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Abstract

Background: MYC is an oncogenic driver of development and progression in triple-negative breast cancer (TNBC). Ornithine
decarboxylase, the rate-limiting enzyme in polyamine metabolism, is a transcriptional target of MYC. We therefore hypothe-
sized that a plasma polyamine signature may be predictive of TNBC development and progression.

Methods: Using liquid chromatography mass spectrometry, polyamine levels were determined in plasma samples from
newly diagnosed patients with TNBC (n = 87) and cancer-free controls (n =115). Findings were validated in plasma samples
from an independent prospective cohort of 54 TNBC, 55 estrogen receptor negative (ER—) and progesterone receptor negative
(PR-) and HER? positive (HER2+), and 73 ER+ case patients, and 30 cancer-free control subjects. Gene expression data and
clinical data for 921 and 2359 breast cancer tumors were obtained from The Cancer Genome Atlas repository and the
Oncomine database, respectively. Relationships between plasma diacetylspermine (DAS) and tumor spermine synthase
(SMS) mRNA expression with metastasis-free survival and overall survival were determined using Cox proportional hazard
models; Fisher exact tests were used to assess risk of distant metastasis in relation to tumor SMS mRNA expression.

Results: An increase in plasma DAS, a catabolic product of spermine mediated through SMS, was observed in the TNBC
subtype of breast cancer. Plasma levels of DAS in TNBC associated with increased risk of metastasis (plasma DAS value >
1.16, hazard ratio = 3.06, 95% confidence interval [CI] = 1.15 to 8.13, two-sided P = .03). SMS mRNA expression in TNBC tumor
tissue was also found to be predictive of poor overall survival (top 25th percentile hazard ratio = 2.06, 95% CI = 1.04 to 4.08,
one-sided P = .04) and increased risk of distant metastasis in TNBC (comparison of lowest SMS quartile [reference] to highest
SMS quartile relative risk = 1.90, 95% CI =0.97 to 4.06, one-sided Fisher exact test P=.03).

Conclusions: Metabolomic profiling identified plasma DAS as a predictive marker for TNBC progression and metastasis.

MYC is an oncogenic driver of development and progression in
triple-negative breast cancer (TNBC) (1-3). A downstream target
of MYC is ornithine decarboxylase (ODC), a rate-limiting en-
zyme in polyamine metabolism (4,5). Polyamines have been
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implicated to play functional roles in promoting neoplastic
transformation and growth (6,7). Therapeutic intervention strat-
egies are currently being explored that target polyamine metab-
olism (8). With our evolved understanding of polyamine
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metabolism (8,9), there remains a need to uncover differences
and similarities in polyamine metabolism between and within
cancer type, leading to the discovery of polyamine metabolism-
related cancer markers (8,10-13). Prior studies have demon-
strated high levels of acetylated polyamines in breast cancer
tumors; elevated levels of acetylated polyamines were
associated with concurrent increases in spermidine and sper-
mine N1-acetyltransferase (SAT1) activity and reduced activity
of polyamine oxidase (14).

Herein, we tested whether a plasma polyamine signature
would exhibit predictive value in TNBC. We further explored the
expression and regulation of polyamine metabolizing enzymes
in relation to diacetylspermine (DAS) synthesis and release and
the association between polyamine metabolizing enzymes and
TNBC immunophenotype.

Methods

Detailed methods are provided in the Supplementary Methods
(available online).

Human Cohorts

All human plasma samples were obtained with written in-
formed consent, and the studies were conducted under proto-
cols approved and supervised by the University of Texas MD
Anderson Institutional Review Board (LAB03-0479 [MDACC
Cohort #1]; LAB90-049 and 2005-0388 [MDACC Cohort #2]).
MDACC Cohort #1 consisted of a case-control cohort comprised
of 87 TNBC breast cancer case patients and 115 cancer-free
(minimum of 3-year follow-up) control subjects (Supplementary
Table 1, available online). For MDACC Cohort #2, prospective
plasma samples were collected from 197 women with newly di-
agnosed (0 to approximately 0.8years) breast cancer
(Supplementary Table 2, available online). Blood samples were
drawn after diagnostic biopsy and prior to neoadjuvant chemo-
therapy, or prior to definitive surgery in patients who did not re-
ceive chemotherapy in the neoadjuvant setting. Control plasma
samples (n=30) were drawn from patients enrolled in a bio-
marker discovery trial to aid low-dose computed tomography-
based screening for lung cancer. Plasma samples were selected
from patients without lung nodules.

Transgenic Mouse Models

All animal experiments were performed under protocols ap-
proved and supervised by the University of Texas MD Anderson
Cancer Center Institutional Animal Care and Use Committee.
Detailed information regarding the generation and mainte-
nance of transgenic FVB/N-Tg(MMTV-PyVT)634Mul/J (PyMT)
mice and bitransgenic MMTV-rt TA/Teto-NeuNT (Erbb2+) mice is
provided in the Supplementary Materials (available online)
(15,16). Metabolomics profiling was conducted on individual
plasma samples from 10 PyMT tumor-bearing mice and 10 lit-
termate controls as well as individual plasma samples from 15
bitransgenic MMTV-rt TA/Teto-NeuNT (Erbb2+) tumor-bearing
mice and 20 littermate controls, respectively.

Metabolomics Analysis

Detailed information is provided in the Supplemental Material
(available online).

Untargeted Metabolomic Analysis

Metabolomic profiling was conducted on a Waters Acquity ultra
performance liquid chromatography (UPLC) system (Waters Corp.
Milford, MA) with 2-D column regeneration (I class and H class)
coupled to a Xevo G2-XS quadrupole time-of-flight mass spectrom-
eter (Waters Corp. Milford, MA) as previously described (10,17).

Gene Expression Data and Networks

Gene expression data for breast cancer cell lines was obtained
from Cancer Cell Line Encyclopedia (www.broadinstitute.org/ccle).
Gene expression data and clinical data were downloaded from
The Cancer Genome Atlas (TCGA) repository (https:/tcga-data.nci.
nih.gov/tcga/). Networks were visualized using cytoscape (18).
Gene expression for the Curtis dataset (19), Hatzis dataset (20), and
van de Vijver dataset (21) were from the Oncomine database (22).

Immune Cell Signature Analyses

Detailed information is provided in the Supplementary Methods
(available online). Specific immune cell infiltration was computation-
ally inferred using RNA-sequencing data based on gene sets overex-
pressed in 1 of 24 immune cell types according to Bindea et al. (23).

Statistical Analyses

Detailed information is provided in Supplementary Methods
(available online). Cox proportional hazard models were per-
formed using R statistical software (https://www.r-project.org/). To
test for the proportionality of hazard assumption of a Cox regres-
sion, we used the method of Patricia and Grambsch (24). Log-rank
statistic-based methods as described by Contal and O’Quigley (25)
were used to the determine optimal cutoff point for plasma DAS
to distinguish TNBC subjects who later developed distant metas-
tasis from those who did not. Kaplan-Meier survival analyses
were performed using R Version 1.1.442. Univariate analyses
were conducted using the Kruskal-Wallis test for comparisons
with more than two groups; group-specific differences were de-
termined using Dunn’s multiple comparison test. For two-class
comparisons, statistical significance was determined using the
Wilcoxon rank sum test. Receiver operating characteristic curves
were generated using R. The 95% confidence intervals (CIs) pre-
sented for individual performance of each biomarker were based
on the bootstrap procedure in which we resampled with replace-
ment separately for the controls and the diseased 1000 bootstrap
samples. Spearman correlation analyses were performed to as-
sess relationships between continuous variables. All statistical
tests were two-sided unless specified otherwise. 4 tests for trend
were used to assess the goodness of the fit between spermine
synthase (SMS) mRNA expression quartiles and risk of metastasis
in the van de Vijver dataset (21). The Fischer exact test was one-
sided because we hypothesize that elevated SMS mRNA expres-
sion is associated with worse outcome as opposed to variation in
SMS mRNA expression being associated with worse outcome.

Results

Profiling of Polyamine Levels in Plasma of Breast Cancer
Patients

Metabolic profiling was conducted using plasma samples
collected from newly diagnosed patients with TNBC (n =287)
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Figure 1. Plasma levels of diacetylspermine (DAS) in human cohorts and mouse model of breast cancer. A) Box and whisker plots depicting the relative plasma levels of
DAS in MDACC Cohort #1 consisting of 87 TNBC cases and 115 cancer-free controls. B) Box and whisker plots depicting the relative plasma levels of DAS in MDACC
Cohort #2 consisting of cancer-free women (n = 30) and women diagnosed with DCIS (n = 15), ER+ (n =73), HER2-enriched (n =55), or triple-negative (n = 54) breast can-
cer. Statistical significance was determined by Kruskal Wallis test; pairwise comparisons were determined by two-sided Wilcoxon rank-sum test. P values to the right
of the respective lines correspond to pairwise comparisons between the respective groups. C) Box and whisker plots depicting the relative abundance of DAS in plasma
of PyMT-TNBC transgenic mice (n = 10) and littermate controls (n = 10), respectively. Missing values, due to analyte abundances being below the limit of detection, were
imputed as the minimum value observed among all samples analyzed. Statistical significance was determined by two-sided Wilcoxon rank-sum test. DCIS = ductal
carcinoma in situ; ER = estrogen receptor; HQC = historical quality control; TNBC = triple-negative breast cancer.
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Figure 2. Association between plasma levels of DAS and development of future distant metastasis. A) Relative plasma levels (SD) of DAS in TNBC cases that did or did
not go on to develop future distant metastasis. Data are derived from MDACC Cohort #2. Statistical significance was determined by two-sided Wilcoxon rank-sum test.
B) Kaplan-Meier survival curve indicating 5-year metastasis-free survival and 5-year overall survival in TNBC cases from MDACC Cohort #2 stratified by plasma DAS
levels <1.16 or >1.16. Optimal cutoff values for plasma DAS were derived using two-sided log-rank test statistics-based methods as described by Contal and O’Quigley
(25). DAS = diacetylspermine; HQC = historical quality control; TNBC = triple-negative breast cancer.

and cancer-free control subjects (n=115) (Cohort #1) in TNBC cases compared with cancer-free controls (TNBC cases:
(Supplementary Table 1, available online). Multiple polyamine mean relative abundance [SD] = 1.20 [0.68]; cancer-free controls:
metabolites were identified and quantified (Supplementary mean relative abundance [SD] = 1.01 [0.13]; two-tailed Wilcoxon
Table 3, available online). Plasma DAS, a terminal product of rank sum test P < .001) (Figure 1A). Classification performance

polyamine metabolism, was statistically significantly elevated of DAS yielded receiver operating characteristic area under the
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Table 1. Association between plasma DAS and 5-year metastasis-free survival in TNBC cases*

Univariate Multivariablet
Variable HR (95% CI) Pt HR (95% CI) Pt
5-year metastasis-free survival
Menopausal status
Pre Referent Referent
Post 0.88 (0.39 to 1.98) 75 1.4 (0.57 to 3.46) 47
Stage
1 Referent Referent
III 1.95 (0.77 to 4.95) .16 1.3 (0.48 to 3.54) .60
Plasma DAS 27.21§ (3.01 to 246.10) .003 31.1(2.32 to 417.20) .009
5-year overall survival
Menopausal status
Pre Referent Referent
Post 0.99 (0.43 to 2.27) .98 1.51(0.59 to 3.88) .39
Stage
11 Referent Referent
i} 1.65 (0.67 to 4.06) 28 1.16 (0.4 to 3.08) 77
Plasma DAS 14.8 (1.32 to 167.00) .03 21.5 (1.16 to 399.30) .04
5-year metastasis-free survival
Menopausal status
Pre Referent Referent
Post 0.88(0.39 to 1.98) 75 1.18 (0.49 t0 2.81) 71
Stage
II Referent Referent
11 1.95 (0.77 to 4.95) 16 1.45 (0.54 t0 3.92) 46
Plasma DAS
Below cutoff (<1.16) Referent Referent
Above cutoff (>1.16) 3.29(1.39t0 7.79) .007 3.06 (1.15 to 8.13) .03
5-year overall survival
Menopausal status
Pre Referent Referent
Post 0.99 (0.434 to 2.27) .98 1.28 (0.528 to 3.11) .585
Stage
11 Referent Referent
111 1.65 (0.666 to 4.06) .28 1.28 (0.484 to 3.36) 623
Plasma DAS
Below cutoff (<1.16) Referent Referent
Above cutoff (>1.16) 2.58 (1.05 to 6.31) .038 2.57 (0.924 to 7.17) 071

*Cox proportional hazard models using plasma DAS as a continuous variable or using a plasma DAS cutoff value of 1.16. Optimal cutoff values for plasma DAS were
derived using log-rank statistic-based methods as described by Contal and O’Quigley (25). CI = confidence interval; DAS = diacetylspermine; HR = hazard ratio;

TNBC = triple-negative breast cancer.

tMenopausal status and staging were included as covariates in multivariable Cox proportional hazard models.

$Two-sided P value.
§Per unit log? increase.

curve of 0.64 (95% CI = 0.57 to 0.72) with 15.0% sensitivity at
95.0% specificity when comparing TNBC against cancer-free
controls (Supplementary Figure 1A, available online). Next, we
compared plasma levels of DAS in an independent prospective
cohort of newly diagnosed breast cancer patients that consisted
of 54 TNBC, 55 estrogen receptor negative (ER—) and progester-
one receptor negative (PR—) and HER2 positive (HER2+), and 73
ER+ cases as well as 15 cases diagnosed with ductal carcinoma
in situ and 30 cancer-free controls (Cohort #2) (Supplementary
Table 2, available online). Cases were followed prospectively
from time of diagnosis for cancer-related outcomes including
recurrence, metastasis, and survival. Plasma DAS was statisti-
cally significantly elevated in TNBC cases compared with can-
cer-free controls (TNBC cases: mean relative abundance [SD] =
1.11 [0.30]; cancer-free controls: mean relative abundance [SD] =
0.98 [0.05]; two-tailed Wilcoxon rank-sum test P = .001) or to

subjects with ductal carcinoma in situ (mean relative abun-
dance [SD] = 0.99 [0.03]; two-tailed Wilcoxon rank-sum test P =
.02) or with non-TNBC breast cancer (ER+/PR+: mean relative
abundance [SD] = 1.01 [0.16]; HER2-enriched: mean relative
abundance [SD] = 1.02 [0.12]; two-tailed Wilcoxon rank-sum test
P = .001 and .007 for TNBC vs ER+/PR+ and TNBC vs HER2-
enriched, respectively) (Figure 1B). Classification performance
of DAS yielded an receiver operating characteristic area under
the curve of 0.70 (95% CI=0.59 to 0.81) with 37.0% sensitivity at
95.0% specificity when comparing TNBC vs cancer-free controls
(Supplementary Figure 1B, available online). We additionally
analyzed plasma levels of DAS in MMTV-PYMT -TNBC transgenic
mice (n=10) and doxycycline-induced bitransgenic MMTV-rt TA/
Teto-NeuNT (Erbb2+) mice (n=15) as well as their respective litter-
mate controls (n=10 and 20, respectively) (15,16). The plasma
level of DAS was statistically significantly higher in PYMT-TNBC
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Figure 3. Regulation of polyamine metabolism in breast cancer cell lines. A-B) Relative intracellular levels (area units per 500 pg of protein) of DAS (A) and rates (area
units per hour per 100 pg of protein) of DAS accumulation in temporally collected (baseline, 1, 2, 4, and 6 hrs) conditioned media (B) of 32 breast cancer cell lines. Each
cell line was analyzed in biological triplicate. C) Relative fold change in mRNA expression (2"%2 €T) of ODC1, SRM, and SMS following transient knockdown of MYC in
TNBC cell lines MDAMB468 and MDAMB231. D) Relative fold change in mRNA expression (2"*/* ) of SAT1 following transient knockdown of ODC1 and rescue by pu-
trescine in TNBC cell lines MDAMB468 and MDAMB231. E) Spearman correlations depicting association between rates by which DAS accumulates in conditioned media
(sDAS) and gene expression of polyamine-metabolizing enzymes. AMD1 = adenosylmethionine decarboxylase 1; MYC = Myc proto-oncogene protein; DAS = diacetyl-
spermine; ER = estrogen receptor; ODC1 = ornithine decarboxylase 1; PAOX = polyamine oxidase; PR = progesterone receptor; SAT1 = spermidine/spermine N1-acetyl-
transferase 1; SMOX = spermine oxidase; SMS = spermine synthase; SRM = spermidine synthase; TNBC = triple-negative breast cancer.

(mean area units [SD] = 35.19 [9.81] vs 13.42 [7.60]; two-tailed
Wilcoxon rank-sum test P < .001), but not bitransgenic MMTV-rt
TA/Teto-NeuNT (Erbb2+) mice, as compared with littermate con-
trols in concordance with plasma DAS findings from human
subjects with TNBC (Figure 1C; Supplementary Figure 1C, avail-
able online).

Plasma DAS and Risk of Future Distant Metastasis in
TNBC Cases

Next, we interrogated whether plasma DAS may predict tumor
progression and metastasis in our prospective breast cancer co-
hort (Cohort #2). Plasma DAS was statistically significantly ele-
vated in women who presented with limited stage disease
TNBC and who subsequently developed recurrence and metas-
tasis within 1 year (mean relative abundance [SD] = 1.25 [0.23]
vs 1.03 [0.09]; two-tailed Wilcoxon rank sum test P = .02)
(Figure 2A). Using Cox proportional hazard models, we assessed
the association between plasma DAS levels with 5-year metas-
tasis-free survival and 5-year overall survival in TNBC cases. As
a continuous variable, plasma DAS was statistically signifi-
cantly associated with worse 5-year distant metastasis-free sur-
vival (hazard ratio [HR] =31.1, 95% CI = 2.32 to 417.20; two-sided
P = .009) and worse 5-year overall survival (HR=21.5, 95% CI =

1.16 to 399.30; two-sided P = .04), independent of menopausal
status or stage (Table 1). Next, using log-rank test statistics from
the Cox model (25), we calculated an optimal cutoff point for
plasma DAS to yield the greatest difference between TNBC cases
that went on to develop future distant metastasis from those
that did not. This resulted in a cutoff value of 1.16. In multivari-
able analyses, adjusted for menopausal status and stage, TNBC
cases with a plasma DAS value greater than 1.16 exhibited sta-
tistically significantly worse 5-year metastasis-free survival as
compared with those with a plasma DAS cutoff value of no
more than 1.16 (HR=3.06, 95% CI=1.15 to 8.13; two-sided P =
03) (Table 1). Notably, nonproportionality hazard model tests
yielded statistically nonsignificant P values. Representative
Kaplan-Meier survival curves illustrating 5-year metastasis-free
survival and 5-year overall survival for TNBC cases with plasma
DAS above or below the cutoff point are shown in Figure 2B.

Polyamine Metabolism in Different Molecular Subtypes
of Breast Cancer

We performed metabolomics profiling on whole cell lysates and
a time-course analysis (baseline, 1, 2, 4, and 6 hours post condi-
tioning; see Supplementary Methods, available online) of condi-
tioned media of 32 breast cancer cell lines. TNBC cell lines
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Figure 4. Gene expression of polyamine-related enzymes in breast cancer tumors stratified into TNBC and non-TNBC. Biochemical network depicting mRNA expression
of enzymes involved in the biosynthesis and catabolism of polyamines between TNBC and non-TNBC breast cancers. Data derived from The Cancer Genome Atlas.
Node size and color indicate magnitude and directionality (red: increased; green: decreased) of mRNA expression for the respective encoding gene between TNBC and
non-TNBC breast cancers. Thickened black border indicates statistical significance (Wilcoxon rank-sum test P < .05). Box and whisker plots illustrate differences in dis-
tribution of mRNA expression for the respective encoding gene between TNBC and non-TNBC breast cancers. Table beneath indicates mean mRNA expression (SD),
fold change, and P value (two-sided Wilcoxon rank-sum test) for respective genes central to polyamine metabolism in comparison of TNBC and non-TNBC tumors.
AMD1 = adenosylmethionine decarboxylase 1; MYC = Myc proto-oncogene protein; OAZ1 = ornithine decarboxylase antizyme 1; ODC1 = ornithine decarboxylase 1;
PAOX = polyamine oxidase; SAT1 = spermidine/spermine N1-acetyltransferase 1; SMS = spermine synthase; SMOX = spermine oxidase; SRM = spermidine synthase;

TNBC = triple-negative breast cancer.

exhibited substantially higher levels of intracellular acetylated
polyamines, including DAS, and elevated rates (area units per
hour per 100 g of protein) of their accumulation in conditioned
media compared with other subtypes (Figure 3, A-B).
Intracellular pools of spermidine were statistically significantly
higher in TNBC compared with non-TNBC cell lines (two-sided
Wilcoxon rank-sum test P = .03); no difference in intracellular
spermine was observed between TNBC and non-TNBC cell lines
(Supplementary Figure 2A, available online).

Regulation of Diacetylspermine Biosynthesis

To explore the extent to which elevated polyamine flux and se-
cretion of DAS are indeed mediated through oncogenic MYC, we
first evaluated mRNA expression of polyamine metabolizing
enzymes (PMEs) using gene expression profiles obtained from
TCGA. As compared with non-TNBCs, TNBC tumors exhibited
statistically significant elevations (two-sided Wilcoxon rank-
sum test P < .001) in mRNA expression of genes central to the
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Figure 5. Viability curves in breast cancer cell lines following treatment with exogenous polyamines or the spermidine/spermine N(1)-acetyltransferase 1 inhibitor
diminazene aceturate. A-B) Viability curves for eight TNBC and four non-TNBC cell lines following 48-hour treatment with vehicle, putrescine, spermidine, or sper-

mine. Viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. B) Intracellular levels of poly-

amines in MDAMB231 TNBC cells following 6-hour treatment with 32 uM of putrescine, spermidine, spermine, or vehicle. C) Viability curves for eight TNBC and four
non-TNBC cell lines following 48-hour treatment with the SAT1 inhibitor diminazene aceturate. Viability was assessed by MTS assay. D) Half maximal inhibitory con-
centration (ICso) values for SAT1 inhibitor in breast cancer cell lines. Statistical significance was determined by Wilcoxon rank-sum test P < .05 comparing ICs, values
between TNBC (gray bars) and non-TNBC (white bars) cell lines. SAT1 = spermidine/spermine N1-acetyltransferase 1; TNBC = triple-negative breast cancer.

biosynthesis and catabolism of polyamines (Figure 4); only poly-
amine oxidase, which catalyzes the oxidation of acetylated poly-
amines, was statistically significantly (two-sided Wilcoxon rank-
sum test P < .001) reduced (Figure 4). Expectantly, gene expres-
sion of MYC was statistically significantly elevated (mean mRNA
expression [SD] = 3640 [2979] vs 1894 [1539]; two-sided Wilcoxon
rank-sum test P < .001) in TNBC compared with non-TNBCs
(Figure 4) (1). Next, we performed knockdown of MYC in TNBC
cell lines MDAMB468 and MDAMB231 and confirmed reduced
mRNA expression of ODC1, SRM, and SMS (Figure 3C), consistent
with previous findings by others (26). Notably, reduced mRNA
expressions of SRM and SMS were not due to depletion of poly-
amines, because knockdown of ODC1 did not impact mRNA ex-
pression of either SRM or SMS (Supplementary Figure 2B,
available online). Knockdown of MYC in hormone-receptor posi-
tive (HR+) and HER2-enriched breast cancer cell lines MCF-7 and
AUS65 also resulted in reduced mRNA expression of ODC1 and,
to a lesser extent, SRM (Supplementary Figure 2C, available on-
line), respectively. No statistically significant difference was ob-
served in SMS mRNA expression following knockdown of MYC in
MCF7 (HR+) and AUS65 (HER2-enriched) breast cancer cell lines
(Supplementary Figure 2C, available online).

Maintenance of intracellular polyamine pools is regulated by
a highly dynamic network that orchestrates both its biosynthe-
sis and catabolism. Knockdown of ODC1 in both TNBC cell lines
(MDAMB468 and MDAMB231) and non-TNBC cell lines (MFC7
and AUS565) resulted in reduced mRNA expression of SATI, an
effect that was reversed through the addition of extracellular
putrescine, the direct metabolic product of ODC1 (Figure 3D;

Supplementary Figure 2D, available online). Treatment of
MDAMB231 cells with exogenous putrescine, spermidine, or
spermine resulted in the increased biochemical elongation of
both putrescine and spermidine to spermine, as well as in-
creased conversion of these polyamines to their respective acet-
ylated derivatives (Figure 5B). Collectively, our results implicate
that polyamine catabolism is regulated by intracellular poly-
amine pools and that high levels of intracellular DAS and its
subsequent extracellular secretion serves to maintain intracel-
lular polyamine pools, including spermine (27,28). To this effect,
treatment of eight TNBC cell lines and four non-TNBC cell lines
(MCF7 +CAMA1 [HR+] and AUS565-+SKBR3 [HER2-enriched))
with exogenous spermidine or spermine, but not putrescine, in-
duced dose-dependent reductions in cell viability (Figure 5A).
Treatment of the same breast cancer cell lines (eight TNBC and
four non-TNBC) with diminazene aceturate, an SAT1 inhibitor
(29), reduced cell viability (Figure 5C). Non-TNBC cell lines were
less sensitive to diminazene aceturate as compared with TNBC
cell lines (Figure 5D). Our findings provide supportive evidence
that oncogenic MYC drives increased expression of PMEs (1),
which results in an increase in cancer polyamine flux and extra-
cellular secretion.

Association Between Tumor Spermine Synthase Gene
Expression and Tumor Immune Cell Infiltrates and
Prognosis in TNBC

Reduced tumor immune cell infiltration in TNBC is associated
with poor overall survival and reduced distant metastasis-free
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Figure 6. Association between mRNA expression of spermine synthase (SMS) and immune infiltrates, overall survival, and metastasis. A) Differential expression heat
maps for checkpoint blockade-related genes as well as immune cell gene signatures across 817 TCGA breast cancers, with cases ordered by Pam50 molecular subtype,
of molecular features highlighted in part A. Expression values and signatures are normalized to SD from the median of breast cancer cases. B) Heat maps depict TCGA
gene expression profiles for checkpoint blockade-related genes as well as immune cell gene signatures in TNBC, PAAD, and LUSC tumors stratified by the bottom 25th
percentile and top 25th percentile of SMS mRNA expression. Immune cell gene signatures are based off those of Bindea et al. (23). C) Kaplan-Meier survival curves for
overall survival stratified by SMS mRNA expression (bottom 25th percentile vs top 25th percentile) in the Curtis et al. TNBC cohort (19). D) Association between relative
risk of future metastasis and SMS mRNA expression in ER— tumors stratified into SMS gene expression quartiles. Gene expression was derived from Oncomine (22) for
the van de Vijver et al. breast cohort (21). For the van de Vijver et al. dataset, the bottom 25th percentile was used as the reference point; statistical significance was de-
termined by two-sided 4 test for trend. LUSC = lung squamous cell carcinoma; PAAD = pancreatic adenocarcinoma; SMS = spermine synthase; TCGA = The Cancer

Genome Atlas; TNBC = triple-negative breast cancer; ER = estrogen receptor.

survival compared with immune-rich tumors (30-33). In our
prospective breast cancer cohort, elevated plasma DAS was as-
sociated with increased risk of developing future metastasis
(Figure 2, A-B). We therefore hypothesized that elevated plasma
DAS may associate with a subtype of TNBC characterized with a
distinct tumor immunophenotype and poor overall survival. To
this end, we first screened gene expression profiles of poly-
amine and checkpoint-blockade-related genes as well as gene
expression signatures reflective of immune cell infiltrates (23)

from 817 human breast cancers in TCGA, the results of which
revealed distinct immune signatures associated with the differ-
ent breast cancer subtypes (Figure 6A).

The rate of DAS secretion into conditioned media (DAScwm)
among TNBC cell lines as well as expression of PME genes indi-
cated that SMS mRNA expression was the strongest positive
predictor for DAScym (Figure 3E). We therefore hypothesized that
elevated SMS mRNA expression would associate with reduced
immune cell infiltrates in TNBC. The choice of SMS in particular
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is that SAT1, in contrast to SMS, does not exclusively catalyze
acetylate spermine but can also catalyze acetylation of putres-
cine and spermidine (Figure 4). SMS mRNA was statistically
significantly inversely associated with mRNA signatures (23)
reflective of antigen-presenting MHC class II immune cells
and T cells, a finding that was conserved in several TNBC data-
sets in contrast to luminal A or B breast tumors (Figure €B;
Supplementary Figure 3, A-C, Supplementary Table 4, available
online). Moreover, the inverse association between SMS gene
expression and gene-based signatures of antigen-presenting
MHC class II cells and infiltrating T cells was found to be con-
served in pancreatic adenocarcinoma and lung squamous cell
carcinoma providing rationale to consider it as a broadly rele-
vant feature reflective of the tumor-immuno microenvironment
(Figure 6B; Supplementary Table 2, available online). The SMS
mRNA analysis in a breast cancer cohort enriched in TNBC
cases (19) yielded statistically significantly worse 5-year sur-
vival in the highest quartile compared with the lowest SMS
quartile (HR =2.06, 95% CI=1.04 to 4.08; P = .04) (Figure 6C). SMS
mRNA level in ER— breast cancers in another cohort was also
positively associated with metastasis (4 test for Pyeng = .03;
comparison of lowest SMS quartile [reference] to highest SMS
quartile relative risk = 1.90, 95% CI=0.97 to 4.0; one-sided
Fisher exact test P = .03) in (21) (Figure 6D). Thus, both DAS
plasma levels and SMS gene expression in tumors were predic-
tive of future metastasis and poor overall survival.

Discussion

The TNBC subtype of breast cancer exhibits an aggressive phe-
notype with poor outcome. Identification of TNBC at an early
stage and further stratifying metastatic potential among sub-
jects would provide substantial benefit (34,35). At present, no
clinically accepted biomarkers exist that can reliably predict the
development and progression of TNBC. The findings reported
herein directly address this unmet clinical need and provide a
potential breakthrough that would enable classification of
TNBC patients most at risk for developing metastasis.
Importantly, the predictive marker we have identified is test-
able in blood.

MYC is an established oncogenic driver in TNBC develop-
ment and progression. MYC is a reported upstream transcrip-
tional regulator of ODC1, AMD1, and SRM (5,6,26); ODC1 and
AMD1 serve as critical rate-limiting enzymes in polyamine bio-
synthesis (5,6,26,36). Using metabolic profiling of plasma sam-
ples from two independent human breast cancer cohorts,
mouse breast cancer models, and breast cancer cell lines, we
identified and validated elevated levels of DAS as being a promi-
nent feature of TNBC, consistent with elevated levels of MYC
expression. We further demonstrated the potential prognostic
value for plasma DAS for TNBC progression. To the best of our
knowledge, this is the first study to demonstrate that elevated
plasma DAS associates with a distinct molecular subtype of
breast cancer and is also associated with increased risk of future
metastasis in the context of TNBC.

We additionally provide evidence that an elevation of
plasma DAS in women diagnosed with TNBC may associate
with distinct subtypes of TNBC tumors that are characterized by
low immune infiltrate. Defining the mechanism underlying this
relationship and the extent to which plasma DAS generally
reflects immune-poor tumors will require extensive additional
analysis of matched plasma and tissue samples with sufficient
sample number to achieve statistically relevant validation.
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Nevertheless, in the current study, we emphasize that there is
good concordance between SMS mRNA expression and rates of
DAS secretion in vitro (as demonstrated for TNBC cell lines) and
that high SMS mRNA expression is consistently and reproduc-
ibly associated with reduced immune-related gene signatures,
poor overall survival, and metastasis. Our immune-related gene
signature findings are based on in silico inference; previous
studies have shown good concordance between these in silico
infiltrate predictions and the bona fide presence of immune in-
filtrate as assessed by immunohistochemistry (23).

A limitation of the current study is the lack of external vali-
dation for the prognostic value of plasma DAS for predicting fu-
ture distant metastasis. Additionally, as evident by our
observations, not every subject exhibits elevated plasma levels
of DAS. This is consistent with our observations that the DAS
secretion rate is variable among TNBC cell lines, suggesting ad-
ditional mechanistic complexity that requires further
exploration.

In conclusion, our findings suggest the utility of DAS as a
predictive marker for TNBC development and progression. We
further demonstrate an inverse association between tumor SMS
and tumor immune cell infiltration in the context of TNBC.
Further studies are warranted.
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