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Abstract

Author Manuscript

Brain metastases are refractory to therapies that control systemic disease in patients with human
epidermal growth factor receptor 2 (HER2+) breast cancer, and the brain microenvironment
contributes to this therapy resistance. Nutrient availability can vary across tissues, therefore
metabolic adaptations required for brain metastatic breast cancer growth may introduce liabilities
that can be exploited for therapy. Here, we assessed how metabolism differs between breast tumors
in brain versus extracranial sites and found that fatty acid synthesis is elevated in breast tumors
growing in brain. We determine that this phenotype is an adaptation to decreased lipid availability
in brain relative to other tissues, resulting in a site-specific dependency on fatty acid synthesis for
breast tumors growing at this site. Genetic or pharmacological inhibition of fatty acid synthase
(FASN) reduces HER2+ breast tumor growth in the brain, demonstrating that differences in
nutrient availability across metastatic sites can result in targetable metabolic dependencies.

INTRODUCTION
Author Manuscript

Metastatic dissemination from solid tumors remains a formidable clinical challenge and
contributes to cancer-related mortality. Brain metastases in particular are associated with
poor survival outcomes, as therapeutic options are limited1. Advances in human epidermal
growth factor receptor 2 (HER2)-targeted therapy have improved disease control in patients
with HER2+ breast cancer; however, brain metastases from this disease are refractory to
therapies that otherwise control disease at extracranial sites1–3. The blood brain/tumor
barrier (BBB/BTB) complicates drug delivery to brain metastases, but accumulating
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evidence suggests that the brain tumor microenvironment also contributes to challenges
associated with treating cancers in this tissue site4–13.

Author Manuscript

In addition to affecting drug delivery, the BBB/BTB limits access to nutrients from
circulation14, which creates a microenvironment that is hypoxic and depleted of many
metabolites, growth factors, and proteins15. Of note, differences in nutrient availability in
brain tissue relative to other tissues can necessitate metabolic adaptations by cancer cells to
grow in the brain. For example, breast cancer brain metastases require de novo serine
synthesis to proliferate in the brain microenvironment16, which has reduced amino acid
levels relative to plasma17,18. Breast cancers growing in the central nervous system (CNS)
have also been shown to upregulate proteins required to take up and metabolize specific
nutrients, such as the neurotransmitter gamma-aminobutyric acid (GABA)19,20 and iron21.
These studies suggest that the brain microenvironment can impose metabolic constraints on
breast cancer cells, and suggest that identifying nutrient limitations in this tissue could
inform strategies to control brain metastasis for patients with HER2+ breast cancer and other
malignancies.

Author Manuscript

In this study, we investigated the differential metabolic dependencies of primary and
metastatic disease to determine how the brain microenvironment influences breast tumor
growth and metabolism. We performed metabolite profiling, gene expression analysis, and in
vivo 13C-glucose tracing in preclinical models and found that breast cancers growing in the
brain display increased fatty acid synthesis relative to tumors growing at other sites.
Analysis of the nutrient levels of extracellular fluid revealed low levels of lipids in the brain
environment, suggesting that breast cancers growing at this site must synthesize fatty acids
de novo to support the requirement for lipids. Indeed, we determine that genetic and
pharmacological inhibition of FASN suppresses breast cancer growth in the brain,
suggesting that fatty acid synthesis is required for breast tumor growth in this tissue and
could serve as a potential therapeutic target for breast cancer brain metastases.

RESULTS

Author Manuscript

To better understand how environmental differences might impact breast tumor growth in
different tumor sites, we asked whether differences in metabolism are associated with
HER2+ breast tumors growing in the brain compared to the mammary fat pad (MFP) of
mice, representing brain metastases and primary breast tumors, respectively. For these
studies, we utilized orthotopic transplantation models of ERBB2 (also known as HER2)amplified breast cancer that have previously been shown to recapitulate clinical features of
human HER2+ breast cancer brain metastasis, including resistance to drugs that are effective
in controlling disease in the primary site6,22. Polar metabolite levels were analyzed in bulk
tumor tissue derived from human BT474 breast cancer cells that were implanted in the brain
or MFP of immunodeficient mice6,22. These tumors contain mostly breast cancer cells
expressing HER2, but also contain host-derived stromal cells, including fibroblasts and
macrophages in MFP lesion, and activated astrocytes, microglia and macrophages in brain
lesions (Extended Data Fig. 1a–d). Unsupervised hierarchical clustering based on measured
metabolites separated the tumor samples based on tissue site, with many differences in
relative metabolite abundance between tumors growing in the brain and MFP (Fig. 1a). As
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expected, gamma-aminobutyric acid (GABA), the most abundant inhibitory neurotransmitter
in the CNS, was higher in brain tumor tissue (Extended Data Fig. 2a)19. These data suggest
that global differences in metabolism may exist in tumors that develop in each tissue, even
when the lesions are derived from the same cancer cells.

Author Manuscript

To further explore metabolic differences between primary breast tumors and brain
metastases, we queried a previously published dataset6 to evaluate differences in gene
expression in BT474 tumors harvested from different tissue sites. This dataset is focused on
differential expression of human genes, thus reflects differences in cancer cell gene
expression in tumors growing in each tissue site. We observed numerous differences in gene
expression, with gene set enrichment analysis showing differences in signatures involving
metabolic processes, including a striking enrichment in gene sets associated with lipid
metabolism in tumors growing in the brain (Supplementary Table 1). To confirm that these
differences correspond to changes in metabolic enzyme expression, we assessed the
expression of select enzymes involved in fatty acid synthesis in BT474 tumors growing in
the MFP and brain. Higher expression of fatty acid synthase (FASN) and stearoyl-CoA
desaturase 1 (SCD1), two enzymes involved in fatty acid synthesis, was observed in brain
tumor tissue compared to MFP tumor tissue (Fig. 1b). Increased FASN and acetyl-CoA
carboxylase alpha (ACACA, also known as ACC1) protein expression was also observed in
a second model of HER2-amplified breast cancer, in which tumors were generated from
MDAMB361 cells (Extended Data Fig. 2b).

Author Manuscript

To functionally assess breast cancer metabolism across different tumor sites, we traced the
fate of glucose, a major substrate for fatty acid synthesis in cancer23, in BT474 tumors
growing in the brain or MFP. For these experiments, we infused stable isotope-labeled 13Cglucose into conscious, tumor-bearing mice over 12 hours (Fig. 1c). Following the infusion,
we confirmed that glucose was 13C-labeled in the plasma of mice bearing either brain or
MFP tumors (Extended Data Fig. 2c) and analyzed metabolites in tumor and normal tissues
obtained from each site. We found that an appreciable fraction of pyruvate was fully labeled
(m+3) from 13C-glucose in all tissues (Extended Data Fig. 2d), and exhibited a similar
labeling pattern as alanine and lactate (Extended Data Fig. 2e,f), consistent with known
rapid label exchange between these metabolites24. The degree of 13C-labeling of many TCA
cycle intermediates and related amino acids was different in brain BT474 tumors compared
to MFP lesions, as well as in comparison to normal tissues (Extended Data Fig. 2g–m),
further supporting that breast cancer metabolism differs from that of normal tissue, and is
affected by tissue site. Of note, extensive 13C-labeling was observed in normal brain,
consistent with glucose being the primary oxidative fuel for this organ,25.

Author Manuscript

We next analyzed the incorporation of carbon from 13C-glucose into saponified palmitate, an
abundant fatty acid, isolated from BT474 brain and MFP tumors from 13C-glucose-infused
mice. To contribute to fatty acids, glucose is first converted to two-carbon acetyl-CoA,
which serves as a substrate for FASN (Fig. 1d)26. Thus, the distribution of 13C-labeled twocarbon units from 13C-glucose into palmitate is reflective of fatty acid synthesis from
glucose. BT474 tumors in both sites displayed a greater degree of palmitate labeling than
non-cancerous brain and MFP tissues, with greater 13C incorporation from glucose into
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palmitate in brain lesions when compared to MFP tumors, even when taking into account the
total amount of palmitate extracted from each tissue (Fig. 1e, Extended Data Fig. 2n,o).

Author Manuscript

To further explore the possibility of increased fatty acid synthesis in brain metastatic tumors,
we employed imaging mass spectrometry (IMS) to spatially assess 13C incorporation from
glucose into lipid species in non-cancerous brain tissue and in BT474 tumors growing in the
brain. As expected, the distribution of naturally occurring 13C-labeled palmitate
isotopologues (m+2 and m+4) was low compared to unlabeled palmitate (m+0) in mice
bearing BT474 brain tumors without exposure to 13C-glucose (Fig. 1f). To assess the
contribution of glucose to lipids in brain tumors, tumor-bearing mice were given daily bolus
injections of 13C-glucose over 4 days, and 13C incorporation into fatty acids in lipid species
was rendered using IMS. We observed higher 13C labeling of palmitate, oleate, stearate,
palmitoleate and L-alpha-lysophosphatidylinositol in tumors compared to normal brain (Fig.
1g, Extended Data Fig. 3a–c), and normalization of labeled palmitate signal (m+2) to total
palmitate ion counts did not change the IMS signal distribution between normal brain and
BT474 tumors (Extended Data Fig. 3d). These data suggest that newly synthesized fatty
acids are present in tumor tissue and are incorporated into more complex lipids in breast
tumors growing in the brain.

Author Manuscript

Though increased palmitate labeling from 13C-glucose is suggestive of higher lipid
production in BT474 lesions growing in the brain than those growing in the MFP, the
inability to reach steady-state labeling of fatty acids from glucose in vivo complicates
interpretation of these data. Differences in label delivery or in glucose uptake between tissue
sites might also contribute to the observed 13C label distribution. Metabolic pseudo-steady
state is more readily achieved in tissue culture conditions27, and thus we next assessed
whether differences in fatty acid labeling from glucose are retained when tumor tissue from
each site is cultured ex vivo. To this end, we utilized organotypic slice cultures (Fig. 2a),
which have been shown to retain cellular architecture and some metabolic characteristics
found in tumors including retention of stromal cell populations28,29(Fig. 2b). Slice cultures
derived from BT474 and MDAMB361 brain tumors displayed increased palmitate labeling
from 13C-glucose relative to slice cultures generated from MFP lesions (Fig. 2c,d). Taken
together, increased 13C-labeling of palmitate measured in vivo and in organotypic slice
cultures, coupled with elevated expression of lipid synthesis enzymes in breast cancers
growing in the brain relative to those growing at the primary site, suggests that the brain
microenvironment may promote increased fatty acid synthesis in breast cancer.

Author Manuscript

To further assess whether increased lipid synthesis observed in brain tumors is retained by
cells when removed from the brain tissue environment, we characterized cancer cells that
were isolated from BT474-derived brain tumors and cultured for 10 days in vitro. Similar
FASN protein expression and label incorporation into palmitate from 13C-glucose were
observed in these brain tumor-derived cells as the BT474 parental line used to initiate the
tumors (Fig. 2e,f). These data suggest that for these cells increased fatty acid synthesis is a
metabolic adaptation that reflects exposure to the brain tissue environment.
To explore whether the evidence for increased fatty acid synthesis observed in these models
was representative of human breast cancers, we analyzed a published RNAseq dataset30 for
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FASN mRNA levels based on site, and noted that FASN expression was higher in brain
metastases when compared to patient-matched primary breast cancer biopsies (Fig. 3a). We
next queried the same dataset to evaluate whether this was a unique feature of HER2+ breast
cancer. The majority of patients with either HER2+ or triple negative breast cancer displayed
higher FASN mRNA levels in brain metastases relative to matched primary lesions (Fig. 3b),
although increased mRNA levels of SCD1, ACC1 and ATP citrate lyase (ACLY) mRNA was
only found in HER2+ brain metastases (Extended Data Fig. 4a–c). To further assess FASN
protein expression in human breast cancer, we analyzed a separate cohort of primary and
patient-matched breast cancer brain metastases using immunohistochemistry. We observed
FASN expression in all breast cancer brain metastasis samples analyzed (score of 2 or
higher), but found that FASN expression can also be high in some primary lesions regardless
of molecular subtype (Fig. 3c,d). Importantly, FASN expression in brain metastases was
found in breast cancer cells in the tumor (Extended Data Fig. 4d,e). To further assess FASN
expression in brain metastases compared to extracranial metastatic sites, we queried a
transcriptomic database generated from biopsies of metastatic breast cancer containing
unmatched extracranial and brain metastases31,32. We found that FASN mRNA expression
levels were significantly higher in brain metastasis samples when compared to bone and
lung metastases (Fig. 3e). No statistical difference in FASN mRNA expression was found
between brain and liver lesions (Fig. 3e), but SCD1 mRNA levels were significantly
enriched in brain lesions compared to all sites (Extended Data Fig. 4f), although only a small
number of liver metastases were available for analysis. Taken together, these data suggest
that FASN expression that is similar to, or higher than, that found in primary tumors, and
FASN expression is a general feature of human breast cancers growing in the brain.

Author Manuscript
Author Manuscript

Extracellular lipid availability is an environmental variable that can affect the extent of de
novo lipid synthesis in cancer33 and we confirmed that breast cancer cells cultured in
delipidated media display increased SCD1 expression (Extended Data Fig 5a, b), as well as
enhanced fatty acid synthesis from glucose (Fig. 4a, b, Extended Data Fig 5c, d), likely
reflecting the expected transcriptional response to lipid deprivation34. MDAMB361 cells
also exhibit a shift in the distribution of 13C-labeled palmitate isotopologues in lipiddepleted conditions relative to standard culture conditions (Fig. 4b), suggesting increased
contribution of glucose to acetyl-CoA in these cells when they are deprived of exogenous
lipids26. To begin to examine whether reduced lipid availability in the brain tissue
microenvironment might account for the changes in FASN expression and 13C-labeling of
fatty acids from glucose in breast tumors in this tissue, we quantified the relative abundance
of complex lipids in cerebrospinal fluid (CSF) and plasma from mice. Although differences
in fluid composition can impact relative metabolite measurements by mass spectrometry35,
much lower levels of lipid species were measured in the CSF compared to plasma (Fig. 4c),
which is consistent with known clinical laboratory values in humans36. To further assess the
extracellular lipids available to cancer cells in the brain relative to the primary tissue site, we
isolated extracellular fluid from non-tumor-bearing brain and MFP tissues37 and again
assessed relative lipid abundances by mass spectrometry. Whereas few lipid species were
measured to be higher in extracellular fluid isolated from brain relative to extracellular fluid
isolated from MFP, many complex lipids were highly abundant in MFP extracellular fluid
including triacylglycerols (TAG) (Fig. 4d). TAG levels were also measured to be lower in
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normal brain tissue when compared to MFP tissue (Fig. 4e). Further analysis of lipid species
showed a relative enrichment in lipids containing monosaturated fatty acids (MUFA) in
BT474-derived brain tumors, particularly within TAG species (Fig. 4f). In contrast, lipids
from MFP tumors were enriched for those containing polyunsaturated fatty acids (PUFA)
(Fig. 4f). MUFAs can be produced by de novo fatty acid synthesis in mammals, while many
PUFAs are derived from essential fatty acids that must be obtained from the
environment38,39. Consistent with this difference in MUFAs and PUFAs reflecting different
lipid availability in the different sites, a similar increase in MUFAs and decrease in PUFAs
was observed in acylglycerol species from BT474 and MDAMB361 cells when cultured in
delipidated media (Extended Data Fig. 5e,f). Collectively, these data suggest that decreased
access to lipids in the brain microenvironment could explain the increased fatty acid
synthesis observed in breast tumors in the brain compared to the primary site.

Author Manuscript
Author Manuscript

To test the requirement for fatty acid synthesis in different environments and tissues, we
utilized CRISPR-Cas9 gene editing to disrupt FASN in BT474 and MDAMB361 cells. We
were unable to isolate BT474 cells with complete loss of FASN expression (Fig. 5a), but
confirmed editing leading to a frameshift in the FASN coding sequence in 83.16% of
amplicon sequencing reads from BT474 sgFASN cells (Supplementary Figure 1).
Importantly, both BT474 and MDAMB361 sgFASN cells exhibited reduced FASN
expression (Fig. 5a). We further confirmed that the decreases in FASN expression impaired
fatty acid synthesis, as a reduction in palmitate labeling from glucose was observed in
BT474 sgFASN cells, with no label incorporation into palmitate in MDAMB361 sgFASN
cells (Fig. 5b). The total amount of palmitate derived from saponified lipids was also
reduced in sgFASN cells relative to control cells, and was depleted to a greater extent when
cells were cultured in delipidated media (Fig. 5c). The proliferation of sgFASN cells in
culture was also suppressed, particularly in delipidated media (Fig. 5d). Taken together,
these data confirm that FASN expression is necessary for lipid synthesis and to maintain
palmitate levels, especially in environments where exogenous lipids are not available.

Author Manuscript

To test whether fatty acid synthesis is required for breast cancer growth in different tissue
sites, we implanted control and sgFASN cells into the brain and MFP of mice and assessed
tumor growth over time by ultrasound using cranial windows and by caliper measurement,
respectively. Though there were only minimal differences in tumor growth between control
and sgFASN cells implanted in the MFP (Fig. 5e), the growth of tumors derived from
sgFASN cells implanted in the brain was impaired (Fig. 5f, Extended Data Fig. 6a).
Disruption of FASN expression also improved the survival of mice with breast tumors
implanted in the brain (Fig. 5g). Similar findings were obtained when comparing growth of
additional sgFASN BT474 and MDAMB361 clones generated from a different gRNA, such
that in all cases FASN disruption was associated with impaired breast cancer growth in the
brain (Extended Data Fig. 6b–f). The large size of the FASN cDNA prevented an ability to
rescue FASN expression in knockout clones, so to determine whether clonal effects might
contribute to the phenotypes we observe, we also targeted FASN expression in a population
of BT474 cells by CRISPR interference (CRISPRi), and again found reduction in FASN
expression led to increased survival of mice bearing brain tumors (Fig. 5h, i). CRISPRimediated knockdown of FASN expression also impaired growth of another HER2-amplified
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cell line, JIMT1, in the brain (Extended Data Fig. 7a, b). Taken together, these findings
argue there is a dependency on FASN for breast cancer growth in the brain.
Breast cancer brain metastases models involving direct stereotactic implantation of breast
cancer cells recapitulate some clinical findings, but can cause an artificial disruption of the
BBB/BTB that is not found in spontaneous metastases6,22. Intracarotid injections of breast
cancer cells is an alternative approach that allows for cells to specifically extravasate and
colonize the brain, and disruption of FASN expression in BT474 cells also reduces brain
tumor growth using this model (Fig. 5j)40. Taken together, these data further support that
lipid synthesis is required for breast cancer cells to rapidly grow in the brain
microenvironment.

Author Manuscript

Consistent with impaired fatty acid synthesis in BT474 sgFASN tumors, levels of some lipid
species, including TAGs containing MUFAs, were measured to be lower in sgFASN tumor
tissue compared to control tumor tissue, while TAG species containing PUFAs were
increased in sgFASN tumor tissue compared to control tumors (Extended Data Fig. 8a). A
similar pattern was observed in acylglycerol levels measured from cultured sgFASN cells
compared to control cells (Extended Data Fig. 8b). These data further support a relative shift
in MUFAs and PUFAs reflecting the contribution of de novo synthesized versus uptake of
exogenous fatty acids, and supports that brain tumors require fatty acid synthesis due to
decreased access to lipids in this tissue environment.

Author Manuscript
Author Manuscript

To further study whether fatty acid synthesis is a site-specific metabolic liability for breast
cancer in the brain, we considered whether BT474 cells depend on FASN to grow in liver, a
common site of breast cancer metastasis. We first assessed lipid availability at this site, and
observed that the levels of many storage lipids were higher in liver extracellular fluid and
tissue than in corresponding samples collected from brain, although the identity of many of
the enriched lipid species differed from those measured in MFP extracellular fluid or tissue
(Extended Data Fig. 9a,b). We found levels of FASN expression in BT474 liver and brain
tumors to be similar (Extended Data Fig. 9c), consistent with data collected from clinical
samples (Fig. 3e), although levels of SCD1 and ACLY were lower in liver lesions when
compared to brain tumors (Extended Data Fig. 9c). We also assessed the fate of 13C-carbon
from glucose in BT474 liver tumors and observed a contribution of glucose to palmitate that
was reduced relative to BT474 brain tumors (Fig. 1e, Extended Data Fig. 9d–f). Finally, we
assessed whether lipid synthesis was important for tumor growth in the liver, and observed
that sgFASN BT474 liver tumor growth was similar to that of control tumors (Extended Data
Fig. 9g). These data are consistent with a requirement for de novo lipid synthesis in breast
cancer brain tumors that is not shared with other extracranial sites, and supports fatty acid
synthesis as a site-specific metabolic liability of breast cancer brain metastases.
To further evaluate the therapeutic implications of these findings, we used brain tumor
organotypic slice cultures to test whether availability of exogenous lipids impact response to
pharmacological fatty acid synthesis inhibitors, as this system has the benefit of avoiding
issues with delivery of both drugs and lipids across the BBB/BTB in vivo. TVB3166 is a
selective FASN inhibitor related to a small molecule drug currently in clinical trials for
treatment of patients with metastatic breast cancer (NCT03179904). We confirmed that
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TVB3166 robustly suppresses fatty acid synthesis and palmitate levels in BT474 cells in
culture (Fig. 6a, b). Increased cancer cell death was observed when BT474 brain tumorderived slices were exposed to TVB3166 in delipidated media, but tumor slices cultured in
lipid-rich media were more resistant to TVB3166 (Fig. 6c Extended Data Fig. 10a–c). These
data support decreased availability of environmental lipids promoting dependency on fatty
acid synthesis for breast cancer cells in the brain.

Author Manuscript

To explore whether FASN inhibitors may be effective in controlling breast cancer brain
metastasis, we evaluated the ability of a brain-permeable FASN inhibitor (BI99179)41 to
affect breast tumor growth. We confirmed that BI99179 inhibited fatty acid synthesis and
lowered palmitate levels in BT474 cells in culture (Fig. 6d,e), and then assessed the effect of
BI99179 on the growth of BT474 tumors in vivo. We found that BI99179 treatment at doses
that do not cause significant weight loss (Extended Data Fig 10d,e) specifically impaired
tumor growth in the brain but not in the MFP (Fig. 6f,g). These data support fatty acid
synthesis inhibition as a potential therapeutic approach for treating breast cancer brain
metastasis.

DISCUSSION

Author Manuscript

Nutrient availability can differ across organs, which can influence how metabolism supports
cancer cell proliferation and response to some therapies 29,37,42–46. To accumulate biomass,
cells rely on de novo synthesis of materials that cannot be obtained from the extracellular
environment. We show that the brain microenvironment has low lipid availability relative to
other tissue sites, imposing a dependency for fatty acid synthesis in breast tumors growing in
this tissue. Sterol regulatory element-binding protein (SREBF1), a transcription factor that
regulates de novo lipogenesis including FASN, ACC1, and SCD1 expression, has recently
been shown to be a requirement for breast cancer brain metastasis47, further supporting the
hypothesis that activating fatty acid synthesis is required for breast cancer growth in the
brain.

Author Manuscript

Interestingly, brain-tropic breast cancer lines exhibit reprogrammed lipid metabolism,
including altered lipid transport, synthesis, and beta-oxidation48–50, which may reflect the
fact that some breast cancers can use different strategies to overcome the limited access to
lipids in the brain. The finding that FASN expression was high in all human breast cancer
brain metastases examined argues that a requirement for de novo synthesis may be a
common way to overcome lipid limitation in this tissue; however, whether activation of fatty
acid synthesis is important prior to seeding the brain, or is induced by the lipid-poor brain
tissue microenvironment remains an open question. The fact that high FASN expression is
also observed in some primary lesions, and that pre-existing dependence on SREBF1 can
predict which cells have propensity to colonize the brain47, suggests that extracranial
selection for increased fatty acid synthesis may promote brain metastasis. However, our data
suggest a functional requirement for fatty acid synthesis to grow in the brain, which requires
FASN expression, but is not entirely predicted by FASN expression alone, and low
environmental lipids also promote fatty acid synthesis. Of note, altered lipid metabolism has
been demonstrated in primary brain tumors34,51, and either pre-existing selection for
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increased lipid synthesis or activation of lipid synthesis by exposure to the lipid-poor brain
microenvironment could be a general feature of many cancers growing in this tissue site.
The brain is a lipid-rich tissue, but contains specialized lipids that differ from the storage
lipids found in other sites52. Salvaging fatty acids from existing brain lipids may be an
alternative to increasing fatty acid synthesis for some breast cancers and other malignancies,
and could explain some variability in lipid synthesis enzyme expression observed in breast
cancers growing in the brain. Gaining access to available brain lipids may be a mechanism
of resistance to genetic or pharmacological inhibition of FASN, as delayed tumor growth is
still observed in some animals despite targeting of this enzyme. Additionally, the
permeability of the BBB/BTB can affect nutrient levels of the brain microenvironment, and
could influence the degree to which tumors in this site have access to environmental lipids.

Author Manuscript

More broadly, these findings argue that the ability of cancer cells to synthesize specific
biomass components that are not available in their environment may dictate whether they
can form tumors in a particular tissue. Differential access to serine in tissues determines
whether serine synthesis is required to grow in that tissue16,53 and access to other
metabolites can also dictate tumor growth in specific sites21,54. Knowledge of environmental
nutrient levels, and characterization of which nutrients are limiting for growth for different
cancers in those environments, could guide therapeutic opportunities to target cancer
metabolic dependencies in different tissue sites16,21,34,51,55,56, including brain metastasis.

METHODS
Cell Lines and Cell Culture.

Author Manuscript

BT474 and MDAMB361 cells were transduced with an expression cassette encoding
Gaussia Luciferase and GFP as previously described6. JIMT1 cells were transduced with an
expression cassette encoding Firefly Luciferase and GFP47. All lines studied harbor HER2
amplifications, and BT474 and MDAMB361 cells also express hormone receptors (estrogen
receptor and progesterone receptor positive), while JIMT1 cells lack hormone receptor
expression57. MDAMB361 and JIMT1 cells harbor PIK3CA hotspot mutations (E545K and
C420R respectively). All cell lines were purchased from ATCC and authenticated. BT474
cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum (FBS).
MDAMB361 were maintained in DMEM/F12 supplemented with 10% FBS. JIMT1 cells
were cultured in DMEM supplemented with 10% FBS. For drug treatments, 500 nM
TVB3166 1 μM BI99179 (Boehringer Ingelheim, https://opnme.com/molecules/fasbi99179) or vehicle (DMSO) was added to culture media.

Author Manuscript

For experiments involving lipid depleted media, lipid stripped serum (-Lipids) was
generated58. In brief, FBS was mixed with 0.8 volumes di-isopropyl ether and 0.2 volumes
n-butanol for 30 minutes at room temperature. Phases were separated by centrifugation at
4,000×g for 15 minutes at 4°C, and the lower phase was mixed for 30 minutes at room
temperature with a volume of di-isopropyl ether equal to the original volume of serum used.
The lower aqueous phase was collected, stirred under a slow stream of nitrogen gas
overnight, and subsequently dialyzed against 4×10 volumes of 9 g/L NaCl at 4°C. Control
serum (+Lipids) was dialyzed in the same manner. The protein concentration of lipid
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stripped and control sera was quantified using a Bradford Assay, corrected with saline, and
stored at −20°C.
Tumor Models Involving Different Tissue Sites.

Author Manuscript

Breast cancer xenografts in MFP, liver, and brain were generated in 8–9 week old female
nude or NOD-Scid Gamma (NSG) mice as previously described6. Mice were implanted
subcutaneously with a 0.36-mg 17β-estradiol pellet the day before implantation of tumor
cells. Pellets were replaced in all animals at the expiration date. Nude mice were used for
13C-glucose tracing experiments performed in vivo and in organotypic slice cultures, and
NSG mice were used for all other animal experiments. To generate MFP and liver tumors,
5×106 BT474 cells were resuspended in 50 μL or 10 μL in a 1:1 ratio of phosphate buffered
saline (PBS) and Matrigel Matrix. For brain tumors, 1×105 BT474 cells were diluted in 1 μL
PBS and stereotactically injected into the left frontal lobe of the mouse brain. For the
intracarotid model, 2×105 BT474 cells expressing Gaussia luciferase were diluted in 100 μL
PBS and were injected through a catheter placed in the left carotid artery. For tissue studies,
brain tumors were collected after reaching a volume of 60–80 mm3 by resecting the visually
distinct tumor (GFP+). MFP tumors were resected upon reaching a size of 100–140mm3. All
animal procedures were performed according to the guidelines of the Public Health Service
Policy on Human Care of Laboratory Animals and in accordance with a protocol approved
by the Institutional Animal Care and Use Committee of Massachusetts General Hospital and
Massachusetts Institute of Technology.
Isolation of Cancer Cells from Brain Metastatic Tumors.

Author Manuscript

BT474 brain tumors were permitted to reach a size 60 mm3 and excised. Resected tissue was
minced in RPMI and incubated in RPMI supplemented with 10% FBS, 1% penicillin/
streptomycin (P/S), and 1 mg/mL collagenase/dispase enzyme mix at 37°C for 1 hour.
Tissue was then centrifuged at 1500 rpm for 5 minutes, and the pellet resuspended in RPMI
supplemented with 10% FBS and 1% P/S, pipetted well to dissociate clumps, and medium
was refreshed the following day.
Tumor organotypic slice cultures.

Author Manuscript

Established brain or MFP BT474 mouse xenografts at a size of 100–120mm3 were excised
and sliced into 300 μM thick sections using a microtome (Precisionary Instruments,
Compresstome, VF-300). Slice cultures were grown on Hydrophilic PTFE cell culture
inserts for up to 6 days. To trace 13C-glucose fate in tissue explants, each sample was
washed three times with PBS and medium was replaced with DMEM without glucose,
glutamine, or sodium pyruvate supplemented with 25 mM 13C-glucose, 4 mM glutamine,
and 10% dialyzed FBS. Slice cultures were exposed to 13C-glucose for 3 days before
metabolites were extracted for analysis. For drug studies involving slice cultures, 500 nM
TVB3166 or vehicle (DMSO) was added to culture media supplemented with 10% dialyzed
FBS (+Lipids) or with 10% lipid-stripped FBS (-Lipids). After 6 days, cells were dissociated
(Accutase) and analyzed by flow cytometry using Aria III Fusion SORP. For this analysis,
HER2-positive cells were sorted with a phycoerythrin-conjugated HER2 antibody and cell
viability was assessed with 7-amino-actinomycin D, APC-Annexin V and Alexa Fluor®
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700-Ki67 antibodies. For all experiments, medium was exchanged every 2 days. The flow
cytometry gating strategy is presented in Supplementary Figure 2.
Tumor Growth Monitoring and Animal Drug Dosing.

Author Manuscript

To assess tumor volume, in vivo imaging was performed through a cranial window using a
small animal ultrasonography device (FujiFilm VisualSonics Inc., Vevo 2100)59. When
cranial windows were not used, serum luciferase was employed as a proxy for brain tumor
size6,22,60. Tumors generated from BT474 and MDAMB361 cell lines engineered to express
secreted Gaussia luciferase allow tumor size to be monitored by quantification of luciferase
activity from blood collected from the tail vein. To monitor JIMT1 tumor growth, JIMT1
cells were engineered to express Firefly luciferase47 and tumor burden was evaluated using
whole body luminescence imaging (IVIS® Lumina, Xenogen). MFP tumor volumes were
measured by caliper6. Liver tumor growth was determined by small-animal, high-frequency
ultrasonography imaging (Vevo 2100, FujiFilmVisualSonics Inc.)6.
For mouse FASN inhibitor studies, 15 mg/kg BI99179 (Boehringer Ingelheim) in PEG300
or vehicle alone was administered daily by oral gavage.
13C-Glucose

Tracing Experiments.

Author Manuscript

To trace glucose fate in mouse tissues, tumors were permitted to reach a size of 100–120
mm3 for MFP and 60 mm3 for Brain BT474 tumors. Catheters were surgically implanted
into the jugular vein of tumor bearing animals 3 days before the experiment, and mice were
fasted for the last 6 hours. 13C−glucose (Cambridge Isotopes Laboratories) was infused at a
constant rate of 30 mg/kg/min for 12 hours into conscious, free-moving animals, after which
the animals were terminally anesthetized with 120 mg/kg sodium pentobarbital. Blood was
collected immediately by cardiac puncture, and tumors and noncancerous tissue were
harvested within 5 minutes of sacrifice. Tissues were frozen using the BioSqueezer (BioSpec
Products, 1210) and stored at −80°C for subsequent metabolite extraction and analysis61.
To trace glucose fate in culture, cells were plated at 150,000 cells per well in 6-well dishes.
The following day, cells were washed three times with PBS and incubated in DMEM
without glucose, glutamine, or sodium pyruvate supplemented with 25 mM 13C-glucose, 4
mM glutamine, 10% dialyzed FBS and the indicated treatment condition for 3 days prior to
metabolite extraction61.
Metabolite Extraction from Cells and Tissues.

Author Manuscript

Metabolites were isolated as described previously 61,62. Briefly, tissues or organotypic slice
cultures were fragmented into small (~10–30 mg) pieces, weighed, and homogenized
cryogenically (Retsch Cryomill). Metabolites were extracted using ice-cold HPLC-grade
methanol, water, and chloroform at a volume ratio of 600:400:300. Samples were vortexed
for 10 minutes at 4°C and centrifuged for 10 minutes at 21,000×g and 4°C to separate the
top, aqueous layer and the bottom, organic layer. Each layer was collected and dried under
nitrogen gas, and stored at −80°C for subsequent analysis by gas-chromatography massspectrometry (GCMS). Tissues processed to generate Figure 1a were suspended 1 mL of
80% cold HPLC-grade methanol and homogenized (Qiagen TissueLyser) by multiple 45
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second rounds at 28 Hz until the sample was near homogenous. Next, samples were spun at
13,000×g for 5 minutes, and the supernatant was collected for metabolite analysis by liquidchromatography mass-spectrometry (LCMS)
For cell culture experiments, cells in 6-well plates were washed three times with ice-cold
saline and lysed with 400 μL of cold HPLC-grade methanol with 25 mg/L butylated
hydroxytoluene and 2.5 μg/ml 17:1 standard. Samples were scraped, collected into glass
vials and 800 μL of cold dichloromethane was added to the tube. The glass vials were then
vortexed for 10 minutes at 4°C. 300 μL of 0.88% (w/v) KCl was added to the tube, vortexed
for 5 minutes at 4°C and centrifuged at 4500 rpm at 4°C. 650 μL of the bottom fraction was
collected into glass vials and dried down prior to derivatization prior to analysis on GCMS.
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For lipidomics, pre-weighed samples were homogenized at 1:10 ratio (tumors) or 1:4 ratio
(tissues) in water with 2×3mm beads for 2–4 minutes. For CSF, 5 μL of sample was
extracted in 95 μL of extraction buffer (Isopropanol with 24:0 standard [1,2-didodecanoylsn-glycero-3-phosphocholine (Avanti Polar Lipids)]). For plasma, 10 μL of sample was
extracted in 190 μL of extraction buffer. For ECF, 1 μL of sample was extracted in 100 μL of
extraction buffer. For cells in culture, cells in 6-well plates were washed three times with ice
cold saline and extracted in 500 μL of extraction buffer. Extracts were vortexed and
incubated for 1 hour followed by centrifugation for 10 minutes at 10,000×g at room
temperature prior to analysis on LCMS.
Metabolite Measurement by LCMS

Author Manuscript
Author Manuscript

Polar metabolites presented in Figure 1a were analyzed by a 5500 QTRAP hybrid dual
quadrupole ion trap mass spectrometer (AB/SciEx) coupled to a Prominence HPLC
(Shimadzu)62. Full data from this experiment is provided in Source Data Table 1. For
analyses of polar and non-polar lipids, an LCMS system comprising a Shimadzu Nexera X2
U-HPLC coupled to an Exactive Plus Orbitrap Mass Spectrometer (Thermo Fisher
Scientific) was used. 2 μL (Plasma & Tissues) or 10 μL (Tumors, CSF, and ECF) was
injected onto an ACQUITY BEH C8 column (100 × 2.1 mm, 1.7 µm; Waters). The column
was eluted isocratically with 80% mobile phase A (95:5:0.1 vol/vol/vol 10 mM ammonium
acetate/methanol/formic acid) for 1 minute followed by a linear gradient to 80% mobilephase B (99.9:0.1 vol/vol methanol/formic acid) over 2 min, a linear gradient to 100%
mobile phase B over 7 minutes, then 3 minutes at 100% mobile-phase B. MS data were
acquired using electrospray ionization in the positive-ion mode over 200–1100 m/z and at
70,000 resolutions. Other MS settings were: sheath gas 50, in source CID 5 eV, sweep gas 5,
spray voltage 3 kV, capillary temperature 300 °C, S-lens RF 60, heater temperature 300 °C,
microscans 1, automatic gain control target 1×106, and maximum ion time 100 ms. Raw data
were processed using TraceFinder 3.3 (Thermo Fisher Scientific) and Progenesis QI
(Nonlinear Dynamics) software for detection and integration of LCMS peaks. Lipid
identities were determined based on comparison to reference standards and reference plasma
extracts and were denoted by total number of carbons in the lipid acyl chain(s) and total
number of double bonds in the lipid acyl chain(s). Heatmaps were generated in heatmap R
package with z-score normalization within each row (metabolite). For cell culture
experiments, data was normalized to protein content as determined by sulforhodamine B
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(SRB) assay63. Full lipidomic data collected for all experiments is provided in Source Data
Table 2.
Metabolite Measurement by GCMS

Author Manuscript

For derivatization of polar metabolites, frozen and dried metabolites from the aqueous phase
were dissolved in 20 μL of Methoxamine (MOX) Reagent (2% solution of methoxyaminehydrogen chloride in pyridine) and incubated at 37°C for 90 minutes. Subsequently, 25 μL
of N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) with 1% tertButyldimethylchlorosilane (t-BDMCS) was added and samples were held at 60°C for one
hour. Samples were vortexed, transferred to GCMS vials and capped. For derivatization of
glucose, frozen and dried metabolites from the aqueous phase were dissolved in 50 μL of 2
wt% hydroxylamine hydrochloride in pyridine and incubated at 90°C for 1 hour. Next, 100
μL of propionic anhydride was added and the samples were kept at 60°C for 30 minutes. The
samples were dried under nitrogen gas, and resuspended in 100 μL of ethyl acetate,
transferred to glass GCMS vials and capped.
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For derivatization and analysis of fatty acid methyl-esters (FAME), frozen and dried
metabolites from the organic phase were saponified to free fatty acids and esterified to form
fatty acid methyl esters. For tissues, 500 μL of 2% H2SO4 was first added to each sample
and incubated for 2 hours at 50°C. Next 100 μL of a saturated salt solution (sodium chloride
dissolved in HPLC-grade water) and 500 μL of HPLC-grade hexane was added and the
sample was vortexed. The top hexane layer was collected and evaporated under nitrogen gas.
For cell culture experiments, 100μL of toluene and 200μL of H2SO4 was added to each
sample and incubated overnight at 50°C. Next, 500 μL of 5% sodium chloride solution (in
HPLC-grade water) and 500uL of HPLC grade hexane was added and sample was vortexed.
The top hexane layer was collected and samples were extracted again with 500uL of HPLC
grade hexane. The top hexane layers were combined and evaporated under nitrogen gas.
Each sample was resuspended with 50 μL of fresh HPLC-grade hexane, vortexed, and
transferred to glass GCMS sample vial.

Author Manuscript

GCMS analysis was performed using an Agilent 7890 GC equipped with 30m DB-35MS
capillary column connected to an Agilent 5975B MS operating under electron impact
ionization at 70eV. For each sample, 1 μL was injected at 270°C using helium gas as a
carrier with a flow rate of 1 mL/min. For the measurement of polar metabolites, the GC oven
temperature was kept at 100°C for three minutes and increased to 300°C at a rate of 3.5°C/
min. The MS source and quadrupole were kept at 230°C and 150°C, respectively, and the
detector was run in scanning mode, recording ion abundance within 100–605 m/z. Mass
isotopologue distributions were determined by integrating the appropriate ion fragments and
correcting for natural isotope abundance using in-house algorithms adapted as previously
reported64,65. For cell culture experiments, data was normalized to protein content as
quantified by SRB assay63.
Imaging Mass Spectroscopy.
Tissue sections (12 μm) were cut from brain biopsy specimens using a cryostat (Leica,
CM1850) and thaw-mounted onto standard glass microscope slides66. For MALDI-MSI
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analysis, diaminonaphthalene (DAN) matrix, prepared at 5 mg/mL in acetone/water (7:3)
was applied to the tissues via a TM-Sprayer automated MALDI tissue-prep device (HTX
Technologies) under the following optimized conditions: a 0.05 mL/min flow rate, a 60°C
nozzle temperature, and a 1.3 mm/s raster speed with 20 passes over the tissue. MALDIMSI acquisition was performed using a MALDI LTQ Orbitrap XL mass spectrometer
(Thermo Fisher Scientific) with a resolution of 60,000 at m/z 400 (full width at half
maximum). Imaging data were acquired in full-scan mode to maximize sensitivity. Spectra
were acquired in negative mode, across the mass range of m/z 200–2000 with a laser energy
of 20 μJ and five shots per position (one microscan per position). 2D ion images were
generated using Thermo ImageQuest software (v1.01). Normalized ion images of lipid
signal were generated by dividing by the Total Ion Counts (TIC).
Western Blot Analysis.
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Tumor tissues or cells were homogenized in RIPA buffer supplemented with protease and
phosphatase inhibitors using a micro-homogenizer (Pro Scientific, PRO200) or cell scraper.
Lysates were centrifuged at 18,000×g for 30 minutes at 4°C. Protein concentration was
quantified using a Bradford Assay. Samples were boiled in LDS sample buffer under
reducing conditions, and resolved by SDS-PAGE before proteins were transferred onto
nitrocellulose membranes using the iBlot 2 Dry Blotting System (Thermo Fischer Scientific)
or wet tank transfer system (Bio-Rad). For detection, HRP linked Anti-Rabbit IgG
secondary antibody and chemiluminescent signal detection was used with a digital imager
(GE Healthcare, LAS 4000). Uncropped Western blots images are presented in Source Data
Files.
Whole Transcriptome Microarray Analysis.

Author Manuscript

Raw data from gene arrays are available at Gene Expression Omnibus (GEO accession
number: GSE86849)6. Gene set enrichment analysis was performed using gene set
permutation and signal-to-noise ratio as a ranking metric.
RNA sequencing analysis of matched human samples.
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Raw count data (.txt file) from RNA sequencing of patients with matched primary breast and
metastatic tumors were downloaded from https://github.com/npriedig/jnci_2018 30. The R
packages “edgeR” and “DESeq2” were used to normalize and calculate differentially
expressed genes. The results were then plotted using “heatmap.2” from the R packages
“gplots” and “ComplexHeatmap”. The edgeR likelihood ratio (LR) was used to generate a
pre-ranked gene list for Gene Set Enrichment Analysis. GSEA was then run pre-ranked with
default parameters (1000 gene set permutations, weighted enrichment statistic), using the
Hallmarks, Biocarta, and REACTOME gene set collections provided by MSigDB (http://
software.broadinstitute.org/gsea/msigdb).
Gene expression analysis of unmatched human samples.
Microarray dataset GSE14020 was downloaded from Gene Expression Omnibus and
collected using the Affymetrix Human Genome U133/A Array platforms32,33. The raw data
was converted to a recognizable format by GEO2R (https://www.ncbi.nlm.nih.gov/geo/
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geo2r/). GEO2R performs comparisons on original submitter-supplied processed data tables
using the GEOquery package which parses GEO data into R data structures that can be used
by other R packages and limma (Linear Models for Microarray Analysis) R package from
the Bioconductor project. After log2 transformation and normalization, a Fisher’s exact test
was used to assess statistical significance of FASN (probe id: 212218_s_at) and SCD1
(probe id: 200832_s_at) expression between metastatic brain tissue samples and samples
from other metastatic tissues (bone, lung, and liver).
Human cancer tissue analysis by Immunohistochemistry.

Author Manuscript

Immunohistochemistry studies were conducted on breast cancer tissues from 11 patients
diagnosed with metastatic breast cancer at Massachusetts General Hospital (MGH) and
Brigham and Women’s Hospital (BWH). This study was approved by the Institutional
Review Board at BWH and MGH. The surgical pathology files were searched for matched
pairs of primary invasive ductal carcinoma and metastasis to the brain. Patient records were
reviewed for patient age, receptor status, treatment with neoadjuvant therapy, progression
free survival and overall survival. All patient samples were de-identified prior to the study.
Antibodies and conditions used for analysis are described below (see Immunohistochemistry
and Immunofluorescence). Scoring for FASN expression in tumors cells was performed in a
double-blinded fashion using a standardized scoring criteria, with whole number scores
ranging from 0 to 3, reflective of staining intensity.
Immunohistochemistry and Immunofluorescence.
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Paraffin-embedded BT474 MFP and brain tumors, primary human breast cancer and
matched brain metastases were cut into 5 μm-thick serial sections and staining procedure
done following the antibody manufacturer’s protocol immunohistochemistry (IHC) and
immunofluorescence (IF). Epitopes were detected by DAB oxidation (IHC) or with an
Cyanine3 or Cyanine5 fluorescence-conjugated secondary antibody (IF) and visualized by
confocal microscopy. Sections were counterstained with hematoxylin and blued in Scott’s
tap water substitute (Electron Microscopy Sciences) or 4′,6-diamidino-2- phenylindole
(DAPI). For immunofluorescence analysis of organotypic slice cultures, slices were fixed
using 4% paraformaldehyde in PBS and permeabilized in 0.5% Triton X-100 in PBS prior to
immunostaining67.
Cell Proliferation Rate

Author Manuscript

BT474 or MDAMB361 cells were plated in triplicate in 12-well plates at 5×104 and 1×105
cells per well, respectively. Cells were allowed to adhere overnight, and to determine initial
cell density three wells were counted at time of treatment using a Beckman Z2 Coulter
Counter with a size selection setting of 10–30 μm. Remaining cells were washed three times
with PBS and 2.5 mL of treatment media was added. Final cell counts (Coulter Counter)
were measured 6 days after treatment, with medium replacement after 3 days.
Isolation of Cerebrospinal fluid, Extracellular Fluid, and Plasma.
Cerebrospinal fluid (CSF) was isolated from mouse brain as previously described68. Briefly,
female NSG mice (8–12 weeks) were anesthetized and CSF collected by gently inserting a

Nat Cancer. Author manuscript; available in PMC 2021 October 01.

Ferraro et al.

Page 17

Author Manuscript

sharpened capillary (inner diameter 0.75 mm, outer diameter 1.0 mm) in the cisterna magna.
Collected fluid was visually monitored for blood contamination. Extracellular fluid was
isolated from organs using a previously described method37,69–72. Briefly, female NSG mice
(8–12 weeks) were euthanized and tissues rapidly dissected, sliced in quadrants, and blotted
on filter paper in less than 5 minutes. Tissue was placed onto 20 µm nylon filters affixed atop
50 mL conical tubes and centrifuged for 10 minutes at 4°C at 250×g. Extracellular fluid was
collected, frozen in liquid nitrogen, and stored at −80°C. Fluid from tissues from up to ~8–
10 mice was collected to permit analysis. Blood was also collected from the same animals
via cardiac puncture and was immediately placed in EDTA-tubes and centrifuged at 845×g
for 10 minutes at 4°C to separate plasma. Plasma was frozen in liquid nitrogen and stored at
−80°C until further analysis.
Generation of FASN deficient cells.
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sgRNA targeting FASN (Supplementary Figure 1, Supplementary Table 2) was cloned into
lentiCRISPRv2. LentiCRISPRv2 empty vector was used for control cells. Lentiviral
particles were produced and collected from 293T cells, and BT474 and MDAMB361 cell
lines were transduced with lentiviral particles in the presence of 8 μg/ml polybrene. Virally
transduced BT474 or MDAMB361 cells underwent puromycin selection (1 μg/ml) and were
plated at low confluency and allowed to form single isolated colonies after 4 days. Medium
was aspirated and the plate was washed with PBS. Cloning discs were dipped in trypsin,
placed upon colonies, and allowed to incubate for 1–2 minutes. Discs were transferred with
sterile forceps to a 24 well plate containing complete media. The expected disruption of the
FASN coding sequence for both sgRNAs in BT474 and MDAMB361 cells was confirmed
by either Next Generation Amplicon Sequencing or Sanger Sequencing (Supplementary
Figure 1, Supplementary Table 2).
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For FASN knockdown by CRISPRi, sgRNA targeting the promoter of FASN
(Supplementary Table 2) were cloned into pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-Puro.
Lentivirus was produced from 293T cells, and BT474 cells were transduced in the presence
of 8 μg/mL polybrene and then selected with 1 μg/mL puromycin.
Statistics and Reproducibility.

Author Manuscript

Data are expressed as the means ± SEM unless otherwise noted. GraphPad Prism software
was used for all statistical analysis. A t-test (two-tailed with equal variance) was used when
only 2 groups were being compared. Paired t-test was performed for patient-matched
expression analysis. In the case of multiple t-tests, a False Discovery Rate (FDR, 10%)
correction was performed by the Benjamini, Krieger and Yekutieli approach. One-way
ANOVA and Dunnet’s posttest were used to compare unmatched metastases to brain
metastasis. One-way ANOVA and a Tukeýs posttest were used to compare multiple
treatment arms in vitro. A grouped two-way ANOVA (mixed effect, Time X Group) were
used to compare longitudinal tumor growth studies. Survival curves were estimated using
the Kaplan–Meier method. A p-value < 0.05 was considered statistically significant. The
number of mice required to demonstrate statistical significance in each group was estimated
based on findings from previous experiments6. No statistical method was used to
predetermine sample size. No data were excluded from the analyses. The Investigators were
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not blinded to allocation during experiments and outcome assessment. Experiments
presented in Figure 1b, 2c, 4e–f, 5d, 5f, 6c, 6g and in Extended Data 2b, 5a, 5b, 10a–c were
independently repeated and similar results were obtained. Experiments presented in
Extended Data 1a–d were independently repeated 3 times, and similar results were obtained.

Extended Data

Author Manuscript
Author Manuscript
Author Manuscript

Extended Data Fig. 1. Histological characterization of MFP and brain BT474 tumors.

a) HER2 immunohistochemistry (IHC) of a BT474 mammary fat pad (MFP) tumor section.
b) Immunofluorescence (IF) of ionized calcium binding adaptor molecule 1 (Iba1) and αsmooth muscle actin (SMA) of a consecutive tissue section from the tumor presented in (a).
c) HER2 IHC of a BT474 brain tumor section.
d) IF of Glial fibrillary acidic protein (GFAP) and Iba1 of a consecutive tissue section from
the tumor presented in (c).
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Extended Data Fig. 2. Assessment of glucose carbon fate in breast tumors growing in different
tissue sites
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a) Relative gamma-aminobutyric acid (GABA) levels were measured by liquid
chromatography–mass spectrometry (LCMS) in BT474 tumors isolated from the brain or
mammary fat pad (MFP) of Nude mice. Data are from the dataset presented in Figure 1a and
Extended Data Table 1. ** p = 0.0038 by two-tailed t-test (Brain tumors, n=7; MFP tumors
n=6; tumors from independent mice).
b) Western blot analysis of acetyl-CoA carboxylase (ACC1), fatty acid synthase (FASN),
and stearoyl-CoA desaturase-1 (SCD1) expression in MDAMB361 brain and MFP tumor
tissue. β-actin expression was assessed as a loading control, and relative densitometry values
(normalized to β-actin expression) were used for quantitation with values presented beneath

Nat Cancer. Author manuscript; available in PMC 2021 October 01.

Ferraro et al.

Page 20

Author Manuscript
Author Manuscript

each blot. Differences in protein expression between brain and MFP tumors was compared
using a two-tailed t-test.
c) The percent of fully labeled glucose (m+6) in blood plasma following a 12 hour 30
mg/kg/min 13C-glucose infusion into Nude female mice bearing BT474 lesions in the brain
or in the MFP as assessed by gas chromatography–mass spectrometry (GCMS). ** p =
0.0094 by two-tailed t-test. (Plasma from mice bearing BT474 brain tumors, n=5; Plasma
from mice bearing BT474 MFP tumors, n=6).
d-m) The distribution of 13C-labeling in the indicated metabolites as measured by GCMS
from BT474 tumors in the brain and MFP, and from noncancerous brain and MFP adipose
tissue (WAT) after a 12 hour 30 mg/kg/min 13C-glucose infusion into Nude female mice.
The data for each isotopologue presented was normalized to 13C-glucose labeling in plasma.
(Brain tumors, n=5; MFP tumors, n=6; Cortex tissue, n=12; WAT, n=5).
n, o) BT474 brain and MFP tumors were collected following a 12 hour 30 mg/kg/min 13Cglucose infusion and saponified palmitate levels (n) and the distribution of 13C-label in even
isotopologues of saponified palmitate (o) were assessed by GCMS. Palmitate levels were
normalized to tissue weight and compared using a two-tailed t-test (n.s. denotes not
significant). Each isotopologue was normalized to 13C-glucose labeling in plasma and to
palmitate total ion counts. These data are from a separate experiment as that shown in Figure
1e, and were collected to enable normalization based on palmitate total ion counts. (Brain
Tumors, n=3; MFP Tumors, n=5).
Data in panels a, c-o represent means ± SEM.
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Extended Data Fig. 3. Higher lipid synthesis in breast cancer lesions when compared to
surrounding brain tissue.

a) Negative mode matrix assisted laser desorption/ionization mass spectrometry imaging
(MALDI-MSI) of brain tissue from a separate NSG mouse bearing a BT474 brain tumor
than that shown in Figure 1 f,g that had been given 4 daily bolus intraperitoneal injections of
2 g/kg 13C-glucose. The spatial distribution of the indicated isotopologues of palmitate,
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stearate, oleate, and lyso-phosphatidylinositol (Lyso PI, 18:0) normalized to total ion counts
are shown.
b, c) HER2 immunohistochemistry (IHC) staining of brain tissue sections collected from the
tumors analyzed by MALDI-MSI in Figure 1g (b) and in Extended Data Figure 3a (c).
d) Negative mode MALDI-MSI of the m+2 palmitate isotopologue presented in (a)
normalized to m+0 palmitate.
For all panels, scale bar = 1 mm.
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Extended Data Fig. 4. FASN expression is high in breast cancer brain metastases

a-c) ACC1, ACLY and SCD1 mRNA expression levels from a patient-matched metastatic
breast cancer RNAseq dataset30. Matched primary versus brain metastasis (Brain Met.)
samples were analyzed separately for the major clinical molecular subtypes. * p = 0.0254
(a), *** = 0.0003 (b), **** p = 0.0005 (c), by two-tailed paired sample t-test. (Triple
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negative (TN) tumors, n=8; Human epidermal growth factor receptor 2+ (HER2+) tumors,
n=8; Hormone receptor + (HR+) tumors, n=5).
d-e) Immunohistochemistry (IHC) and immunofluorescence (IF) assessment of brain
metastasis tissue sections derived from 2 different patients with HER2+ breast cancer. IHC
was performed to assess HER2 and FASN expression, and IF together with DAPI staining
was used to assess glial fibrillary acidic protein (GFAP) and ionized calcium binding adaptor
molecule 1 (Iba1) expression on consecutive tissue sections. (scale bar = 1mm).
f) Analysis of SCD1 mRNA expression from a metastatic breast cancer gene expression
database comprised of unmatched human tumor samples32,33. Data presented represent
mean expression ± SEM. * p = 0.0212 (Brain vs Bone), * p = 0.0172 (Brain vs Liver), *** p
= 0.0006 by one-way ANOVA followed by Dunnettś multiple comparisons test (Brain
tumors, n=22; Lung tumors, n=20; Bone tumors, n=18; Liver tumors, n=5).
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Extended Data Fig. 5. Impact of extracellular lipids on lipid synthesis enzyme expression and
lipid abundance

Author Manuscript

a, b) Western blot analysis of FASN, ACC1 and SCD1 in BT474 (a) and MDAMB361 cells
(b) cultured in standard (+Lipids) or delipidated (-Lipids) media for 6 days. Lysates were
generated from 3 independent samples. β-actin expression was assessed as a loading control.
Relative densitometry values (normalized to β-actin expression) were used for quantitation
and are presented below each blot. Differences in expression between conditions were
compared by a two-tailed t-test.
c, d) Relative levels of saponified palmitate measured by GCMS in BT474 (c) and
MDAMB361 (d) cells that were cultured in standard (+Lipids) or delipidated (-Lipids)
media for 72 hours. The samples analyzed are the same as those presented in Figure 5c.
Palmitate levels are normalized to the standard media condition * p = 0.0307 by two-tailed ttest. The data shown represent means ± SEM (n=3 cell culture biological replicates).
e, f) Ratio of complex lipid levels measured by LCMS of BT474 (e) and MDAMB361 (f)
cells cultured in standard (+Lipids) or delipidated (-Lipids) media for 6 days. Lipid levels
were normalized to protein content as quantified by sulforhodamine b and are presented as a
ratio (−/+ Lipids) to show how levels differ based on media lipid availability. A black dotted
line indicates a ratio of 1, representing no difference in lipid levels between − Lipids and +
Lipids culture conditions. * q < 0.1 by Multiple t-test, False Discovery Rate corrected (n=3
cell culture biological replicates).
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Extended Data Fig. 6. FASN expression is important for breast tumor growth in the brain
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a) Representative ultrasound images used to assess size of BT474 and MDAMB361 brain
tumors (delineated in yellow) in cranial-window bearing NSG mice. Summary data is
presented in Figure 5f. (scale bar = 2 mm).
b) Western blot analysis of FASN and β-actin expression in control BT474 cells and in
BT474 cell clone in which FASN expression is disrupted by CRISPR/Cas9 with sgFASN_2,
a different sgRNA than was used to generate the BT474 sgFASN_1 clone presented in
Figure 5a–g.
c, d) Growth over time of MFP (c) and brain (d) tumors generated in NSG mice from
control or sgFASN_2 BT474 cells. Tumor volumes were measured by caliper or by
ultrasound in cranial-window bearing mice, respectively. p values shown were determined
using two-way ANOVA (Days × Group). (BT474 control MFP tumors, n=6; BT474
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sgFASN_2 MFP tumors, n=4; BT474 control brain tumors, n=7; BT474 sgFASN_2, brain
tumors, n=7).
e) Western blot analysis of FASN and β-actin expression in control MDAMB361 lysates or
in a MDAMB361 clone in which FASN expression is disrupted CRISPR/Cas9 with
sgFASN_2, a different sgRNA than was used to generate the MDAMB361 sgFASN clone
presented in Figure 5a–g.
f) Kaplan-Meier survival curve for NSG mice bearing brain tumors produced from control or
sgFASN_2 MDAMB361 cells. Median survival was 123 and 190 days for mice bearing
MDAMB361 control and sgFASN_2 tumors, respectively. Hazard ratio = 7.842; 95%
confidence interval = 1.314 to 46.81. (MDAMB361 control tumors, n=6; MDAMB361
sgFASN_2 tumors, n=6).

Author Manuscript
Author Manuscript
Author Manuscript

Extended Data Fig. 7. FASN expression is important for JIMT1 growth in the brain
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a) Western blot analysis of FASN and β-actin expression in JIMT1 cells in which CRIPSR
interference (CRISPRi) was used to disrupt FASN. Cells were transduced with an sgRNA
targeting FASN (sgFASN) or a non-targeting control (sgNTC).
b) Firefly luciferase-expressing sgNTC or sgFASN JIMT1 cells described in (a) were
implanted into the brains of NSG mice, and tumor burden assessment by whole-body
luminescence imaging is show for multiple animals on the indicated days after cell
implantation in the brain (n=6 mice).
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Extended Data Fig. 8. FASN knockdown alters cell lipid composition

a) The indicated acylglycerol levels measured by LCMS from control and FASN-disrupted
(sgFASN_1) BT474 tumors growing in the brain of NSG mice are presented as a ratio to
show how levels differ based on FASN expression. A black dotted line indicates a ratio of 1,
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representing no difference in lipid levels between sgFASN_1 and control BT474 tumor
tissue. * q < 0.1 by Multiple t-test, False Discovery Rate corrected (n=4 brain tumors).
b) Complex lipid levels measured by LCMS from control and FASN-disrupted (sgFASN_1)
BT474 cells in culture (+Lipids) are presented as a ratio to show how levels differ based on
FASN expression. A black dotted line indicates a ratio of 1, representing no difference in
lipid levels between sgFASN_1 and control cells. Lipid levels were normalized to protein
content as determined by sulforhodamine B. All comparisons are significant, q < 0.1 by
Multiple t-test, False Discovery Rate corrected. (n=3 cell culture biological replicates).
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Extended Data Fig. 9. FASN is not required for breast tumor growth in the liver

a) Heatmap showing complex lipid levels measured by LCMS in extracellular fluid (ECF)
isolated from the MFP, brain, and liver of non-tumor bearing NSG mice. Data presented
within each row were z-score normalized. The data for Brain and MFP ECF are the same as
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that shown in Figure 4d. (Brain ECF, n=2; MFP ECF, n=2 biological replicates. Each
biological replicate represents ECF pooled from up to ~8–10 mice).
b) Heatmap showing complex lipid levels measured by LCMS of MFP, brain and liver tissue
from non-tumor bearing NSG mice. Data presented within each row were z-score
normalized. The data for brain and MFP are the same as that shown in Figure 4e. (Brain
tissue, n=2; MFP tissue, n=2; Liver Tissue, n=2).
c) Western blot analysis of acetyl-CoA carboxylase (ACC1), ATP citrate lyase (ACLY), fatty
acid synthase (FASN), and stearoyl-CoA desaturase-1 (SCD1) in BT474 brain and liver
tumor tissue. β-actin expression was assessed as a loading control, and relative densitometry
values (normalized to β-actin expression) were used for quantitation and are presented
below each blot. Differences in protein expression between brain and liver BT474 lesions
was compared by two-tailed t-test.
d) The percent of fully labeled (m+6) glucose in blood plasma following a 12-hour 30
mg/kg/min 13C-glucose infusion into female Nude mice bearing BT474 lesions in the liver
as assessed GCMS (n=5 plasma from mice bearing BT474 liver tumors).
e) The distribution of pyruvate labeling in BT474 tumors growing in the liver and in noncancerous liver tissue was measured by GCMS following a 12 hour 13C-glucose infusion
into female Nude mice. Each isotopologue was normalized to 13C-glucose labeling in
plasma (Liver tumor, n=6; Liver tissue, n=5).
f) The distribution of 13C label in even isotopologues of palmitate derived from saponified
lipids in BT474 liver tumors and in non-cancerous liver tissue following a 12 hour 13Cglucose infusion into female Nude mice was measured by GCMS and normalized 13Cglucose labeling in plasma (Liver tumor, n=6; Liver tissue, n=5).
g) Tumor growth over time of liver tumors in NSG mice generated from control and FASNdisrupted (sgFASN_1) BT474 cells (presented in Figure 5a–g). Tumor volumes were
measured by ultrasound. (BT474 control tumors, n=4; BT474 sgFASN_1 tumors, n=4).
MAG-monoglyceride; DAG-diglyceride; TAG-triglyceride; Cer-ceramide; LPClysophosphatidyl-choline; LPE-lysophosphotidyethanolamine; PC-phosphatidylcholine; PEphosphatidylethanolamine; PI-phosphatidylinositol; PS-phosphatidylserine; SMsphingomyelin; CE-cholesteryl ester; @-sphingosine, palmitoylethanolamide,
7−Dehydrodesmosterol, cholesterol, coenzyme Q9, coenzyme Q10. Data presented in panels
d, e, f and g are means ± SEM.
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Extended Data Fig. 10. Lipid availability determines response to pharmacological FASN
inhibition.
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a-c) BT474 brain tumor-derived organotypic slice cultures were treated for 6 days with
vehicle or 500 nM TVB3166 in standard (+Lipids) or delipidated (-Lipids) media. The
percent of apoptotic and viable HER2 positive BT474 cells was determined by measuring
Annexin V (AV) and 7-amino actinomycin D (7AAD) uptake by flow cytometry. The flow
cytometry gating strategy is presented in Supplementary Figure 2. * p = 0.0111, *** p =
0.0003 by one-way ANOVA followed by Tukeýs test (n=5 BT474 brain tumor slices).
d,e) Mouse weights for the cohort presented in Figure 6f,g that was treated daily with
BI99179 (15mg/kg) or vehicle control by oral gavage (n=5 mice).
Data presented in all panels are means ± SEM.
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Figure 1. Evidence for increased fatty acid synthesis in breast cancer brain metastases.
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a) Heat map of metabolite levels as measured by liquid chromatography-mass spectrometry
(LCMS) from established BT474 tumors isolated from the brain or mammary fat pad (MFP)
of female nude mice. Metabolites with statistically significant differences between the two
tissues (p < 0.05) are presented and were allowed to self-segregate by unsupervised
hierarchical clustering. The full dataset is provided in Source Data Table 1. (Brain tumors,
n=7; MFP tumors, n=6; tumors from independent mice).
b) Western blot analysis of acetyl-CoA carboxylase (ACC1), ATP citrate lyase (ACLY),
fatty acid synthase (FASN), and stearoyl-CoA desaturase-1 (SCD1) and beta actin (β-actin)
expression. Relative densitometry values (normalized to β-actin expression) were used for
quantitation, and expression in brain and MFP tumor tissue was compared using a two-tailed
t-test.
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c) Schematic for tracing fully labeled 13C-glucose fate (m+6) in mouse orthotopic brain or
MFP breast tumor models. d) Schematic depicting how carbons from fully labeled 13Cglucose (indicated by grey circles) are incorporated into the fatty acid palmitate. Two
representative palmitate isotopologues are depicted, as are the steps in which ACLY, ACC1
and FASN contribute to fatty acid synthesis.
e) The distribution of 13C label in even isotopologues of saponified palmitate in BT474
tumors growing in the brain and MFP, in noncancerous brain (Cortex), and in noncancerous
MFP adipose tissue (WAT) of nude mice was measured by gas chromatography mass
spectrometry (GCMS) following a 12 hour 30 mg/kg/min 13C-glucose infusion.
Isotopologues were normalized to plasma enrichment of 13C-glucose. Data presented are
means ± SEM. (Brain tumor, n=5; Cortex tissue, n=9; MFP tumor, n=6; WAT, n=5).
f) Negative mode matrix assisted laser desorption/ionization-mass spectrometry imaging
(MALDI-MSI) of a BT474 brain tumor collected from a NSG mouse. Spatial distribution of
the isotopologues palmitate, including unlabeled (m+0) and those resulting from natural
abundance of 13C (m+2, m+4) normalized to total ion counts (TIC) is shown. HER2
immunohistochemistry (IHC) staining of a brain-tumor section from the same mouse is also
presented. (scale bar = 1 mm).
g) Negative mode MALDI-MSI of a BT474 brain tumor derived from a NSG mouse injected
with 13C-glucose (4 daily bolus injection of 2 g/kg 13C-glucose). Spatial distribution of the
indicated isotopologues of palmitate, stearate and lyso-phosphatidylinositol (Lyso-PI, 18:0)
normalized to TIC are shown. Mass/charge (m/z) ratio is provided for each isotopologue in
the bottom right of each panel. (scale bar = 1 mm).
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Figure 2. The brain tumor microenvironment contributes to increased de novo lipid synthesis in
breast tumors
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a) Schematic workflow used for organotypic slice culture experiments. Organotypic slice
cultures were prepared from breast cancer tumors isolated from mouse orthotopic brain
(permitted to reach a volume of ~60 mm3) or MFP (permitted to reach a volume of ~100–
120 mm3). Slices were cultured for 3 days in vitro (DIV) prior to their use in an experiment.
b) Immunofluorescence (IF) staining of organotypic slice cultures prepared from breast
cancer tumors isolated from orthotopic brain or MFP lesions established in NSG female
mice from GFP-positive BT474 cells. Staining for α-smooth muscle actin (SMA) was
performed on slices from MFP tumors, and staining for glial fibrillary acidic protein (GFAP)
was performed on slices from brain tumors. DAPI staining and GFP fluorescence from
tumor cells is also assessed as indicated. (scale bar = 100 μM).
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c, d) The percent labeling of even isotopomers of saponified palmitate measured by gas
chromatography–mass spectrometry (GCMS) in organotypic slice cultures exposed to 13Cglucose for 72 hours. Organotypic slice cultures were prepared from BT474 (c) or
MDAMB361 (d) brain and MFP tumors established in Nude female mice. Slices cultures
analyzed were obtained from 2–3 independent tumors from different mice. (BT474 brain
tumor slices, n=5; BT474 MFP tumor slices, n =4; MDAMB361 brain tumor slices, n=9;
MDAMB361 MFP tumor slices, n=8).
e) Western blot assessment of FASN expression in parental BT474 cells never exposed to the
brain microenvironment (BT474 Parental), and in multiple independent cell line isolates
from orthotopic brain BT474 tumors established in NSG mice and cultured for 10 days in
vitro (BT474 Brain 10DIV). β-actin expression was also assessed as a loading control.
f) The percent labeling of even isotopomers of saponified palmitate measured by GCMS
from parental BT474 cells, and cell line isolates from orthotopic BT474 brain tumors
described in (e), that were cultured in vitro with 13C-glucose for 48 hours. Two independent
isolates (BT474 Brain 1, BT474 Brain 2) were analyzed. (n=3 cell culture biological
replicates).
Data in panels c, d and f represent means ± SEM.
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Figure 3. FASN is expressed in breast cancer brain metastases.
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a, b) FASN mRNA expression levels from a patient-matched metastatic breast cancer
RNAseq database30. Matched primary versus brain metastasis (Brain Met.) samples were
analyzed with the major clinical molecular subtypes combined (a) or separated (b). **** p <
0.0001 (a), ** p = 0.0034 (HER2+, b) and ** p = 0.0057 (TN, b) by two-tailed paired
sample t-test. (Human epidermal growth factor receptor 2+ tumors (HER2+), n=8; Triple
negative (TN) tumors, n=8; Hormone receptor + (HR+) tumors, n=5).
c, d) Immunohistochemistry (IHC) analysis of FASN expression from formalin-fixed
paraffin-embedded tissue sections of patient-matched biopsies of primary tumor and brain
metastasis (Brain met.). FASN immunohistochemistry score (0=low, 3=high) observed in
breast tumor sections from patient-matched samples grouped by clinical molecular subtype
are shown in (c). Receptor status, progression free survival (PFS) and overall survival (OS)
are indicated for each patient (Pt.) sample. Representative images and the corresponding
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FASN score are shown from patients with TN (Pt. 1 and 3) and HER2+ (Pt. 6) breast tumors
are shown in (d). Estrogen Receptor (ER), Progesterone Receptor (PR). (scale bar = 300
μm).
e) Analysis of FASN mRNA expression from an unmatched metastatic breast cancer gene
expression database31,32. * p = 0.0179, **** p < 0.0001 by one-way ANOVA followed by
Dunnettś multiple comparisons test. (Brain tumors, n=22; Lung tumors, n=20; Bone tumors,
n=18; Liver tumors, n=5).
Data presented in panels a and e are means ± SEM.
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Figure 4. Low levels of lipids are available to breast cancer cells in the brain microenvironment.
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a, b) The percent labeling of even isotopologues of saponified palmitate as measured by
GCMS in BT474 cells or MDAMB361 cells cultured in standard (+Lipids) or delipidated (Lipids) media for 72 hours with 13C-glucose as indicated. Data presented are means ± SEM.
(n=3 cell culture biological replicates).
c) Complex lipid levels in cerebrospinal fluid (CSF) and plasma from non-tumor bearing
NSG mice measured by LCMS. Scaled values of each lipid species measured from five
times the volume of CSF compared to plasma are presented as a heatmap with classes of
lipid species grouped as indicated on the right of the heatmap. Data presented within each
row were z-score normalized. (CSF, n=3; Plasma, n=2. Each biological replicate is from 2–3
pooled mice.).
d) Complex lipid levels in extracellular fluid (ECF) isolated from the mammary fat pad
(MFP) and brain of non-tumor bearing NSG mice measured by LCMS. Scaled values of
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each lipid species measured are presented as a heatmap for each fluid with classes of lipid
species grouped as indicated on the right of the heatmap. Data presented within each row
were z-score normalized. (Brain ECF, n=2; MFP ECF, n=2 biological replicates. (Each
biological replicate represents ECF pooled from up to ~8–10 mice.).
e) Complex lipid levels measured by LCMS in mammary fat pad (MFP), and brain tissue
from non-tumor bearing NSG mice. Scaled values of each lipid species measured are
presented as a heatmap for each tissue with classes of lipid species grouped as indicated on
the right of the heatmap. Data presented within each row were z-score normalized. (Brain
tissue, n=2; MFP tissue, n=2)
f) Levels of monoacylglyceride (MAG), diacylglyceride (DAG) and triacylglyceride (TAG)
species were measured by LCMS from BT474 brain and MFP tumors collected from NSG
mice and are presented as a ratio to show how levels differ based on tumor site. A black
dotted line indicates a ratio of 1, representing no difference in lipid levels between BT474
brain and MFP tumors. *q < 0.1 by multiple t-test, False Discovery Rate corrected. (Brain
tumors, n=3; MFP tumors, n=4).
Lipids: MAG- monoglyceride; DAG-diglyceride; TAG-triglyceride; LPC-lysophosphatidylcholine; LPE-lysophosphotidyethanolamine; PC-phosphatidylcholine; PEphosphatidylethanolamine; PI-phosphatidylinositol; PS-phosphatidylserine; SMsphingomyelin; CE–cholesteryl ester; @-(top to bottom line) sphingosine,
palmitoylethanolamide, 7−Dehydrodesmosterol, cholesterol, coenzyme Q9, coenzyme Q10;
Cer-ceramide; PEA- Palmitoylethanolamide.
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Figure 5. FASN is required for breast tumor growth in the brain.
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a) Western blot analysis of FASN and β-actin protein expression in BT474 and MDAMB361
lysates from control cells or in a clone in which FASN is disrupted with CRISPR/Cas9
(sgFASN_1).
b) The percent labeling of even isotopologues of saponified palmitate from control or
sgFASN_1 BT474 and MDAMB361 cells cultured in standard media for 72 hours with 13Cglucose as measured by GCMS. The data for control BT474 and MDAMB361 cells are the
same as that presented in Figure 4a,b. (n=3 cell culture biological replicates).
c) Relative levels of saponified palmitate measured from control or sgFASN_1 BT474 and
MDAMB361 cells cultured in standard (+Lipids) or delipidated (-Lipids) media for 72
hours. Palmitate levels are normalized to the control standard media condition. BT474, ***
p = 0.0004, **** p < 0.0001; MDAMB361, * p = 0.0307, *** p = 0.0002, **** p < 0.0001;
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by one-way ANOVA followed by Tukeýs multiple comparisons test. (n=3 cell culture
biological replicates).
d) Proliferation rate of control or sgFASN_1 BT474 and MDAMB361 cells cultured in
standard (+Lipids) or delipidated (-Lipids) media for 6 days. BT474, ** p = 0.0071, *** p =
0.0002, **** p < 0.0001; MDAMB361, * p = 0.0126, *** p = 0.0002, **** p < 0.0001; by
one-way ANOVA followed by Tukeýs multiple comparisons test. (n=3 cell culture biological
replicates).
e) Growth over time of MFP tumors generated from control or sgFASN_1 BT474 and
MDAMB361 cells in NSG mice as indicated. Tumor volumes were measured by caliper.
Growth difference was not significant by two-way ANOVA (Days × Group) for BT474 or
MDAMB361. (BT474 control, n=5; BT474 sgFASN_1 tumors; n=5; MDAMB361 control
tumors, n=5; MDAMB361 sgFASN_1 tumors, n=5).
f) Growth over time of brain tumors generated from control or sgFASN_1 BT474 and
MDAMB361 cells in NSG mice as indicated. Tumor volumes were measured by ultrasound
in cranial-window bearing mice. p < 0.0001 by two-way ANOVA (Days × Group) for
BT474 and MDAMB361 respectively. (BT474 control tumors, n=7; BT474 sgFASN_1
tumors; n=7, MDAMB361 control, n=6; MDAMB361 sgFASN_1 tumors, n=8).
g) Kaplan-Meier survival curve for NSG mice bearing control or sgFASN_1 BT474 and
sgFASN_MDAMB361 brain tumors from the experiment presented in (f). Median survival
for mice bearing BT474 tumors was 46.5 days for control and 68 days for sgFASN_1 groups
(hazard ratio = 9.721; 95% confidence interval = 0.8265 to 114.3; p < 0.0001). Median
survival for mice bearing MDAMB361 tumors was 94 days for control and 200 days for
sgFASN_1 groups (hazard ratio = 13.62, 95% confidence interval = 1.292 to 144.6, p <
0.0001). (BT474 control tumors, n=5; BT474 sgFASN_1 tumors, n=5; MDAMB361 control
tumors, n=6; MDAMB361 sgFASN_1 tumors, n=8).
h) Western blot analysis of FASN and β-actin expression in BT474 cells in which CRIPSR
interference (CRISPRi) was used to suppress FASN expression. Cells were transduced with
sgRNA targeting FASN (sgFASN) or a non-targeting control (sgNTC).
i) Kaplan-Meier survival curve for NSG mice bearing brain tumors produced from the cells
described in (h). Median survival was 38 and 47 days for mice bearing BT474 sgNTC and
sgFASN tumors, respectively. Hazard ratio = 5.433; 95% confidence interval = 1.280 to
23.06. (BT474 sgNTC tumors, n=7; BT474 sgFASN tumors, n=7).
j) Tumor growth after intracarotid injection of BT474 control cells, or two independently
derived BT474 cell clones in which FASN had been disrupted by CRISPR/Cas9 (sgFASN_1
cells are presented in panels Figure 5a–g and sgFASN_2 cells are presented in Extended
Data Figure 6b–d). In all cases, cells had been previously engineered to express secreted
Gaussia luciferase, allowing tumor growth in the brain to be assessed by measurement of
blood luciferase6,22. p = 0.0006 by two-way ANOVA (Days × Groups [Control, sgFASN_1,
sgFASN_2]). (BT474 control tumors, n=7; BT474 sgFASN_1 tumors, n=7; BT474
sgFASN_2 tumors, n=6).
Data presented in panels b, c, d, e, f, and j are means ± SEM.
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Figure 6. Lipid availability determines response to pharmacological FASN inhibition.
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a) The percent labeling of even isotopologues of saponified palmitate as measured by
GCMS from BT474 cells cultured in vitro for 72 hours with 13C-glucose and DMSO or 1
μM TVB3166. (n=3 cell culture biological replicates).
b) Relative levels of saponified palmitate measured by GCMS from BT474 cells cultured for
72 hours with DMSO or 500 nM TVB3166 as indicated. Palmitate levels are normalized to
the vehicle-treated condition. ** p = 0.0042 by two-tailed unpaired t-test (n=3 cell culture
biological replicates).
c) BT474 brain tumor-derived organotypic slice cultures were treated for 6 days with vehicle
or 500 nM TVB3166 in standard (+Lipids) or delipidated (-Lipids) media. The percent of
apoptotic and viable HER2 positive BT474 cells was determined by measuring Annexin V
(AV) and 7-amino actinomycin D (7AAD) uptake by flow cytometry. The flow cytometry
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gating strategy is presented in Supplementary Figure 2. **** p < 0.0001 by one-way
ANOVA followed by Tukeýs test (n=5 BT474 brain tumor slices).
d) The percent labeling of even isotopologues of saponified palmitate as measured by
GCMS from BT474 cells cultured in vitro for 72 hours with 13C-glucose and DMSO or 1
μM BI99179. The vehicle control samples are the same as those presented in (a) (n=3 cell
culture biological replicates).
e) Relative levels of saponified palmitate measured by GCMS from BT474 cells cultured in
vitro for 72 hours with DMSO or 1 μM BI99179. Palmitate levels are normalized to the
vehicle-treated condition. ** p = 0.0055 by two-tailed unpaired t-test. The vehicle control
samples are the same as those presented in (b). (n=3 cell culture biological replicates).
f, g) Growth over time of BT474 MFP (f) or brain tumors (g) in NSG mice treated daily with
vehicle or BI99179 (15 mg/kg). Tumor volumes were measured by caliper (MFP) or
secreted Gaussia luciferase (Brain). MFP, not significant; Brain, p = 0.0152 by two-way
ANOVA (Days × Group). (MFP vehicle tumors, n=5; MFP BI99179 tumors, n=7; Brain
vehicle tumors, n=5; Brain BI99179 tumors, n=5). Data presented in all panels are means ±
SEM.

Author Manuscript
Author Manuscript
Nat Cancer. Author manuscript; available in PMC 2021 October 01.

