D). These results suggest that substrates that are upstream of
ACLY, especially acetyl-CoA in the TCA cycle, accumulate intracellulary, due to lack of the
ACLY enzyme downstream in the de novo lipogenesis pathway. We also measured de novo
synthesis of lipids in the MCF-7 panel of cell lines and the results reveal that while MCF-7-
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EL cells require glucose-derived lipid biosynthesis for their tumorigenic potential that
MCF-7-LMW-E cells are not dependent on this process (Figure S4D).

These results prompted us to interrogate if other markers of lipid biogenesis are also
modulated by LMW-E expression and ACLY downregulation. One such marker is
adipophilin, a major protein on the surface of lipid droplets. We examined expression of
adipophilin in mouse tumor xenografts and results revealed that high adipophilin levels
correlate with LMW-E and ACLY expression, but adipophilin levels decrease significantly
upon ACLY downregulation (Figure 6C, Table S5). Taken together, these results show that
LMW-E tumors require ACLY mediated lipid-based energy or building blocks for efficient
tumor formation and growth.

Adipohilin levels correlate with LMW-E and poor prognosis in breast cancer patients

RePCA analysis revealed that LMW-E interacts with ACLY in the cytoplasm and
upregulates ACLY enzymatic activity leading to lipid droplet formation. Therefore, we
examined the concordance of LMW-E expression and lipid accumulation in tumor tissue
from 100 breast cancer patients. Clinical and pathologic variables are summarized in Table
S1. Recently, antibodies that recognize proteins associated with lipid droplets, such as
adipophilin, have been described using paraffin sections in various cancer types, including
breast cancer (Figure S5, Table S6) (45, 46). Here we used adipophilin
immunohistochemistry to determine the intra-cytoplasmic lipid accumulation in breast
carcinoma samples. A strong correlation was observed between cytoplasmic cyclin E
staining and adipophilin staining (p=0.0001) (Figure 7A,B). Specifically, 100% of patient
samples negative for LMW-E expression also had negative/low adipophilin expression,
while 40% of all patients containing LMW-E expression also had high adipophilin
expression. Next, we set out to investigate the correlation of cyclin E and adipophilin
expression in different subtypes of breast cancer. We observed significant differences in the
distribution of breast cancer subtypes between tumors harboring and lacking adipophilin
(Figure 7C) and cyclin E (Figure 7D). Overall, luminal A-like (ER+/PR+/Ki67'°%) and
luminal B (ER+/PR+/Ki67M9M subtype breast tumors were significantly less likely to have
LMW-E and adipophilin expression compared to HER2-positive and TNBC subtypes.
Lastly, we investigated the clinical significance of adipophilin and/or LMW-E expression in
our patient cohort. Kaplan-Meier recurrence-free survival curves as a function of
adipophilin, cyclin E and the combination of cyclin E and adipophilin staining are shown in
Figure 7E, 7F and 7G, respectively. Lack of LMW-E and low adipophilin scores were
associated with a favorable prognosis, while overexpression of both proteins was correlated
with a significantly worse prognosis.

DISCUSSION

In this study we identified ACLY as a novel binding partner of cyclin E and demonstrated
this interaction contributes to the aggressiveness of breast cancer by enhancing ACLY
function. Although all isoforms of cyclin E bind ACLY, it is only cytoplasmic LMW-E that
affects ACLY function. Full-length cyclin E (EL) is primarily localized to the nucleus, while
LMW-Es are predominately cytoplasmic (23). Enzymatic activation of ACLY occurs only by
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cytoplasmic LMW-E and it is possible that LMW-E binding induces a conformational
change in ACLY and creates a stronger binding pocket for citrate and ATP, thereby
enhancing its enzymatic activity.

ACLY and other enzymes in the de novo lipogenesis pathway, such as acetyl-CoA
carboxylase (ACC) and fatty acid synthase (FASN), have been shown to be upregulated in
cancer cells and energy deregulation now recognized as an emerging hallmark of cancer and
a characteristic of the transformed phenotype (43). We found that LMW-E expression results
in lipid droplet formation. Lipid droplets (LDs) provide intracellular energy and are
composed of triacylglycerides and cholesterylesters surrounded by a phospholipid
monolayer (47). LDs and increased fatty acid synthesis have shown to be involved in many
areas of cancer progression (47). In general, fatty acids not only promote membrane
synthesis; which is required for cell growth and proliferation, but also exhibit non-
proliferative roles. For example, fatty acids lead to membrane fluidity important for
resistance to oxidative stress and survival under energy stress (47). Moreover, metabolic
intermediates like NADPH provide redox balance and fatty acid derived lipids facilitate
signaling through membrane receptors or lipid-based posttranslational modifications (47).

Although it's counterintuitive for breast cancer cells to upregulate lipid production due to
residing in a lipid-rich environment, other groups have shown similar results. Activation of
de novo lipid synthesis in cancer cells has shown to be irrespective of environment and /n
vivo labeling using 14C-glucose determined that most esterifed fatty acids derived in tumor
models were derived from de novo lipid synthesis (48). Furthermore, 93% of triacylglycerol
fatty acids in tumor cells are derived from de novo synthesis (43). In breast cancer human
growth hormone stimulation increases lipid synthesis and forms cytoplasmic lipid droplets
in T47D luminal breast cancer cells (49) and the lipid phenotype can easily stratify
malignancy in breast cancer (50). These observations are consistent with our findings that
genetic downregulation of ACLY resulted in reduced anchorage-independent growth /n vitro
and xenograft tumor growth /n vivo that was specific to LMW-E expressing breast cancer
cells. In tumor xenografts LMW-E expression concomitantly with ACLY downregulation
significantly increases acetyl-CoA levels compared to controls. These results suggest that
substrates upstream of ACLY, especially acetyl-CoA in the TCA cycle, accumulate
intracellulary, due to lack of the ACLY enzyme downstream in the de novo lipogenesis
pathway. These results also imply that the binding and interaction between ACLY and
LMW-E may be a rate limiting step in the de novo lipogenesis pathway and when one
element is removed (i.e. ACLY) the lipogenesis pathway is inhibited despite multiple
compensatory pathways for acetyl-CoA production.

Lastly, we interrogated whether other markers of lipid biogenesis are also modulated by
LMW-E expression and if these levels are altered by ACLY downregulation. We found that
adipophilin levels are high in tumor xenografts and patient samples with LMW-E and ACLY
and that adipophilin levels decrease significantly when ACLY is downregulated. Moreover,
this flux is absent when EL is expressed. In patient samples co-expression of adipophilin and
LMW-E lead to decreased survival and poor prognosis, while those patients with low
adipophilin and no LMW-E expression had 100% progression free survival. Therefore,
inhibition of ACLY and reduction of lipid accumulation may prove to be beneficial in
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targeting other aggressive cancer types that display LMW-E expression such as ovarian,

co

lorectal cancers and melanoma.
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Figure 1. Validation of RePCA clones

(A) RePCA clone #46, #18 and #16 were fixed and counterstained with Dapi. (B) 293T
lysates expressing SFB-tagged cyclin E isoforms and myc-ACLY were immunoprecipitated
using an anti-Flag antibody. (C) Recombinant GST-ACLY protein was incubated with /in
vitro transcribed and translated (TnT) cyclin E isoforms or Cdk2 and isolated using

Glutathione sepharose beads and subjected to western blot analysis.

(D) In vitrokinase assay

using recombinant GST-ACLY aa 426-486 and recombinant cyclin E isoforms produced in
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Sf9 cells alone or in complex with CDK2 were isolated by Cdk2 immunoprecipitation and
incubated with GST-ACLY in the presence of 32P-y-ATP.
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Figure 2. LMW-E isoforms affects ACLY enzymatic activity
(A) MCF7 cell lysates ectopically expressing the cyclin E isoforms were used to examine

ACLY enzymatic activity by the malate dehydrogenase coupled method. Error bars= SEM
from three independent replicates (Student's t-test,**p<0.007). (B) Western blot showing
protein expression. (C) 76NE6 lysates containing inducible expression of the LMW-E
isoforms increases ACLY enzymatic activity. Error bars= SEM from three independent
replicates (Student's t-test,*p<0.03 and p<0.004). (D) Western blot showing protein
expression. (E) /n vitro transcribed and translated cyclin E isoforms or CDK2 were
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incubated with purified ACLY protein and subjected to the malate dehydrogenase coupled
method. Error bars= SEM from three independent replicates (Student's t-test,**p<0.03).
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Figure 3. Cytoplasmic ACLY activity resultsin lipid droplet accumulation
(A) Western blot showing protein expression from fractionated cells. (B) ACLY activity is

shown for at least 3 independent replicates from fractionated 76NEG6 cells using the malate
dehydrogenase coupled method. Statistical analysis was conducted using the student's t-test.
Error bars= SEM (**p<0.008 and *p<0.04). (C) 76NE®6 cell containing inducible expression
of cyclin E stained with LipidTox and counterstained with Dapi. (D) Lipid droplet formation
was quantified before and after addition of doxycycline (n=100). (Student's t-test *p<0.05).
(E) Western blot showing protein expression. (F) 76NE6-inducible LMW-E(T2) lysates
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containing ACLY knockdown to examine ACLY activity. Three independent replicates are
shown; error bars=SEM (**p<0.002). (G) 76NE6-inducible LMW-E(T2) cells stained with
LipidTox and counterstained with Dapi. (H) Cells were counted before and after addition of
doxycycline (n=100). (Student's t-test *p<0.05).
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Figure4. ACLY isrequired for LMW-E mediated anchor age-independent growth
(A) Western blot showing protein expression. (B) MCF7 lysates ectopically expressing the

cyclin E isoforms with ACLY downregulation were used to examine ACLY activity from 2
independent replicates. Error bars=SEM, **p<0.005. (C) Quantitation of colonies formed
after 10 days and 30 days in anchorage-independent growth conditions of MCF7 cells
ectopically expressing the cyclin E isoforms with ACLY downregulation. Statistical analysis
was performed using the student's t-test in 3 independent experiments performed in triplicate
(10 days *p<0.04, **p<0.009, ***p<0.0002 and 30 days *p<0.04 and **p<0.0025). (D)
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Average colony diameter of colonies formed in soft agar conditions. Statistical analysis was
performed using the student's t-test; (**p<0.0085) and performed in triplicate with images
from representative colonies are shown. (E) CDK2 associated kinase activity, using Histone
H1 (HH1) as a substrate.
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Figure5. Inhibition of ACLY reduces migration and invasion in HMECs
(A) 76NE6 and TDCs containing either scrambled shRNA or shRNA toward ACLY reached

confluency and scratched with a pipet tip to create a wound. Images were taken at 0 and 24
hours post-scratch. (B) Statistical analysis was conducted using the student's t-test from 3
independent replicates. Error bars=SEM; *p<0.05, **p<0.008. (C) (Top panel) 76NE6 TDCs
containing ShRNA were harvested and Allophycocyanin was added and analyzed by flow
cytometry. (Bottom panel) Proliferation was measured by BrdU incorporation. (D) 76NE6
TDCs with ACLY downregulation were plated on a transwell chamber containing Matrigel
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and incubated on top of fibronectin-containing media for 24 hours. Invaded cells were
stained with crystal violet. Images of 20X magnification were taken with a light microscope.
(G) Cells on the bottom of the transwell were collected at 24 hours and counted. Statistical
analysis was conducted using the student's t-test from 3 independent replicates. Error
bars=SEM, *p<0.05,**p<0.005.
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Figure6. ACLY isrequired for LMW-E mediated tumor growth
(A) Inhibition of tumor growth in MCF7 cells containing stable overexpression of the cyclin

E isoforms and either scrambled shRNA or shRNA targeted to ACLY. Tumors were
measured for 10 weeks starting at 3 weeks. Statistical analysis was conducted using the
student's t-test. N=5; error bars=SEM; **p<0.005. (B) Representative pictures of sShACLY#1
tumors. (C) Representative sections from tumors expressing the cyclin E isoforms were
examined for the expression of cyclin E, ACLY, Ki-67 and adipophilin antibodies by
immunohistochemical staining. H&E staining revealed the morphology of the tumor. Images
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are at 20x magnification. (D) Neutral lipid accumulation in tissues from mice tumors.
Magnification is 10X for per group. Insets from the images are magnified 40X in order to
highlight the lipid-staining morphology.
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Figure 7. Analysis of LMWE and/or adipophilin expression in breast cancer patients
(A) Representative images of immunohistochemical staining for adipophilin and correlation

with expression of cyclin E are shown (magnification 100x, magnification of inset images,
400x). Specifically, adipophilin (a, b) and corresponding cyclin E (e, f) staining for low
adipophilin/LMWE (-); adipophilin (c, d), and corresponding (g, h), for high adipophilin/
LMWE (+) expression. (B) Association between adipophilin and cyclin E expression in 100
invasive breast carcinoma tissue specimens, determined using Fisher's exact test. The results
revealed that there was a significantly positive correlation between the expression levels of
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adipophilin and cytoplasmic cyclin E (LMW-E +) expression (p<0.001). Corresponding
table shows significant positive correlation of staining of adipophilin and cytoplasmic cyclin
E expression in the 100 human breast tumor samples examined. Quantification of
adipophilin (C) and cyclin E (D) expression in the different subtypes of invasive breast
carcinoma tissue specimens: Frequency distribution illustrating the percentage of cases,
evaluated by IHC, falling into each categorical score over the range 0 to 7 (see
supplementary Table 5) for luminal A, luminal B, HER-2 (+) and triple negative breast
carcinoma (TNBC), statistical significance determined by Fisher's exact test. (E, F) Kaplan-
Meier survival plots demonstrating the association between adipophilin and LMWE
expression and breast cancer recurrence-free survival in 100 invasive breast carcinoma
patients. (G) Kaplan-Meier survival plots demonstrating the association between combined
adipophilin and cyclin E expression and breast cancer recurrence-free survival in 100
invasive breast carcinoma patients.
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