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Triple-negative breast cancer (TNBC) is a subtype of breast cancer without a targeted form of therapy. Unfortunately,
up to 70% of patients with TNBC develop resistance to treatment. A known contributor to chemoresistance is
dysfunctional mitochondrial apoptosis signaling. We set up a phenotypic small-molecule screen to reveal vulner-
abilities in TNBC cells that were independent of mitochondrial apoptosis. Using a functional genetic approach, we
identified that a “hit” compound, BAS-2, had a potentially similar mechanism of action to histone deacetylase
inhibitors (HDAC). An in vitro HDAC inhibitor assay confirmed that the compound selectively inhibited HDAC6.
Using state-of-the-art acetylome mass spectrometry, we identified glycolytic substrates of HDAC6 in TNBC cells.
We confirmed that inhibition or knockout of HDAC6 reduced glycolytic metabolism both invitro and invivo.
Through a series of unbiased screening approaches, we have identified a previously unidentified role for HDAC6 in

regulating glycolytic metabolism.

INTRODUCTION

Triple-negative breast cancer (TNBC) is a highly aggressive subtype
of breast cancer that lacks expression of estrogen receptor, proges-
terone receptor, and human epidermal growth factor 2 (HER2) (I).
Numerous “omic” studies have tried to molecularly characterize the
heterogeneous disease and identify “driver” mutations to target
therapeutically. The standard of care for both recently diagnosed patients
and patients with advanced disease is cytotoxic chemotherapy (2),
and targeted therapies are not routinely used in the treatment of
TNBC. While chemotherapy is effective in a subset of patients (3),
there is a large proportion of patients (60 to 70%) that are refractory
to chemotherapy and have poorer survival (4). Novel therapeutic
strategies are urgently required for patients with TNBC with chemo-
resistant disease.

The development of chemoresistance is multifactorial; potential
contributors include drug pharmacokinetics, protective micro-
environments, drug target alterations, and dysfunctional cell death
signaling (5). There is evidence that metabolic rewiring in cancer is
one of the mechanisms underlying therapeutic resistance (6), in
which glycolytic metabolism may play a key role. Aerobic glycolysis,
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otherwise known as the “Warburg effect,” is the utilization of
glycolysis even in the presence of abundant oxygen by converting
glucose to pyruvate and then to lactate (7). The reliance of cancer
cells on aerobic glycolysis has been directly linked to oncogene
activation including c-MYC (8) and RAS (9), along with mutant
tumor-suppressor genes (e.g., TP53) (10). TNBC cell lines and
patient samples are characterized by elevated glycolysis and have
evidence of c-MYC amplification and TP53 mutation, especially in
the relapsed setting (11, 12). It has been suggested that the glycolytic
potential of TNBC is associated with chemotherapeutic resistance,
as exposing TNBC cells to increasing levels of glucose decreases the
efficacy of metformin-induced apoptosis (13).

Furthermore, dysfunctional cell death signaling is also a major
contributor to chemoresistance. The mitochondrion is a central apop-
totic signaling node for responses to diverse cytotoxic chemotherapy
(14). DNA damage or microtubule stabilization ultimately results in
changes in the BCL-2 family of proteins, and if these changes are of
sufficient magnitude, the proapoptotic proteins BAX and BAK
oligomerize at the mitochondrion leading to mitochondrial outer
membrane permeabilization (MOMP) and programmed cell death
(15). Tumor resistance to cytotoxic chemotherapy is frequently
acquired through deregulation of expression of the antiapoptotic
BCL-2 family members (BCL-2, MCL-1, and BCL-XL), either by
genetic or epigenetic mechanisms (15). The antiapoptotic protein
MCL-1 is one of the most frequently amplified genes, along with
BCL-xL, across all cancers (16). There is evidence of MCL-1 ampli-
fication in TNBC patient samples following neoadjuvant chemo-
therapy, highlighting that altered mitochondrial apoptosis is a
mechanism of chemoresistance in vivo (12).

To identify alternative therapeutic targets for the treatment of
mitochondrial apoptotic-resistant TNBC, we performed a pheno-
typic screen of small molecules. The aim was to identify therapeutic
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targets in TNBC that were independent of the mitochondrial cell
death pathway using an unbiased screening approach. To do this,
we knocked down two essential mitochondrial-apoptotic proteins
(BAX and BAK) in the TNBC cell line MDA-MB-231 and screened
for agents that selectively killed the apoptotic-resistant TNBC cells
but did not kill nontransformed MCF10a cells. We identified a novel,
highly selective HDAC6 inhibitor. Using state-of-the-art acetylome
and interactome mass spectrometry (MS) approaches, we show that
HDACS6 binds and regulates four key glycolytic enzymes. We
confirmed this role for HDACS6 in regulating glycolysis both in vitro
and in vivo in two distinct syngeneic mouse models.

RESULTS

Identification of a compound that selectively kills
apoptotic-resistant TNBC cells

Given the reliance of cytotoxic chemotherapy responses on the mito-
chondrial cell death pathway (14), we set up a phenotypical screen
to identify potential therapeutic targets in TNBC that were indepen-
dent of the mitochondrial apoptotic pathway (Fig. 1A). We knocked
down BAX/BAK, two essential proteins for mitochondrial apopto-
sis (fig. S1A). The MDA231 BAX/BAK knockdown (KD) cells were,
as expected, broadly resistant to apoptosis-inducing agents, including
etoposide (fig. S1B) and ABT-737 (an antagonist of BCL-2/BCL-XL
and BCL-w) (fig. S1C). BH3 profiling confirmed that the BAX/BAK
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KD cells were unprimed (14) and no longer sensitive to the addition
of either activator or sensitizer BH3 peptides (fig. S1D).

We counterscreened the nontransformed MCF10a cells to identify
compounds that were selectively toxic to the cancer cells. We
screened over 30,000 small molecules, comprising U.S. Food and Drug
Administration-approved drugs, natural compounds, and synthet-
ically derived libraries, for their ability to preferentially kill the
MDA231 BAX/BAK KD but not the MCF10a cell line (Fig. 1B). A
secondary screen was conducted on “hit” compounds selected on
the basis of the following criteria: a difference of 20% in viability
and a fold change loss in viability greater than 1.9 between the
MDAZ231 cells compared with the MCF10a cells (Fig. 1C and data
file S1). In the secondary screen, 84 compounds were screened for
cancer selectivity across both the MDA231 and PC9 cells (lung cancer
cell line) (Fig. 1D and fig. S1, E and F). From this secondary screen,
five compounds were analyzed in low-throughput assays (Fig. 1E
and fig. S1G), and the lead compound, BAS 0485063 from the
Assenix 1 library, referred to as BAS-2 (Fig. 1F), selectively killed
the breast and lung cancer cells irrespective of BAX/BAK status
more readily than normal cells (Fig. 1E). To confirm the selectivity
of BAS-2 for cancer cells, we used the in vitro model for studying
the tumorigenic conversion of human mammary epithelial cells
(HMEC:s) (17). The transformed HMEC LER cells, with oncogenic
RAS, were more sensitive to BAS-2 than the nontransformed HMEC
and HMEC LE cells (Fig. 1G), indicating a selectivity of BAS-2 for
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Fig. 1. Identification of a compound that kills cancer cells independent of BAX/BAK. (A) Schematic of the phenotypical screen. MDA231 cells were transfected with
two siRNAs against BAX and BAK proteins. The MDA231 and MCF10a were treated with 30,000 small molecules in duplicate from diverse libraries. (B) Cell viability of the
MCF10a and MDA231 (BAX/BAK siRNA) cells for each of the 30,000 compounds test. Blue dots indicate the compounds that were cherry picked for a secondary screen.
(C) The fold change in response of the MDA231 cells to cherry-picked compounds compared with MCF10a cells. (D) Pie chart represents the number of compounds that
showed a response in the indicated cells. (E) Cell survival of the indicated cell lines following a 48-hour treatment with BAS-2 (n = 3, mean + SEM). (F) Chemical structure
of the lead compound, BAS-2. (G) Cell survival of the indicated cell lines following a 48-hour treatment with BAS-2 (n =3, mean + SEM).
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cancer cells. Through a phenotypic screen, we identified a compound,
BAS-2, that selectively killed TNBC cancer cells independent of
mitochondrial apoptosis.

A functional genetic approach revealed BAS-2 as a HDAC6
inhibitor that impedes TNBC growth in vitro and in vivo

One challenge when performing a phenotypic screen is trying to
identify the molecular target that the small molecule is inhibiting.
We used a published functional genetic approach to try and cluster
the hit small molecules from the screen, with the mechanism of
action of known drugs (18). Briefly, Eu-Myc lymphoma cells are in-
fected with eight different green fluorescent protein (GFP)-labeled
short hairpin RNAs (shRNAs) and treated with drugs of known
mechanism of action or novel small molecules. The pattern of resistance
and sensitivity is monitored by depletion/enrichment of GFP. By
comparing patterns, we can create hypotheses about biochemical
modes of action (Fig. 2A). Following treatment of the infected cells
with BAS-2, it emerged that BAS-2 had a novel mechanism of action,

which most closely resembled that of suberoylanilide hydroxamic
acid (SAHA), a pan-histone deacetylase (HDAC) inhibitor (Fig. 2B
and fig. S2A).

HDAC: are a family of enzymes that modulate their substrates
by removing the acetyl group from lysine residues. Using an in vitro
HDAC inhibitor screen (19), we demonstrated that SAHA inhibits
the activity of HDAC:s 1, 2, 6, 7, and 8 (Fig. 2C). BAS-2 inhibited
only the isozyme HDAC6 with a half-maximal inhibitory concen-
tration (ICs) of 76 nM (Fig. 2D). While there are other highly selec-
tive HDACS6 inhibitors, such as tubacin and CAY10603, BAS-2 only
inhibited HDACE in the in vitro HDAC assay (>250-fold selectivity)
(20, 21). We confirmed an increase in the acetylated tubulin in cells,
a known substrate of HDACS, following treatment with increasing
doses of BAS-2 (Fig. 2E). BAS-2 treatment did not cause an increase
in acetylation of histone 4, indicating selective inhibition of
HDACS in cells (fig. S2B). To ensure that the compound could in-
duce cell death, we measured the ICs values by annexin V/propidium
iodide staining across a panel of TNBC cell lines and estrogen
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Fig. 2. Functional genetic approach to establish the target of BAS-2. (A) Schematic of the GFP-based competition assays. LD, lethal dose. (B) Heatmap showing the response of
cells expressing the indicated shRNAs to SAHA and BAS-2. (C and D) Inhibition of trifluoroacetyllysine substrate processing by suberoylanilide hydroxamic acid (SAHA) (C)
and BAS-2 (D) (mean of triplicate measurements). (E) Western blot for acetylated tubulin following indicated treatments with BAS-2 and SAHA. (F) Images of MDA231 cells grown
in Matrigel for 7 days with HDAC6 KD or following treatment with 30 uM BAS-2. (G) Western blot of HDAC6 and acetylated tubulin levels in control and HDAC6 KD cells. (H) Dot
plots show the size of colonies in all treatment groups (n =3, mean = SEM). (1) Images of BT-549 cells grown as described in (F). (J) Western blot of HDAC6 and acetylated
tubulin levels in control or HDAC6 KO cells. (K) Dot plots show the size of colonies in all treatment groups (n = 3, mean + SEM). (L) MMTv-PyMT tumors were measured and
plotted as average total tumor burden following randomization to vehicle [dimethyl sulfoxide (DMSO)] or BAS-2 (50 mg/kg; n =4, mean + SEM). (M) BALB/cJ mice were
subcutaneously inoculated with 4T1 cells and treated with BAS-2 (50 mg/kg) for 14 days, and tumor weight was plotted (n = 10, mean £ SEM). **P < 0.01 and ***P < 0.001.
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receptor—positive breast cancer cells lines and found equivalent
ICs¢ values (fig. S2C). Phenotypic changes induced by HDAC6
inhibition include prevention of migration and invasion of cancer
cells (22). We detected a significant reduction in both cell migration
and invasion following HDAC6 KD in MDA231 cells (fig. S2, D and
F), and when treated with BAS-2 both in the MDA231 and BT-549
cells (fig. S2, E and G). There was a reduction in three-dimensional
(3D) spheroid formation following HDAC6 KD in MDA231 and
following treatment with BAS-2 (Fig. 2, F to H). Similar results were
found in the BT-549 cells following HDAC6 knockout (KO) and
BAS-2 treatment (Fig. 2, I to K) and in the mouse breast cancer cell
line 4T1 (fig. S2, H to J). No change was found in the proliferation
rate of MDA231 following HDAC6 KD (fig. S2K).

Next, we assessed the in vivo efficacy of BAS-2, as a single agent,
using both a syngeneic breast mouse model and a genetic breast
mouse model (MMTV-pyMT). Following 2 weeks of treatment at
BAS-2 (50 mg/kg), we found a reduction in tumor volume across
the 10 tumors per mouse in the aggressive MMTV-pyMT mouse
model (Fig. 2L) and a reduction in tumor weight and tumor volume
in the 4T1 syngeneic mouse model (Fig. 2M and fig. S3A). We
observed similar effects in the syngeneic Kras™"-'*P p537/~ (KP)
non-small cell lung cancer (NSCLC) mouse mode (fig. S3B) treated
over 2 weeks with BAS-2 (50 mg/kg). We did not detect any overt
evidence of toxicity, as assessed by weight of the mice while on
treatment (fig. S3, C and D).

Combined, using a functional genetic approach, we identified
BAS-2 as a HDACS inhibitor and confirmed similar phenotypic re-
sponses between HDAC6 KD or HDAC6 KO and BAS-2 treatment
in TNBC cells. In addition, these data suggest that this small mole-
cule, which has not yet been chemically developed, has moderate
inhibitory effects as a single agent both in vitro and in vivo.

Measuring the acetylome of HDAC6 using MS

Since we had identified a highly selective HDACS6 inhibitor, we de-
cided to use the compound as a chemical probe to determine HDAC6
substrates in TNBC cells. We used advanced MS techniques to
identify the acetylome of the cells following HDAC6 inhibition with
BAS-2 and compared it with the HDAC6 KD acetylome (23). Since
HDACS6 removes acetyl groups from lysine residues, inhibition of
HDACS6 should result in an increase in the acetylation levels of its
substrates. Following treatment of MDA231 cells with BAS-2 or fol-
lowing HDAC6 KD, we extracted and trypsin digested proteins.
The digested peptides were then incubated with anti-acetyllysine to
enrich for acetylated peptides. Liquid chromatography-tandem MS
(LC-MS/MS) was performed on acetylated peptides to identify them
and determine relative abundance (Fig. 3A). LCMS-MaxQuant
analysis revealed increased acetylation of 85 proteins in the pres-
ence of BAS-2, when compared with the dimethyl sulfoxide (DMSO)
control (Fig. 3B and data file S2). Known substrates of HDACS, in-
cluding heat shock protein 90 and tubulin (24), showed increased
acetylation by MS in the presence of BAS-2, validating our approach
(Fig. 3B). To assess the functional implications of the altered acetyl-
ation, we conducted pathway analysis on the acetyl-proteome using
the PANTHER analysis and found the greatest alteration to be in
the metabolic process pathway (Fig. 3C). This was confirmed using
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis, which demonstrated the acetyl-proteome significantly affected
the pathogenic Escherichia coli infection and glycolysis/gluconeo-
genesis pathways (Fig. 3D). In the HDAC6 KD cells, we observed a
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significant increase in the acetylation of a total of 101 proteins com-
pared with the control vector, and again, we identified some known
substrates of HDAC6 (Fig. 3E and data File S3). The functional
implications of the altered acetyl-proteome also pointed toward the
metabolic process (Fig. 3F), and the KEGG pathway enrichment
analysis showed significant effect on the glycolysis/gluconeogenesis
pathway (Fig. 3G). Notably, we found an increase in the acetylation
of 33 of the exact same peptides, from 31 distinct proteins, at the
same lysine residue, overlapping between the BAS-2 and HDAC6
KD experiments (examples shown in Fig. 3, H and M, and fig. S4A).
Similarly, the exact same pathways were altered between the BAS-2
and the HDAC6 KD following PANTHER analysis (Fig. 3, Cand F).
This suggests that the novel inhibitor, BAS-2, has a high selectivity
for HDACE in cells. Excitingly, when mapping the aldolase peptide
(DGADFAKWR) (Fig. 31, shown in green), the lysine residue
(Iysine-201) (shown in pink) that had increased acetylation following
BAS-2 treatment or HDAC6 KD (Fig. 3H) was located in the active
site of the aldolase protein (Fig. 31). Therefore, we measured the
activity of aldolase following BAS-2 treatment and found a dose-
dependent significant reduction in aldolase enzymatic activity in
the MDA231 cells (Fig. 3]) and in the BT-549 cells (fig. S4E). We
also confirmed a significant reduction in aldolase activity in the
HDACS6 KO using CRISPR-Cas9 (fig. S4B) in the MDA231 (Fig. 3K)
and in the BT-549 cells (Fig. S4F). We confirmed using immuno-
precipitation with acetyl beads that HDAC6i with BAS-2 (10 puM,
24-hour treatment), or HDAC6 KO increased the acetylation of
aldolase (Fig. 3L). Gyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was also acetylated at K192 in both the HDAC6i BAS-
2-treated cells and the HDAC6 KD cells (Fig. 3M). Similarly, we
detected a dose-dependent reduction in GAPDH activity following
HDAC6i with BAS-2 (Fig. 3N) and following HDAC6 KO in
MDAZ231 (Fig. 30) and BT-549 (fig. S4, G and H), along with
increased acetylation of GAPDH following BAS-2 treatment and
following HDAC6 KO (Fig. 3P). Protein expression of aldolase or
GAPDH was not altered and did not account for the reduced enzy-
matic activity (fig. S4I). Combined, these data show validation of
altered activity and acetylation in two of the glycolytic enzymes
identified by MS following HDAC6i with BAS-2 and HDAC6 KD.

The glycolytic pathway is identified in the interactome

of HDAC6

To investigate whether substrates that showed increased acetylation
following inhibition of HDAC6 or HDAC6 KD actually interacted
with HDAC6, we also measured the interactome of HDAC6 using
immunoprecipitation and MS (Fig. 4A). HDAC6 was immuno-
precipitated from the MDA231 cells, and interacting proteins were
detected by LC-MS/MS. A total of 332 proteins were identified to sig-
nificantly interact with HDAC6 compared with immunoglobulin G
control (Fig. 4, B and C, and data file S4). Known targets such as
heat shock protein 90, tubulin, and peroxiredoxin-2 were identified.
KEGG pathway analysis was used to cluster HDAC6-interacting
proteins into biological pathways. HDACS significantly interacted
with proteins involved in protein production including protein pro-
cessing, ribosomes, and the proteasome pathway (Fig. 4D). In
agreement with acetylome experiments, glycolysis was also identi-
fied as a key novel pathway that HDACS6 significantly interacted with
(Fig. 4D and fig. S4C). Since this suggested a functional overlap be-
tween proteins that had increased acetylation following HDAC6
inhibition and proteins that physically interacted with HDAC6, we
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Fig. 3. Quantitative proteomics of the BAS-2 acetylome and HDAC6 KD converges on the glycolytic pathway. (A) Proteomics workflow. (B) Volcano plot showing
enhanced acetylated peptides following BAS-2 treatment (30 uM) for 48 hours. (C) Bar graph of biological pathways with increased acetylated peptides, as assessed by
Panther (C) and as assessed by KEGG pathway (D). (E to G) The same as (B) to (D) but for HDAC6 KD compared with control. (H) Bar graph representing intensity of acetyl
peptide of aldolase following BAS-2 treatment or HDAC6 KD. (I) Image of aldolase crystal structure extracted from the Protein Data Bank. The peptide from (H) shown in
green (inserted by Pymol), and the lysine residue that is acetylated is in pink. (J and K) Measurement of aldolase enzymatic activity in MDA231 cells following 24-hour
BAS-2 treatment (J) and following HDAC6 KO (K). (L) Western blots for immunoprecipitated (IP) acetylated proteins in MDA231 cells following BAS-2 treatment (10 uM)
for 24 hours or with HDAC6 KO. IgG, immunoglobulin G. (M) Bar graph representing intensity of the acetyl peptide of GAPDH following BAS-2 treatment or HDAC6 KD.
(N and 0) Measurement of GAPDH enzymatic activity in MDA231 cells following 24-hour BAS-2 treatment (N) and HDAC6 KO (O). (P) Western blots forimmunoprecipitated
acetylated proteins in MDA231 cells following BAS-2 treatment (10 uM) for 24 hours or with HDAC6 KO (n = 3, mean £ SEM). *P < 0.05, **P < 0.01, and ***P < 0.001.

compared both sets of proteins. In total, 15 proteins were statistically
significantly altered in common between the three MS datasets (fig.
$4D). When we applied the Cytoscape pathway enrichment analysis
to these overlapping proteins, we found glycolysis/gluconeogenesis
to be the only common significantly altered pathway (Fig. 4E).
HDACSE significantly interacted with GAPDH, enolase, and lactate
dehydrogenase A (LDHA), along with a large fold change in interaction
with aldolase. In the acetyl-proteome experiments, HDAC6 inhibition
either by BAS-2 or HDAC6 KD caused an increase in the acetylation
of aldolase, GAPDH, enolase, and LDHA (Figs. 3, Band E, and 4E).
Using published RNA-sequencing data from TCGA (The Cancer
Genome Atlas) we found that three of the four glycolytic enzymes are
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highly expressed in TNBC breast cancer subtypes (Fig. 4F) (25). In con-
clusion, using complementary proteomic approaches, we have shown that
HDACS6 interacts with key glycolytic enzymes, and inhibition of
HDACS causes an increase in the acetylation of these glycolytic enzymes.

Inhibition and knockout of HDAC6 alter glycolytic
metabolism in TNBC cells
Next, we aimed to dissect whether the altered acetylation of the gly-
colytic enzymes leads to a global alteration to glycolytic metabolism
following HDAC6 KO and inhibition of HDAC6 with BAS-2.

First, we measured the extracellular acidification rate of MDA231
and MCF10a cells following treatment with 10 pM BAS-2 for
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24 hours. As is evident, BAS-2 reduced the glycolytic capacity of the
MDA231 cells, but it did not affect the glycolysis or glycolytic capacity
of the nontransformed MCF10a cell line (Fig. 5, A and B). These
data suggest a cancer selectivity for the reduction in glycolysis, but
this would need further investigation. A reduction in extracellular
acidification rate (ECAR) was also observed in the MDA231 treated
with the HDACS selective inhibitor, tubacin (fig. S5A). Next, we
assessed whether HDAC6 KO led to a change in the glycolytic
capacity of MDA231 cells. Following HDAC6 KO, there was a sig-
nificant reduction in ECAR, which is clearly evident with decreased
glycolysis and glycolytic capacity in MDA231 cells (Fig. 5, C and D).
We did not detect any reduction in glycolysis or glycolytic capacity
in the HDAC6 KO cells following BAS-2 treatment (Fig. 5, E and F),
highlighting that HDACS is required for the BAS-2-induced reduc-
tion in glycolysis.

To further confirm the effect of HDAC6i on the glycolytic enzymes,
we performed stable isotope tracing and analyzed cell extracts by gas
chromatography MS (GC-MS). Using U-"’C-glucose, we observed
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a significant reduction in carbon incorporation from glucose in
downstream glycolytic metabolites phosphoenolpyruvate (PEP),
3-phosphoglyceric acid (3PG), lactate, and pyruvate following
HDACS6i in the MDA231 cells (Fig. 5, G to K). We also detected a
significant reduction in the secretion of lactate and pyruvate when
the MDA231 cells were treated with BAS-2 (Fig. 5L), further sug-
gesting a decrease in glycolysis.

To confirm that the reduction in glycolysis observed with HDAC6
inhibition and KO was not unique to the MDA231 cell lines, we also
examined the effects on the 4T1 cell line. We found that both
HDACS6 inhibition with BAS-2 and CRISPR-Cas9 KO of HDAC6
resulted in a decrease in glycolysis and glycolytic flux in the 4T1 cell
line (Fig. 5, M to P). A similar reduction in ECAR was observed in
the 4T1 cells treated with tubacin (fig. S5C). We also demonstrated
that in the 4T1 HDAC6 KO cells, we did not detect any reduction in
glycolysis or glycolytic capacity following BAS-2 treatment (fig. S5,
E and F), again demonstrating that HDACG6 is required for the BAS-
2-induced reduction in glycolysis. We confirmed all the above
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results in the BT-549 cell line, with the further addition of ACY-
241, another HDAC6-selective inhibitor (fig. S5, G to O). Altering
glycolysis in the BT-549 cells either through removal of glucose for
24 hours or the addition of galactose, which maintains glycolysis
through the LeLoir pathway, increased the cell death induced by
BAS-2 (fig. S5P). These data suggest that BAS-2-induced cell death
can be enhanced by altering glycolysis. In summary, in three different
cell lines, we have confirmed that loss of HDAC6 expression and
HDACS6i reduces glycolysis and glycolytic capacity in TNBC cells,
by two distinct assays.

To ensure that the changes we observed in glycolytic flux were
not merely a by-product of cell death, we assessed cell viability and
mitochondrial membrane potential following BAS-2 treatment. We
found no loss of mitochondrial membrane potential (fig. S6, A and
B) or cell viability (fig. S6, C and D) at 10 uM BAS-2 treatment, de-
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spite initial changes in glycolytic metabolism, suggesting that the
reduced glycolytic flux occurs before cell death.

Next, we aimed to investigate the effect of HDACS6 inhibition on
other metabolic pathways, including the pentose phosphate pathway
and mitochondrial oxidative respiration. To measure the pentose
phosphate pathway, we used a 1,2-">C glucose tracer and analyzed
differential label incorporation in downstream glycolytic metabo-
lites lactate and pyruvate (fig. S6E). Analysis of label incorporation
into these metabolites would suggest a shift toward slightly increased
pentose phosphate pathway activity (fig. S6F). We also measured
the oxygen consumption rate (OCR), an indicator of mitochondrial
oxidative respiration, following BAS-2 treatment in MDA231 and
BT-549 cells, and we did not observe any significant changes in
OCR or in basal respiration and ATP (adenosine 5’'-triphosphate)
production at the lower 10 uM dose (fig. S6, G to J).

70f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

Last, to determine whether HDAC6 inhibition with BAS-2 could
lead to reduced glycolytic metabolism in vivo, we used the 4T1 syn-
geneic breast cancer model and quantified tumor metabolites fol-
lowing BAS-2 treatment using GC-MS (Fig. 5Q). Our results showed
a significant reduction in intratumoral pyruvate levels following
BAS-2 treatment (Fig. 5R) and a trend toward decreased intratumoral
lactate, although this can be difficult to show due to abundance in
lactate found in the tumor (Fig. 5R). We observed similar results in
tumors excised from the syngeneic KP NSCLC mouse model treated
over 2 weeks with BAS-2 (fig. S6, Kand L).

Collectively, these findings confirm a role for HDACS®i in regu-
lating glycolysis both in vitro and in vivo.

DISCUSSION

The discovery of novel biology often stems from unbiased screening
approaches like small-molecule, genetic, or proteomic screens, where
probing the biological system illuminates underlying mechanism of
action of previously unknown processes (26). The majority of both
cytotoxic and targeted therapeutics kill cells via the mitochondrial
pathway of apoptosis (14). We took an unbiased approach and used a
small-molecule screen to identify new therapeutic targets in apoptosis-
resistant TNBC cells. We feel that this represents a paradigm
shift from the conventional approach to drug discovery, which,
intentionally or not, has been mainly effective at identifying thera-
peutics that kill via mitochondrial apoptotic mechanisms. This type
of small-molecule phenotypic screen was previously conducted in
oncogenic RAS-transformed fibroblasts and led to the discovery of
errastin that induced an iron-dependent cell death, called ferropto-
sis (26). While phenotypic screens have the advantage of being cell
based, one issue is in identifying the mechanism of action of the
small molecule. Using a functional-genetic approach, along with
cell-free and cell-based assays, we confirmed that BAS-2 was a highly
selective HDAC6 inhibitor. While we show that BAS-2 inhibits
HDACS, as it is a small molecule, we cannot rule out alternative target
proteins within the cell. We showed that both HDAC6 KD and KO,
similar to HDAC6 inhibition with BAS-2, prevented 3D spheroid
formation and reduced glycolytic metabolism. This is in contrast to
a recent publication that stated that HDAC6 KO lacked a phenotype
in tumor cells, including TNBC (27). BAS-2 did not alter glycolysis
in cells that lacked HDACS6. The selectivity of the novel inhibitor,
along with advanced MS approaches, allowed us to decipher a new
phenotype and an additional function for HDAC6 in regulating gly-
colytic metabolism.

Much effort in the drug discovery field has concentrated on de-
veloping selective HDAC inhibitors to reduce the clinical side effects
of pan-HDAC inhibitors, in particular the cardiovascular effects (28).
Currently, a series of HDAC6-selective inhibitors have been devel-
oped including ACY-241, ACY-1215, and KA2507, and there are
ongoing clinical trials assessing the efficacy of the inhibitors in combi-
nation treatments in both solid and hematological cancers (29-31).
We assessed the selectivity of our inhibitor both in vitro (>250-fold
selectivity for HDAC6) and in cells by measuring increased acetyla-
tion of peptides using cutting-edge MS approaches (32). We found
that over 33 of the exact same peptides, from 31 distinct proteins,
had increased acetylation, at the exact same lysine residue, in both
the BAS-2-treated and HDAC6 KD cells. A similar approach was
taken by Schoélz et al. (23) to assess the acetylome of a series of
HDAC inhibitors in mouse embryonic fibroblasts. Similar pathways
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were found to be altered, as in our study, following treatment with
tubacin, a selective HDAC®i, validating our approach (23). When
we immunoprecipitated HDAC6 and looked at the interactome, we
found over 300 proteins to interact with HDAC6, which was much
greater than that of the acetylome of HDACS6. This could be due to
pulling down protein complexes with HDACS, limitations of the
technologies used, or the additional function of HDAC6 as a ubiquitin
binding protein (33). Pathway analysis identified glycolytic metabo-
lism as a key pathway in which HDACE6 interacts with. Furthermore,
from the 33 peptides that showed increased acetylation in the mea-
sured acetylome following HDAC6i and HDAC6 KD, 4 of these were
glycolytic enzymes (aldolase, enolase, GAPDH, and LDHA).

Our study is the first to report, to the best of our knowledge, an
additional role for HDACES in regulating glycolysis. Collectively, our
experiments suggest that following HDACS, inhibition or HDAC6
KO glycolysis is reduced; however, we have not conclusively distin-
guished whether this is a driver or a passenger effect in the reduc-
tion in cell growth. While HDAC6 KO reduces glycolysis, in 2D, the
cells appear to grow at a similar rate, and yet in 3D, there is an ex-
tensive reduction in the number and size of spheroids. This differ-
ence between 2D and 3D cell growth is something we are interested
in following up on. Our study shines light on a new function for
HDACS6 in modulating glycolytic metabolism; however, the conse-
quence of these alterations does require further elucidation.

It is known that sirtuins, the class III NAD (nicotinamide adenine
dinucleotide)-dependent HDAC:s, are involved in regulating metab-
olism in response to nutrient availability (34). In particular, sirt1 has
been shown to deacetylate the glycolytic enzyme phosphoglycerate
mutase, reducing its activity (35). In addition, it was previously
shown that valproate, a pan-HDAC inhibitor, caused a reduction
in the glucose transporter 1 and a reduction in hexokinase II ac-
tivity, but this was not due to increased acetylation (36). The
acetyllysine alteration that we identified on the aldolase peptide is
located in the active site, an alteration that is known to negatively
regulate aldolase activity and reduce glycolysis (37). We confirmed
that both aldolase and GAPDH had increased acetylation following
HDAC6i and HDAC6 KO. Using an aldolase activity assay, we showed
that HDAC6 inhibition with BAS-2/ACY-1215, or following HDAC6
KO, reduced aldolase activity in two separate cell lines. We found a
similar reduction in GAPDH activity following HDAC6i and HDAC6
KO. Enolase was acetylated at K5, while LDHA was acetylated at K81,
and follow-up studies are required to determine the effect of HDA-
C6i on their specific activity, along with rescue experiments using
mutants insensitive to acetylation. However, upon global glycolytic
flux analysis, we showed that HDAC6 inhibition caused an overall
reduction in flux in vitro in two separate cell lines. It is reported
that metabolic dependencies vary in vitro and in vivo (38). However,
we determined a reduction in glycolytic metabolites, pyruvate, and
lactate in vivo in two different animal models following treatment
with the HDAC6i BAS-2.

Overall, our analysis suggests a new additional function for
HDACS in the regulation of glycolytic metabolism in TNBC. There
are numerous reports describing the importance of aerobic glycolysis
in TNBC cell lines and patient samples (11, 13). TNBC cell lines are
reported to harbor high glycolytic flux, when compared with lumi-
nal A and HER2-positive breast cancer cells (11, 39). We present
evidence of increased expression of glycolytic enzymes in TNBC,
compared with other subtypes of breast cancer, using mRNA data
from the TCGA (25). Understanding the underlying metabolic

80of 13



SCIENCE ADVANCES | RESEARCH ARTICLE

dependencies in tumor cells and identifying important regulators of
the metabolic pathways, such as our discovery of HDAC6 regulating
glycolysis, provide important developments for clinically targeting
metabolism in the clinic.

MATERIALS AND METHODS

Cell culture

MDAZ231, BT-549, HCC1143, HCC1937, HS574T, PC9, 4T1,
MCF10a, MDA134, MCF-7, ZR751, TD47, and fibroblast cells were
purchased from the American Type Culture Collection and main-
tained in RPMI (Thermo Fisher Scientific, 118757093) or Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich, D5546) supplemented
with 10% (v/v) fetal calf serum (Sigma-Aldrich, F2442), 10 mM t-
Glu (Sigma-Aldrich G6392), and penicillin/streptomycin (5 mg/ml;
Sigma-Aldrich P4458). For the glucose-free experiments, glucose-
free RPMI (Sigma-Aldrich R1383) was used, and glucose (Sigma-
Aldrich G7528) or galactose 10 mM (Sigma-Aldrich G5388) was added
12 hours before drug treatment. HMECs were maintained in a
mammary epithelial growth media (MEGM) bullet kit (Lonza CC-
3150). The cell lines were recently authenticated by short-term tandem
repeat profiling in January 2017.

Western blotting

Protein samples for Western blot analysis were separated by 12%
SDS-polyacrylamide gel electrophoresis (PAGE) gels. Following
separation on the gel, proteins were transferred using electrophoresis
onto a nitrocellulose membrane and blocked at room temperature
shaking in 5% milk (w/v) in tris-buffered saline (TBS) containing
0.5% Tween 20 (TBS-T). Membranes were incubated overnight at
4°C with primary antibody. Horseradish peroxidase (HRP)-tagged
secondary antibodies were diluted in TBS-T/5% milk for 1 hour.
Antibody-reactive bands were detected with LAS-3000, Fujifilm.
Fluorescent secondary antibodies were diluted 1:10,000 in TBS-T/5%
milk for 1 hour. Antibody-reactive bands were detected with the
Odyssey infrared imaging system (LI-COR Biosciences). IRDye
680LT and 800CW Infrared Dye coupled anti-rabbit or anti-mouse
(LI-COR Biosciences).

Antibodies

The following were the antibodies used: anti-mouse actin (Sigma-
Aldrich, A1978), anti-rabbit BAX (Cell Signaling, 3792S), anti-rabbit
BAK (Cell Signaling, 2774S), anti-rabbit acetyl alpha tubulin (Cell
Signaling, 5335S), anti-rabbit HDAC6 (Cell Signaling, 7888S),
anti-rabbit aldolase A (Cell Signaling, 3188S), anti-rabbit GAPDH
(Cell Signaling, 5174S), anti-acetyllysine agarose (ImmuneChem,
ICP0388), anti-mouse HRP secondary antibody (LI-COR Biosciences,
926-80010), and anti-rabbit HRP secondary antibody (LI-COR Bio-
sciences, 926-80011); IRDye 680LT and 800CW Infrared Dye coupled
anti-rabbit or anti-mouse (LI-COR).

Generation of HDAC6 KO cell line

Oligonucleotide sequences for specific short guide RNA (sgRNA)
pLentiCRISPRv2 KO of HDAC6 were designed using the MIT
(Massachusetts Institute of Technology) CRISPR oligo algorithm.
Two different sgRNA plasmids were developed for two different target
sequences within the open reading frame (sgScramble, sgHDAC6-1,
and sgHDAC6-2). Sequences were located in exon 1 of the open
reading frame and directly followed by a NGG protospacer adjacent
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motif sequence on the 3’ end. Each 20-mer oligonucleotide was
ligated into the digested lentiviral pLentiCRISPRv2 vector (40).
Lentiviral transduction was used to transduce recipient MDA231,
BT-549, and 4T1 cells with the respective pLentiCRISPR sgHDAC6 and
sgSCR KO plasmids, and selected for with puromycin (Thermo Fisher
Scientific, A1113802) to generate stable HDAC6 KO cell lines.

Establishment of stable HDAC6 KD MDA231 cells

Scrambled and HDAC6 pLKO shRNA vectors were provided by
T. Hideshima from Dana-Farber Cancer Institute (DFCI). Human
embryonic kidney (HEK) 293T cells were transiently transfected with
recombinant lentivirus following a standard protocol. The MDA231
were seeded and incubated for 16 hours with culture supernatants
from HEK293T cells. The next day, the cells were washed with media
and selected for antibiotic resistance for 1 week.

Small interfering RNA transfection

Cells were transiently transfected with small interfering RNA
(siRNA) oligonucleotide against BAK (Dharmacon, L-003308-01-
0005), BAX (Dharmacon, L-003305-00-0005), or nontarget region
(Dharmacon, D-001810-03-05) using Lipofectamine PLUS (Bio-
sciences, 31985047). Cells were incubated in Opti-MEM (Biosciences,
13778150) supplemented with 5% fetal bovine serum (FBS) for
24 hours following transfection.

Cell viability assays

Cells were treated with BAS-2 for 24 or 48 hours where indicated.
Apoptosis was assessed by annexin V/propidium iodide (BioLegend,
640906, Sigma-Aldrich P4170) staining using Biosciences LSR II and
FACSCanto. Cell viability was detected by CellTiter-Glo (My Bio,
G3582) according to the manufacturer’s protocol. Mitochondrial
membrane potential was measured by adding tetramethyl-
rhodamine ethyl ester (TMRE) (Biosciences, T669) at 20 nM for 30 min
at 37°C and assessed by flow cytometry with FACSCanto II.

Drug screen

Day 1: MDA-MB-231 cells were seeded at 1.75 x 10* per well in the
presence of 0.05 ul of RNAi MAX and 20 nM BAX and BAK siRNA,
and the MCF10a cells were seeded at 2.25 x 10* per well in 40 pl of
appropriate media (MDA-MB-231 Opti-MEM no penicillin/strep-
tomycin and MCF10a MEGM). Day 2: 20 ul of media was added to
each well (Opti-MEM and penicillin/streptomycin). Day 3: Pin
transfer of small molecules from drug plate in duplicate and addi-
tion of positive controls (10 uM ABT-737 and 20 uM gossypol) and
negative control (DMSO) by electronic pipette. Day 5: Viability was
measured by addition of 10 pl of CellTiter-Glo (My Bio, G3582) for
20 min, and luminescence was read on Envision 3. The screen was
done in the ICCB-Longwood screening facility. BAS 04850653 was
the lead hit identified from the Assenix 1 library and referred through-
out the paper as BAS-2, and for low-throughput assays, it was pur-
chased from MCULE (7388843487).

Genetic approach for drug target

Eu-Myc p19*7~cells were infected with retroviruses encoding eight
shRNAs (P53, CHK2, CHK1, ATX, ATR, DNAPK, BOK, and BIM) in
pPMLS and were infected at 10 to 20% GFP" proportion as previously
described (18). Briefly, individual infected cell populations were
seeded at 1 million cells per milliliter in 48-well plates and treated
with drugs. Cells are dosed with equivalent lethal doses rather than
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equivalent molarities of compound. Cell death was measured by
propidium iodide (PI) exclusion at 48 hours. Eighty percent to 90%
cell death is used to measure GFP enrichment or depletion relative
to a vector control at 72 hours. To avoid outgrowth of untreated
control cells, the cells were typically seeded at 0.25 million/ml, and
75% of medium was replaced at 24 and 48 hours. Relative resistance
index was calculated as described in (18).

HDAC inhibitory assay

The inhibition of HDAC proteins (HDAC1-9) was determined us-
ing a kinetic assay to measure trifluoroacetyllysine substrate pro-
cessing, as reported previously (19).

Migration and invasion assays

Cell migration and invasion experiments were performed using the
Boyden Chamber Assay (Corning, CLS3464). A total of 500,000 cells
were seeded in serum-free RPMI media (Thermo Fisher Scientific,
118757093) in the upper chamber, and RPMI medium containing
10% FBS (Sigma-Aldrich, F2442) was placed in the lower chamber.
For invasion experiments, the upper chamber was coated with
Matrigel (Corning). After 4 hours, cells were treated with BAS-2
(30 uM). Following 24 hours (migration experiments) or 48 hours
(invasion experiments) of treatment, cells were stained with 0.5%
crystal violet.

3D cell cultures

Individual wells of a six-well plate was coated with Matrigel
(Corning) and placed in an incubator at 37°C for 30 min. A total of
50,000 cells/ml were resuspended in RPMI supplemented with 2%
Matrigel. Cells were placed in Matrigel-coated wells for 30 min at
37°C, after which RMPI supplemented with 2% Matrigel was added
to the cultures. Cells were treated with BAS-2 (30 uM) after 48 hours.
Cells were maintained in culture for 7 days in an incubator at 37°C,
5% CO,, and cultures were imaged every 24 hours with a Nikon
Eclipse TE300.

Mouse experiments

All experiments involving the mammary tumor virus (MMTV)-
polyoma virus middle T-antigen (PyMT) animals were reviewed
and approved by the DFCI Institutional Animal Care and Use com-
mittee. All experiments involving 4T1 breast mouse model and KP
NSCLC mouse model were reviewed and approved by the Institu-
tional Animal Care and Use Committee at the New York University
Langone Health (NYULH). For the breast cancer transgenic mouse
model experiments, virgin female mice carrying the polyoma virus
middle T-antigen (PyMT) under the control of the mammary tumor
virus (MMTV) promoter were used. The mice had a least one tumor
with size of 300 to 500 mm” before randomization of treatment of
either vehicle (DMSO) or BAS-2 (50 mg/kg) intraperitoneal injec-
tion with 5 days on and 2 days off. For the 4T1 mouse model, 1 x 10°
4T1 cells were implanted into the right and left mammary lower fat
pad of BALB/C mice. The mice had a least one tumor with size of
100 to 150 mm® before randomization of treatment of either vehicle
(DMSO) or BAS-2 (50 mg/kg) intraperitoneal injection every day.
KP cell lines were established as described previously (41). KP cells
(5 x 10%) were subcutaneously injected into both flanks of C57BL/6]
mice. The mice had a least one tumor with size of 100 to 150 mm®
before randomization of treatment of either vehicle (DMSO) or
BAS-2 (50 mg/kg) intraperitoneal injection every day.
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For all mouse studies, caliper measurements were used to measure
tumor volume [(length x width?)/2] and were done in a blinded
fashion. The total sum of the tumor burden was calculated by add-
ing the volume of each of the tumors. At the end of treatment, the
mice were euthanized humanely in a CO, chamber.

MS-based detection of protein acetylation

Preparation of cell lysates

MDAZ231 cells were cultured in the presence of BAS-2 (30 uM) or
DMSO for 48 hours before lysis. MDA231 HDAC6 KD and control
vector cells were seeded 24 hours before the experiment. Cell lysates were
prepared in urea lysis buffer [20 mM Hepes (pH 8.0), 9 M urea (Sigma-
Aldrich, U5378), 1 mM sodium orthovanadate (Sigma-Aldrich,
$6508), 2.5 mM sodium pyrophosphate (Sigma-Aldrich, 221368),
and 1 mM B-glycerophosphate (Sigma-Aldrich, G9422)] and sonicated.
In-solution protein digestion and reverse-phase solid-phase
extraction of digests

Sonicated cell lysates were cleared by centrifugation at 20,000g, and
proteins were reduced with dithiothreitol (DTT) (Sigma-Aldrich,
10197777001) at a final concentration of 1.25 M and alkylated with
iodacetamide (Sigma-Aldrich, 16125). For digestion with trypsin,
protein extracts were diluted in 20 mM Hepes (pH 8.0) to a final
concentration of 2 M urea, and trypsin was added to digest overnight.
Trifluoroacetic acid (TFA) (Bioscience, 28901) was added to protein
digest to a final concentration of 1%, precipitate was removed by
centrifugation at 2000g for 5 min, and digests were loaded onto
Sep-Pak C-18 columns (Waters, WAT051910) that were equilibrated
with 0.1% TFA. Acidified and cleared digests were added before
washing columns with TFA and acetonitrile (ACN; Sigma-Aldrich,
271004). Peptides were eluted with 0.1% TFA in 40% ACN. All pep-
tide fractions were lyophilized.

Immunoaffinity purification of acetylated peptides and
LC-MS/MS

Lyophilized peptides were resuspended in IAP (immunoaffinity
purification) buffer [50 mM MOPS (pH 7.2), 10 mM sodium phos-
phate, and 50 mM NaCl] and cleared by centrifugation at 10,000g.
Acetylated peptides were enriched using pan-specific anti-acetylated
lysine beads (ImmuneChem, ICP0388). Supernatant was mixed with
anti-acetylated lysine beads for 3 hours at 4°C and centrifuged at 2000g.
Beads were washed, and peptides were eluted with 0.15% TFA (Bio-
science, 28901). Eluted peptides were concentrated and purified using
Stage Tips (Pierce, 87782) and resuspended in 0.1% TFA. LC-MS/MS
was performed on the resuspended immunoaffinity-purified acetylated
peptides.

The samples were analyzed by Systems Biology Ireland and Mass
Spectrometry Resource in the University College Dublin on a Ther-
mo Scientific Q Exactive mass spectrometer connected to a Dionex
Ultimate 3000 (RSLCnano) chromatography system. Peptides were
separated on a C18 homemade column (C18RP Reposil-Pur, 100 mm x
0.075 mm x 1.9 um) over 150 min at a flow rate of 250 nl/min with
a linear gradient of increasing ACN from 1 to 97%. The mass spec-
trometer was operated in a data-dependent mode; a high-resolution
(70,000) MS scan [mass/charge ratio (m/z), 300 to 1600] was per-
formed to select the 12 most intense ions and fragmented using
high-energy C-trap dissociation for MS/MS analysis.

MS identification of HDACG6 interactions
MDAZ231 cells were lysed [50 mM tris-HCL (pH 7.4), 150 mM
NaCl, 1% Triton X-100, 1 mM EDTA, and protease inhibitors]. Cell
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lysates were precleared and incubated with anti-HDACS6 antibody
(Cell Signaling, 7888S) and A-agarose beads (Pierce, 20333) and in-
cubated at 4°C overnight. The agarose resin was washed with lysis
buffer, and immunoprecipitated proteins were frozen and shipped
to TDI Mass Spectrometry Laboratory at the University of Oxford
for MS analysis. Peptides were analyzed on a Thermo Scientific Q
Exactive mass spectrometer connected to a Dionex Ultimate 3000
(RSLCnano) chromatography system. Peptides were loaded in 0.1%
TFA in 2% ACN onto a trap column (PepMAP C18, 300 um x 5 mm,
5-um particle, Thermo Fisher Scientific) and separated on an Easy
Spray column (PepMAP C18, 75 pm x 500 mm, 2-um particle,
Thermo Fisher Scientific) with a gradient 2% ACN to 95% ACN in
0.1% formic acid in 5% DMSO. The mass spectrometer was operated in
data-dependent mode; a high-resolution (70,000) MS scan (m/z, 380
to 1800) was performed to select the 15 most intense ions and frag-
mented using high-energy C-trap dissociation for MS/MS analysis.
Data processing and bioinformatics

Raw data from the Q-Exactive were processed using the MaxQuant
(version 1.6.2.10) incorporating the Andromeda search engine (42).
To identify peptides and proteins, MS/MS spectra were matched
against Uniprot Homo sapiens database (2018_04) containing
73,045 entries. All searches were performed using the default setting
of MaxQuant, with trypsin as specified enzyme allowing two missed
cleavages and a false discovery rate of 1% on the peptide and protein
levels. The database searches were performed with carbamidomethyl
(C) as fixed modification, and acetylation (protein N terminus), ox-
idation (M), and acetylation (K) as variable modifications. For the
generation of label-free quantitative ion intensities for protein pro-
files, signals of corresponding peptides in different nano-HPLC
MS/MS runs were matched by MaxQuant in a maximum time window
of 1 min. The Perseus computational platform (version 1.6.2.3) was
used to process MaxQuant results (43). Data were log transformed.
For visualization of data using volcano plots, data were log transformed,
and missing values were inputted with values from a normal distri-
bution, and a cutoff of ¢ test difference of 1.5 and a —log(P value)
of 1.3 were applied. For visualization of acetylated peptides, a ¢ test
difference cutoff of 0.5 was applied. To evaluate pathway annota-
tion networks of enriched peptides (¢ test difference, >0.5) from
BAS-2- and HDAC6-treated acetylome and significantly enriched
proteins (¢ test difference, >1.5; P value of 0.05 or —log P value of 1.3)
from HDAC6 immunoprecipitation, pathway enrichment analysis
was performed using the ClueGo (v2.5.2) (44) and Cluepedia (v1.5.2)
(45) plugins in Cytoscape (v3.6.1) (46) with the H. sapiens (9606)
marker set. The KEGG functional pathway databases, consisting of
7425 genes, were used (47). Gene ontology (GO) tree levels (min = 3;
max = 8) and GO term restriction (min#genes = 3, min% = 1%)
were set, and terms were grouped using a Kappa score threshold of
0.4. The classification was performed by the two-side hypergeometric
statistic test, and its probability value was corrected by the Bonferroni
method (adjusted % term P value <0.05).

Immunoprecipitation

MDAZ231 cells were treated with BAS-2 (10 uM) for 24 hours. Cell
lysates were prepared in lysis buffer [50 mM tris-HCL (pH 7.4), 150 mM
NaCl, 1% Triton X-100, 1 mM EDTA, and protease inhibitors].
Protein was quantified, and 500 pg of protein was added to 20 ul of
A-agarose beads (Pierce, 20333) and allowed to rotate for 1 hour at
4°C and 3000 rpm. Proteins were centrifuged for 3 min at 3000 rpm
at 4°C. Supernatant was added to 500 pl of lysis buffer, 30 pl of
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pan-specific anti-acetylated lysine beads (ImmuneChem, ICP0388),
or control agarose beads, and made up to 1 ml with dH,O. Samples
were rotated overnight at 4°C at 3000 rpm. Samples were washed
with lysis buffer and were resuspended in 30 ul of 2x IP dye with
beta-mercaptoethanol and boiled and ran out on 12% SDS-PAGE gel.

TCGA glycolytic enzyme analysis

The RNA-sequencing and clinical data were downloaded from
TCGA (25). Male patients, patients with an overall survival time of
<0 days, and history of other malignancy were removed. For every
gene (plot), a Kruskal-Wallis rank sum test was performed and a
pairwise Wilcoxon rank sum tests between groups if the former is
statistically significant. P values of the pairwise Wilcoxon rank sum
test were adjusted for multiple comparison using the Benjamini and
Hochberg (48) method.

Aldolase and GAPDH activity assay

For aldolase and GAPDH activity assay, 1 x 10° MDA231 cells were
treated with BAS-2 for 24 hours before experiment. The activity as-
say was performed as per the manufacturer’s instructions (aldolase:
Biovision, K665; GAPDH: Sigma-Aldrich, MAK277). Values were
normalized to protein concentrations, and fold change was calcu-
lated relative to DMSO.

Extracellular flux assay

The bioenergetic function of cells in response to drug treatments
was determined using a Seahorse Bioscience XF96 Extracellular Flux
Analyzer (Seahorse Bioscience). Cells were seeded in specialized V7
Seahorse tissue culture plates (Agilent, 102601-100) for 24 hours.
Cells were then treated with the indicated concentrations of BAS-2
for further 24 hours. One hour before the experiment, cells were washed
and changed to XF Base medium (Agilent, 10353-100) adjusted to
pH 7.4. For oxidative phosphorylation experiments, medium was
supplemented with pyruvate (1 mM), L-glutamine (2 mM), and glucose
(10 mM). Three baseline OCR measurements were taken, followed
by three measurements after each injection of oligomycin (1 uM),
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP; 0.5 uM),
and rotenone and antimycin A (0.5 mM) (Agilent, 103015-100), re-
spectively. For glycolysis experiments, medium was supplemented
with L-glutamine (1 mM). Three baseline measurements were taken
for ECAR, followed by three measurements after each injection of
glucose (10 mM), oligomycin (1 pM), and 2-DG (50 mM) (Agilent,
103020-100), respectively. For all analysis, values were normalized
to protein concentration before baseline measurements were sub-
tracted. The fold change was calculated relative to DMSO.

GC-MS analysis

Isotope labeling

Cells were seeded in 12-well tissue culture plates and left to adhere
overnight. Cells were then treated with 10 uM BAS-2 for further
24 hours. Following treatment, medium was removed, and cells were
washed with 1x phosphate-buffered saline before adding basic RPMI
(Thermo Fisher Scientific, 11879020) supplemented with dialyzed
FBS (Gibco, 26400044) and either 10 mM [U]-'*Cq-labeled glucose
(Cambridge Isotopes, CLM-1396) for 30 min or tracing media con-
taining 10 mM 1,2-"*C-labeled glucose (Cambridge Isotopes, CLM-
504) for 12 hours. Cellular metabolites were extracted after a brief
wash with 0.9% ice-cold saline solution using a methanol/water/
chloroform extraction method, as previously described (49).
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Metabolite secretion

Medium was collected from cells seeded in six-well plates and
cultured in basic RPMI (Thermo Fisher Scientific, 11879020)
supplemented with 10% dialyzed FBS (Gibco, 26400044) after
a 24-hour treatment with 10 uM BAS-2. Medium was centri-
fuged at 1000g to pellet cell debris, and 5 ul of supernatant was ex-
tracted in 80% ice-cold methanol mixture containing isotope-labeled
internal standards for lactate (Cayman Chemicals, CLM-1579)
and pyruvate (Cayman Chemicals, CLM-2440) and evaporated to
dryness.

Tumor metabolites

Following 7- or 14-day treatment, mice were fasted for 6 to 8 hours
before euthanasia and tumor harvest. Tumor metabolites were ex-
tracted in methanol/water/chloroform using the Qiagen TissueLyser
LT, evaporated to dryness, and resuspended in 80% methanol. The
equivalent volume for 5 mg of tissue was further extracted in 80%
ice-cold methanol mixture containing isotope-labeled standards for
lactate (Cayman Chemicals, CLM-1579) and pyruvate (Cayman
Chemicals, CLM-2440) and evaporated to dryness.

Metabolite derivatization

Metabolite derivatization using MOX-tBDMS was conducted as
previously described (50). Derivatized samples were analyzed by
GC-MS using a DB-35MS column (30 m x 0.25 mm inner diameter x
0.25 um) installed in an Agilent 7890B GC interfaced with an
Agilent 5977B mass spectrometer as previously described (51) and
corrected for natural abundance using in-house algorithms adapted
from (52).

BH3 profiling

The sequence of the BH3-only peptides used and method of synthe-
sis are as previously described (14). BH3 profiling was performed
using plate-based fluorimetry. Briefly, BH3 peptides (BIM, 0.3 uM
BIM, BCL-2 associated agonist of cell death, p53 upregulated
modulator of apoptosis, BCL-2 modifying factor, and positive-control
FCCP) at 70 uM, unless stated otherwise, were plated in triplicate on
a black 384-well plate. Cells were gently permeabilized with 0.005%
digitonin and loaded with the mitochondrial dye 0.5 uM JC-1. The
cells were plated on top of the peptides. The loss of mitochondrial
potential was measured on the Tecan Safire” Percentage mitochon-
drial depolarization, and that for the peptides was calculated by nor-
malization to the solvent-only control DMSO (0%) and the positive
control FCCP (100%) using area under the curve.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7 (GraphPad
Software, San Diego, CA) unless stated otherwise. The ICs for the
dose-response curves following drug treatments was calculated using
linear regression curve fit (log inhibitor versus normalized response).
Significance between two groups was determined using an unpaired
two-tailed ¢ test. Significance between more than two groups was
determined using a two-way analysis of variance (ANOVA) with
the Tukey’s post hoc test. For all statistical analysis, differences were
considered to be statistically significant at *P < 0.05, **P < 0.01, and
***¥P < 0.001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/3/eabc4897/DC1

View/request a protocol for this paper from Bio-protocol.
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