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Introduction

Cancer cell metabolism differs substantially from quiescent, normal cell metabolism[1]. While regulation of
anabolic metabolism (i.e. lipid biosynthesis) isimportant to normal mammary epithelial function during
lactation, breast cancers that are characterized by devated lipogenesis correlate with reduced disease free
survival of afflicted women[2]. Two prognostic indicators are fatty acid synthase (FASN) and thyroid hormone
responsive protein Spot14 (S14)[3]. Much is understood regarding regulation of FASN, but littleis known
about the regulation of S14 or its molecular mechanism. When S14 islost due to genomic knock out in mice [4]
or SSRNA knockdown in cell culture[5], areduction of de novo fatty acid synthesis follows. Two lines of
evidence exist for S14 function in modification of metabolism: one in the nucleusto regulate
transcriptional/mMRNA processeq 6], the other in the cytosol at the protein level to alter lipogenic enzyme
activity[7]. The proposed study attemptsto understand what factors contribute to the gene expression of S14
and to identify potential S14 interacting proteinsthat confer its function.

Body

The overarching goals of this proposal areto examine the functional characteristics of tumor associated Spot14

and to identify itsinteracting proteins. Initially, endogenous mRNA levels of S14 were evaluated. Normal

mouse mammary epithelial cells (CiT3), two mouse ErbB2 mammary tumor cell lines (78617 and 85815), and

stable rtTA-S14HA CiT3 cells were evaluated for endogenous S14 gene expression (Figure 1). In the normal
Gene Expression in CiT3 and ErbB2 tumor Cell Lines  CiT3 and ErbB2 tumor lines, S14 mRNA was very low; whilein

g 100000 &+ | thestable cells S14 mRNA was 100 times greater. This

3 B Spoti4 ] expression difference in the stable cell linesislikely dight

T:n 10000 ‘leakiness’ of the rtTA promoter. Note the two fold increase (p =
2 0.041) in S14 mRNA in normal CiT3 cells between growth (GR,
g 1000 Insulin and EGF) and “differentiation media’ (DIP,

5 Dexamethasone, Insulin and Prolactin). Interestingly, the increase
§ 100 in rtTA-S14HA transgene mRNA between growth and

s ﬂ H m differentiation was nearly two fold and also significant (p =

E 10

0.026). Increased in S14 mMRNA is consistent with previous gene
f 5 expression measurements of S14 in the mouse mammary
0;? f epithelium between pregnancy and lactation[8].
g g Measurements of endogenous S14 in normal CiT3 cells
and ErbB2 tumor cell lines completed part of task 1 of objective 1

;%‘:{Z ilr-] ?S{ﬁ??ﬁ?ﬁiﬁ?ﬁfﬁf mg mouse | in the original proposal. S14 protein was not detected by

(78617, 85815), and stf;bledoxycycline inducible immunoblotting in any of these cell lines (data not shown). These
CiT3 cell lines (itTA-S14HA). Normal and rtTA CiT3 | data suggest that DIP can induce endogenous S14 mRNA,

gg'r:;‘;‘l’gn e _exngc‘”;‘rde‘;‘:;ern%g"g: ;’lrodg;f;s;eggi‘:g however, no luciferace reporter assays have been completed. The
dynamic range. Error bars are SEM, n = 3. generation of stable rtTA-S14HA CiT3 cells satisfies part of task

1 & 2 of objective 2, and | have made stable 78617 and 85815
rtTA cell lines, in which | will introduce the pTetSplice-S14HA vector to make stable rtTA-S14HA 78617 and
85815 ErbB2 tumor cell lines.

Conflicting reportsin the literature exist regarding the reported nuclear influence of S14 on regulation of
metabolic gene expression[ 3] and the cytosolic effects on synthesis of fatty acidg 7]. An early report by Brown
et al[5] showed evidence in primary hepatocytes that S14 could function at the pre-trandational level to mediate
a high glucose/thyroid hormone response. Therefore, the mRNAs measured by Brown et al., plus additional
glycolysis and de novo fatty acid biosynthesis genes were selected and evaluated in S14 over-expressing CiT3
cellsto determine if S14 affects gene expression. Figure 2 shows gPCR gene expression in either normal or
rTA-S14HA CiT3 cells. Panel A shows that addition of 1.0 ug/mL doxycycline has no effect on the metabolic
genes that were measured. Malic Enzyme (MEL) was previously shown to be atarget of S14 activity in rat
primary hepatocyteq 5], and recently Chou et al. showed a S14 dependent increase of MEL promoter activity
using aluciferase reporter in HeL acells. In CiT3 cells overexpressing S14HA, MEL mRNA was not affected
regardless of growth or DIP condition. The only differential genes in response to S14 over-expression were
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Glutl (Glucose transporter 1), AldoC (aldolase C) and PCx (pyruvate carboxylase). Interestingly, expression
differences happened only under growth medium not following DIP medium. This observation likely shows the
difference in metabolic demands for cell proliferation (insulin, EGF signaling) as opposed to TAG production
following differentiation (insulin, prolactin signaling). Further, no clear trend was established to support S14 as
an activator of transcription, suggesting the changes in expression of these genes could be abyproduct of S14
influence in metabolism rather than having a direct influence on transcription.

A G\vcolvsis‘, de novo Fatty Acid and .Trigl\.,'ceride §ynthesis Path\o\lravs - - - -
e Normal CiT3 Mouse Mammary Epithelial Cells in Gr:owth Medium ) Flgure 2 qPCR glyCOlySlS and de novo fatty a:ld SyntheS|S
. gomnom 8% || PAhway gene expression in normal and rtTA-S14HA CiT3

L0E+07 cells. Panel A shows that gene expression in normal CiT3
cellsisnot affected by addition of 1 ug/mL doxyclycline to

L0E+05 - growth medium. Pandl B shows the effect of S14HA over-

expression on metabolic gene expression in rtTA-S14HA

. CiT3 cells under growth conditions, while panel C shows
differentiation conditions. Only Glutl (glucose transporter),
AldoC (aldolase C) and PCx (pyruvate carboxylase)

1.0E+05

1.0e+04

Copy Number in 50ng Total RNA

ioEies changed with S14 over-expression, and only under growth
conditions. Error barsare SEM, and* = p<0.05, ** = p <
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In order to understand if S14 over-expression may affect these metabolic components at the protein
level, immunoblots for key enzymes along the metabolic pathways were performed. Figure 3 shows the protein
levels for selected metabolic enzymes immunaoblotted for in rtTA-S14HA CiT3 cells +/- dox induction of S14.
No clear differencesin protein level were detected as a function of S14HA overexpression (+dox), with the
exception of perhaps PFK-L (phosphofructokinase) in DIP. Glutl and PCx were not examined at the protein
level due lack of antibody availability at the time. Although S14HA overexpression appeared to have no direct
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influence on glycolysis and lipogenic gene expression or protein levelsin CiT3 cells, alipogenic phenotypeis
still observed.

A neutral lipid stain was used to identify cytoplasmic lipid

GR | Diff droplets (CLD), which harbor intracellular triglyceridesin these cells
dox - +|- + and readily stain with Nile Red to identify these vacuoles. Figure 4
PFK-L ‘ shows Nile Red fluorescence in rtTA-S14HA CiT3 cells under DIP
AldoC T conditions -/+ S14 overexpression. CLDs are clearly present with and
without S14, however, when S14 is overexpressed, CLDs appear more
PGK1 s numerous per cell aswell aslarger. The Nile Red staining was
GAPDH = = = — repeated using a different neutral lipid binding dye (Bodipy) under
LDH ey growth conditions that gave the same results (not shown). These data
ME1 - —_— are merely qualitative, so in order to quantify the functional effect of
ACLY =— —|=—= S14 overexpression, NMR based metabolomics was used. The
ACACAT - o literature reports that antisense knock down of S14 blocks 14C-acetate
FASN el incorporation into fatty acids in primary hepatocytes and in T47D
breast cancer cellsfollowing tracer incubation [9, 10]. Importantly, the
CSN2 = === metabol omics data showed significant increases in the quantity of
ACTIN intracellular (CH2),, and (CH3) acyl chains that was enriched in the
Figure 3. Immunoblots for proteins lipid fraction, while lactate and total -CH2/CH3 (acetyl molecules)
along the glycolysis and fatty acid were increased in the water soluble molecules (Figure 5).
synthesis pathways. rtTA-S14HA nTA-S14HA CiT3 cells were differentiated for 24 hours,
€T3 cells were cultured under growth afterwards media was switched to 5mM glucose/7mM 13C-acetate, 2%
or differentiation conditions + or — 1
dox induction of S14HA. Actin is charcoal stripped FCS, and DIP, + and — dox, n = 3 per condition.
shown as a loading control. Essentially, S14HA was induced for the 24-hour incubation period of
13C-acetate to investigate 13C .
incorporation into fatty acids. Data were Endogenous Spot14 Spot14 overexpression

collected and analyzed as previoudly [8,
11]. A significant increase in lipid acyl
chains was measured, however, the 13C-
acetate tracer was not enriched in these
samples, which contradicts the 14C-
acetate incorporation into data that
Martel et al showed in T47D breast
cancer cells. Thisresult suggests that
acetate incorporation into fatty acid
chainsis not affected by 24 hours S14
overexpression in DIP medium, even
though fatty acids were significantly
increased. Due to limitations of NMR
based metabolomics, the chain length of
the fatty acid cannot be determined,
meaning that this technique did not

24 hrs DIP 24 hrs DIP

discrim?nate between fatty acids 48 hrs DIP 48 hrs DIP
synthesized de novo and preformed fats

taken up from the medium. To address Figure 4. Nile Red cytoplasmic lipid droplet staining in rtTA-S14HA
this issue a substrate other than 13C- CiT3 cells following 24 and 48 hours of differentiation medium, +/- dox

acetate isrequired. 13C-glucose will be induction of S14HA.

used as the tracer to determine if S14 affects glucose carbon conversion directly into fatty acids. Interestingly,
glucose consumption and lactate excretion was identical in either growth or DIP conditions, even though the
intracellular concentration lactate was significantly elevated in the presence of S14HA. In combination with the
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Nile Red/Bodipy CLD staining, these data begin to suggest that S14 could function to shift metabolism to
lipogenesis, but do so without changing MRNA and protein levels or using acetate as the de novo fatty acid
substrate.

umol/gram

umol/gram
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Figure 5. NMR metabolomic data in DIP rtTA-S14HA CiT3
cells showing concentrations of perchloric acid extracted
intracellular metabolites. Top panel shows 1H-proton data
from the lipid fraction, middle panel show 13C incorporation
data in the lipid fraction, and bottom panel shows the 1H-
proton data from the water soluble fraction. Error bars are
SEM, n = 3.

Objective 2 of the original proposal seeksto
identify proteinsthat may interact with S14 to confer
itsfunction. To addressthisissue, an unbiased
strategy was needed: S14HA immunoprecipitation and
mass spectrometry was used to identify proteins that
are enriched in the pull down. Essentialy, rtTA-
S14HA cells were grown under DIP conditions for 48-
hours +/- dox induction of S14HA. The S14HA
containing protein complexes were
immunoprecipitated (1P) using anti-HA-agarose beads,
and the complexes were eluted vialow pH. Tablel
shows the proteins identified by mass spectrometry
using this strategy colored according to functional
category. Functional categoriesincluded
cytoskeletal/motor, glycolysis, nucleic acid binding,
and other. S14 was the top hit identified indicating
that S14HA bound to the anti-HA-agarose beads as
intended, which was also verified using standard
immunobl otting techniques (data not shown). Itis
interesting to note that this screen identified some
proteins that exist in the nucleus that could modify
pre-trandational levels of mMRNA, but that no
differences in gene expression were detected for the
DIP culture conditions (Figure 2c). Importantly, a
handful of glycolytic enzymes were identified in
S14HA cytosolic complexes, including
phosphofructokinase 1, adolase A, lactate
dehydrogenase C, and pyruvate kinase M2. These
factors often have increased activity and are known to
be associated with cancer cell metabolism [1, 12].
Additional verification of proteinsthat complex with
S14 will be verified from further |Ps using standard
immunoblotting technique. This suggests that S14
could function to modulate glucose metabolism at the
enzyme level in CiT3 mammary epithelial cells, but
that the growth condition should aso be investigated
due to differencesin signaling/metabolism. Lastly,
this IP will be performed in the ErbB2 tumor cell lines
that overexpress S14HA to identify S14 associated
proteinsin these cells.

Objective 3 in the original proposal wasto use
chromatin immunopreci pitation to determine whether
S14 and/or itsinteracting proteins are loaded at
promoters to upregulate mRNA of glycolysis and lipid
synthetic enzyme genes. No work is completed on
objective 3 at this point. Although these studies are
being extended into the tumor cell lines, currently
there is no evidence that S14HA overexpresson
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directly influences the panel of metabolic genes interrogated in normal mammary cellsin growth or DIP.
Should the tumor cell line data demonstrate S14 mediated metabolic gene expression differences this objective
remains feasble. However, if no differences in metabolic gene expression are determined in tumor cell lines,
then objective 3 may require significant restructuring.

In the case that modification of objective 3 happens, permission will be gained from the Army
Contracting Officer Representative prior to any changes to the statement of workflow. Potential future
directions could include mutations
to the coil domain of S14to

Table 1. Proteins identified by mass spectrometry that co-immunoprecipitated
specifically with the S14HA construct overexpressed in DIP medium. Functional

categories are colored. abrogate dimer/oligomerization in
Name Symbol |prot_hits |prot_score |prot_mass VI trO tO m I f dl merl Zatl On I S
Thyroid hormone-inducible hepatic protein (Spot 14 protein) (SPOT14) (S14 protein) - Mus musculus (Mouse) | THRSP 2 386 17253 . . .
Keratin, type | cytoskeletal 14 (Cytokeratin-14) (CK-14) (Keratin-14) (K14) - Mus musculus (Mouse) K1C14 10 242 53176 reqw red for' metabol IC funCt| on.
Keratin, type Il cytoskeletal 6A (Cytokeratin-6A) (CK 6A) (K6a keratin) (Keratin-6 alpha) (mK6-alpha) - Mus muj K2C6A 15 217 59641 B
Keratin, tiﬁe | c‘oskeletal 17 Citokeratln-ﬂi iCK-l?i Keratln-17i iKl?i - Mus musculus iMousei Iﬁﬂ]f'_:'l; ;g igg 24;;1:11 M Orec)ver’ an n_terml nal tm Of 814
6-phosphofructokinase type C (EC 2.7.1.11) (Phosphofructokinase 1) (Phosphohexokinase) (Phosphofructo-1- K6PP 21 182 86427 H H H
Vimentin - Mus musculus (Mouse) VIME 24 141 53712 prota n Wl I I be Cl’eated tO Vel’l fy that
6-phosphofructokinase, muscle type (EC 2.7.1.11) (Phosphofructokinase 1) (Phosphohexokinase) (Phosphofry K6PF 26 128 86070 . .
Galgctin-Q - Mus_musculus (Mouse) _ _ LEGY 30 117 40409 the C—terml nal HA tm |S not
Actin, alpha cardiac muscle 1 (Alpha-cardiac actin) - Mus musculus (Mouse) ACTC 31 113 42334 . . .
H14 33 108 21964

Nuclease sensitive element-binding protein 1 (Y-box-binding protein 1) (Y-box transcription factor) (YB-1) (CCA YBOX1 34 103 35709 affe(:tl ng ml gratl On to the nuc' ajs’
Keratin, type | cytoskeletal 18 (Cytokeratin-18) (CK-18) (Keratin-18) (K18) (Cytokeratin endo B) (Keratin D) - M| K1C18 37 101 47475 H H
Alpha-actinin-4 (Non-muscle alpha-actinin 4) (F-actin cross-linking protein) - Mus musculus (Mouse) ACTN4 36 101 105368 Whl Ch WOU| d ab0| | Sh 814
Keratin, type Il cytoskeletal 5 (Cytokeratin-5) (CK-5) (Keratin-5) (K5) - Mus musculus (Mouse) K2C5 42 87 61957 . . .
Alpha-actinin-2 (Alpha actinin skeletal muscle isoform 2) (F-actin cross-linking protein) - Mus musculus (Mouse| ACTN2 44 85 104215 trans:rl ptl Onal | nfl umc%_ TO that
Alpha-actinin-3 (Alpha actinin skeletal muscle isoform 3) (F-actin cross-linking protein) - Mus musculus (Mouse] ACTN3 43 85 103605 . . .
Heat shock-related 70 kDa protein 2 (Heat shock protein 70.2) - Mus musculus (Mouse) HSP72 46 83 69983 ( )
Fructose-bisphosphate aldolase A (EC 4.1.2.13) (Muscle-type aldolase) (Aldolase 1) - Mus musculus (Mouse) | ALDOA 50 76 39787 end’ I mmunOhI gOChafnl gr.y | H C
L-lactate dehydrogenase C chain (EC 1.1.1.27) (LDH-C) (LDH testis subunit) (LDH-X) - Mus musculus (Mouse| LDHC 52 76 36231 H
Keratin, type Il cytoskeletal 6G (Cytokeratin-6G) (CK 6G) (K6g keratin) (Keratin-K6irs) (mK6irs1/Krt2-6g) (Kera| K2C6G 55 75 57860 WI I I be peff Ormed tO dernongrate
RNA and export factor-binding protein 2 - Mus musculus (Mouse) REFP2 57 74 23773 . . .
40S ribosomal protein S28 - Mus musculus (Mouse) RS28 67 59 7893 the Cd I ul ar I Ocal | Zatl On Of 814 | n al |
Lactadherin precursor (Milk fat globule-EGF factor 8) (MFG-E8) (MFGM) (Sperm surface protein SP47) (MP47| MFGM 66 59 52376 . . . .
Mitochondrial 28S ribosomal protein S29 (S29mt) (MRP-S29) (Death-associated protein 3) (DAP-3) - Mus mus| RT29 65 59 45070
60S ribosomal protein L31 - Mus musculus (Mouse) RL31 70 58 14454 Cd I I I n%. | n Combl natl On WI th
Putative RNA-binding protein Luc7-like 1 - Mus musculus (Mouse LUC7L 68 58 44307 H
Desmin - Mus musculus (Mouse) DESM 74 54 53522 Coverg I p grown Cd | S for CL D
Pyruvate kinase isozyme M2 (EC 2.7.1.40) - Mus musculus (Mouse) KPYM 75 54 58420 = . . . -
Keratin, type Il cytoskeletal 8 (Cytokeratin-8) (CK-8) (Keratin-8) (K8) (Cytokeratin endo A) - Mus musculus (Mo K2C8 76 53 54531 aal nl ng' thl S procedure | S %s |y
Eukaryotic translation initiation factor 1A, X-chromosomal (elF-1A X isoform) (elF-4C) - Mus musculus (Mouse)] IF1AX 80 44 16564 . .
Histone H1.5 (H1 VAR.5) (H1b) - Mus musculus (Mouse; H15 81 44 22562

TR | 20 | grlgpted to include IHC, which can

KIF3C 82 44 90131 1 1
Perphetin-us musoulus (ouse) pen o || s | AlSO De extended to investigate co-
[ | . . .
Ctoskeleton/Structural localization of S14 with the
Metabolism i ifi
el enzymes identified by mass

Other

spectrometry.

Key Research Accomplishments

Generated rtTA-S14HA stable CiT3 normal mouse mammary epithelial cells

Generated stable rtTA 78617 and 85815 mouse ErbB2 tumor cell lines

Determined S14HA construct is functional for lipogenic phenotype (Nile Red/Bodipy)
Determined S14HA overexpression does not directly influence gene expression in DIP conditions
Performed NMR metabolomic analysis with 13C-acetate uptake/incorporation assay
Immunoprecipitated S14HA construct to identify interacting proteins

ok wdNE

Reportable Outcomes

Attended the AACR annua meeting (April 2009)

Datawere presented at the Mammary Gland Gordon Research Conference (May 2009)
Datawere presented in the Pathology Research in Progress Seminar (March 2009)
Attended the AACR Cancer Metabolism meeting (September 2009)

Datawere presented at the Breast Cancer Group Seminar (September 2009)

Datawill be presented at the Molecular Biology Progress Seminar (October 2009)

ok wdNE

Conclusions

The function of tumor-associated protein S14 has long been associated with the synthesis of fatty acids de novo,
but little is understood about S14 mechanism. Conflicting paradigms regarding the mechanism of S14 exist to
induce lipogenic metabolism; one that suggests modification to transcription events in the nucleud 3] and the
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other suggests S14 works with cytoskel etal/enzyme proteing 7]. The progress outlined in this report
demonstrates that overexpression of S14HA did not affect gene expression of the metabolic MRNAs
interrogated, but rather S14HA appears to function at the cytoskel etal/enzyme level in normal mouse mammary
cells. Thiseffect will be confirmed in the ErbB2 tumor cell lines next. Three lines of evidence show S14HA
overexpression shifts cells towards anabolic metabolism and the latter paradigm: first, Nile Red/Bodipy
cytoplasmic lipid droplet staining showed larger and more numerous droplets compared to controls, but this was
gualitative. Second, NMR metabolomics quantified a S14HA dependent increase in CH2 acyl and CH3 acyl
lipids that did not incorporate 13C-acetate, but because 13C was not differential there was no way to distinguish
between de novo synthesized fatty acids and preformed fats taken up from the medium. Third, the co-1P mass
spec data revealed cytoskeletal proteins, motor proteins and glycolytic enzymes enriched specifically with
S14HA overexpression, but that nucleic acid binding proteins were also identified. Further, these studies will
focus on S14HA overexpression in the ErbB2 tumor cell lines to determineif these trends are unique to the
normal mammary epithelial cell line.

Tumor cells shift their energy utilization in characteristic ways that distinguish cancer metabolism from
normal cell metabolism. Generally these changes affect how fast atumor cell grows or whether a tumor is
sengitive to signalsthat tell it to die. That tumors dramatically alter their metabolic pathways to affect energy
utilization suggests these pathways may become attractive cancer therapeutics in the future. To that end, tumor
cells avidly uptake glucose, placing S14 function directly into this pathway according to this preliminary data
presented above. The shift in glucose utilization by S14 seems to support increased lipid synthesis. The high
rate of lipid biosynthesis may contribute to additional changesin the biology of the tumor cell such asthe
ability of tumor cellsto metastasize. Human breast tumors that have elevated S14 and that make excesslipid
have a poorer clinical response in terms of patient survival. This correlation, in combination with presented data
makes S14 a reasonabl e therapeutic target.
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