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ABSTRACT

Triple-negative breast cancer (TNBC) is an aggressive and highly lethal disease. Due to its
heterogeneity and lack of hormone receptors or HER2 expression, targeted therapy is limited.
Here, by performing a functional siRNA screening for 2-OG-dependent enzymes, we identified
gamma-butyrobetaine hydroxylase 1 (BBOX1) as an essential gene for TNBC tumorigenesis.
BBOX1 depletion inhibits TNBC cell growth, while not affecting normal breast cells.
Mechanistically, BBOX1 binds with the calcium channel inositol-1,4,5-trisphosphate receptor
type 3 (IP3R3) in an enzymatic-dependent manner and prevents its ubiquitination and
proteasomal degradation. BBOX1 depletion suppresses IP3R3 mediated endoplasmic reticulum
calcium release, therefore impairing calcium-dependent energy-generating processes including
mitochondrial respiration and mMTORC1 mediated glycolysis, which leads to apoptosis and
impaired cell cycle progression in TNBC cells. Therapeutically, genetic depletion or
pharmacological inhibition of BBOX1 inhibits TNBC tumor growth in vitro and in vivo. Our study
highlights the importance of targeting previously uncharacterized BBOX1-IP3R3-calcium

oncogenic signaling axis in TNBC.

SIGNIFICANCE

We provide evidence from unbiased screens that BBOX1 is a potential therapeutic target in
TNBC and genetic knockdown or pharmacological inhibition of BBOX1 leads to decreased
TNBC cell fithess. This study lays the foundation for developing effective BBOX1 inhibitors for

treatment of this lethal disease.
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INTRODUCTION
Triple-negative breast cancer (TNBC) is a highly heterogeneous and clinically aggressive
disease that accounts for 15-20% of breast cancers, causing the highest mortality rate among
all breast cancer subtypes (1,2). TNBC is an immunohistochemically-defined subtype of breast
cancer that does not express estrogen receptor (ER) and progesterone receptor (PR)
expression, and lack human epidermal growth factor receptor 2 (HER2) amplification. In
contrary to hormone receptor positive breast cancer which is commonly fought with endocrine
therapy or HER2 positive breast cancer that can be treated by therapeutic antibodies (e.g.
Trastuzumab), TNBC has no targeted therapy and conventional chemotherapy remains the
standard of care for patients with TNBC (3). Therefore, the identification of novel targets with
actionable therapeutic drugs that specially targeting TNBC vulnerabilities could greatly benefit
the clinical outcome of TNBC patients.

2-oxoglutarate (2-OG)-dependent enzymes, which use oxygen and 2-OG as co-
substrates and Fe(ll) as a cofactor, catalyze various cellular biological enzymatic reactions with
a broad spectrum of substrates (e.g. DNA, RNA, and proteins) (4). Emerging literature indicates
that they also play important roles in various malignant diseases. For example, the function of
ten-eleven translocation (TET) DNA hydroxylases has been well documented in hematological
malignancies (4). Prolyl hydroxylases regulate cancer cell growth by modulating the level of
their substrates including hypoxia-inducible factors alpha (HIFas) and forkhead box O3a
(FOX03a) (5,6). Histone demethylases, by modulating methylation of some histone residues
including H3K4 and H3K36, regulate gene expression that has been linked to the pathogenesis
of several cancers (7,8). Our recent studies suggested that the hydroxylase EgIN2 and its
downstream substrate adenylosuccinate lyase (ADSL) positively contribute to TNBC
tumorigenesis (9,10). These studies indicate that the dysfunction of 2-OG dependent enzymes
may associate with various cancers including breast cancer. However, there lacks a systematic

approach to unbiasedly screen for critical enzymes that contribute to TNBC progression.
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In the present study, we sought to identify novel therapeutic targets in TNBC among 2-
OG dependent enzymes through an unbiased siRNA library screening, with the gene depletion
affecting cell growth both in 2-D cell proliferation and 3-D anchorage-independent growth. We
show that gamma-butyrobetaine hydroxylase 1 (BBOX1), a member of 2-OG dependent
enzyme catalyzing the carnitine biosynthesis (11) that has never been characterized in cancers,
is important for TNBC progression. We aim to characterize the oncogenic function of BBOX1,
elucidate the molecular mechanism by which BBOX1 contributes to TNBC and explore its

therapeutic potential in relevant TNBC models.

RESULTS
Identification of BBOX1 as an Essential Gene for TNBC Cell Growth

To identify potential novel 2-OG-dependent enzymes that may contribute to TNBC cell
growth, we obtained an on-target plus siRNA library that targets all the members of family
enzymes (Supplementary Table S1). We developed a screening method that examines both 2-
D MTS cell proliferation and 3-D anchorage-independent growth with a representative TNBC
cell line MDA-MB-231 (Supplementary Fig. S1A). In addition, we included several independent
siRNAs for the house-keeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
which scored among the top hits from the screening (Fig. 1A). We identified nine enzymes that
scored both in the 2-D and 3-D screening, showing significant growth defect upon gene
depletion by siRNAs (Fig. 1B and C; Supplementary Fig. S1B). Among them, jumonji domain-
containing protein 6 (JMJD6), lysine demethylase 6A (KDM6A) have been previously identified
to be important for maintaining MDA-MB-231 cell growth (12,13). Among other positive hits from
our screening, AIkB Homolog 4 lysine demethylase (ALKBH4) depletion led to decreased cell
proliferation in MDA-MB-231 cells but also in the immortalized normal breast epithelial cell line
HMLE (Supplementary Fig. S1C and S1D), suggesting that ALKBH4 may be an essential

gene for both normal and breast cancer cell survival. Interestingly, two enzymes involved in
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carnitine synthesis, gamma-butyrobetaine hydroxylase 1 (BBOX1) and trimethyllysine
hydroxylase epsilon (TMLHE), were found to be critical of TNBC cell growth, suggesting the
importance of this pathway in TNBC. We tested either BBOX1/TMLHE deletion alone or in
combination in MDA-MB-231 cell and found no significant additive effect on cell proliferation or
soft agar growth with co-deletion compared to either gene deletion (Supplementary Fig. S1E-
S1H). Since BBOX1 acts downstream of TMLHE in the carnitine synthesis pathway, we decided
to focus on the characterization of BBOX1 in TNBC. Indeed, BBOX1 was found to be essential
for the growth of multiple TNBC cells (MDA-MB-231, 436 and 468) (Fig. 1D and E;
Supplementary Fig. S1l), but not for the normal breast epithelial cell line as verified by two
individual siRNAs (Supplementary Fig. S1J-S1L).

Our screening data suggest that BBOX1 may be a novel oncogene in TNBC. We
examined BBOX1 protein levels in a panel of breast cancer cell lines and found that BBOX1
expression was generally higher in basal-like breast cancer cell lines compared to other
subtypes of breast cancer cells or normal breast epithelial cells (Fig. 1F). In the breast cancer
patient datasets TCGA, METABRIC and UNC337 (14-16), BBOX1 expression was the highest
in basal-like breast cancer patients, where most of TNBC patients belong (17) (Fig. 1G). In
addition, higher expression of BBOX1 predicted worse prognosis only in basal-like TNBC

patients, but not in luminal A, B or Her2" breast cancer patients (Fig. 1H).

In line with the results obtained with siRNAs, BBOX1 depletion by shRNAs induced a
growth deficient phenotype in both 2-D MTS assay and colony formation, as well as 3-D soft
agar in TNBC cells, including MDA-MB-468, HCC70, and HCC3153 (Fig. 2A-2C;
Supplementary Fig. S2A). BBOX1 depletion in BT474, a BBOX1-high expressing HER2" cell
line (Fig. 1F), also caused similar growth defect phenomenon (Fig. 2A-2C; Supplementary
Fig. S2A). However, BBOX1 depletion in the BBOX1-low expressing breast cancer cell lines

(MCF-7 and T47D), or normal breast epithelial cell lines (MCF-10A and HMLE) did not cause an
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overt effect on cell proliferation (Fig. 2A-2C; Supplementary Fig. S2B). Collectively, these
data show that BBOX1 depletion caused cell proliferation defect preferentially in TNBC cells.
However, its knockdown could also lead to growth defect in other subtypes of breast cancer

cells displaying high BBOX1 protein levels.

BBOX1 Promotes TNBC Cell Growth in an Enzymatic-Dependent Fashion

Next, we aimed to examine whether BBOX1 overexpression induces TNBC cell
proliferation and, if so, whether this phenotype is mediated by its enzymatic activity. First, we
found that overexpression of BBOX1 promotes the 2-D or 3-D cell growth in MDA-MB-436,
SUM149, MCF-10A and HMLE (Supplementary Fig. S2C-S2G). We then infected MDA-MB-
231, 436 and 468 cells with vector, wild type (WT) or catalytically inactive mutant (N2D) BBOX1
by double mutating the two key amino acid residues (Asnl191, Asn292) which are critical for
substrate y-butyrobetaine (GBB) binding (18). In these cell lines, we observed increased cell
proliferation with WT BBOX1 overexpression, the phenotype not observed with BBOX1-N2D
mutant expression despite that WT and N2D BBOX1 had similar expression (Fig. 2D and E;
Supplementary Fig. S2H-S2K). Next, we depleted endogenous BBOX1 from MDA-MB-468
cells followed by the restoration of either shRNA-resistant WT BBOX1 or N2D (Fig. 2F). WT
BBOX1, but not BBOX1-N2D, efficiently rescued the growth defect in cell proliferation, 2-D
colony growth and 3-D soft agar growth induced by BBOX1 depletion in these cells (Fig. 2G-2I).
Our results suggest that BBOX1 promotes TNBC cell growth in an enzymatic-dependent
manner.

BBOX1 is a critical enzyme involved in carnitine synthesis (19). Carnitine is essential for
lipid metabolism by transporting long-chain fatty acids into the mitochondria for B-oxidation (20).
We ask whether BBOX1 regulates TNBC cell growth through carnitine synthesis. To this end,
we performed a metabolomics study in MDA-MB-468 cells. Over 300 metabolites were detected

in these cells with ~130 metabolites that were decreased (P<0.05) in BBOX1 KD (Fig. 2J). We
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then conducted metabolic pathway analysis (21) and found that BBOX1 depletion affected the
carnitine synthesis pathway (Fig. 2K), which was also confirmed by modest but statistically
significant carnitine level decrease upon BBOX1 KD in TNBC cells (Fig. 2L). To examine the
function of carnitine in TNBC cells, we supplied the MDA-MB-468 shRNA control or BBOX1 KD
cells with carnitine and palmitate in fatty acids free condition medium and measured the
mitochondrial oxygen consumption rate (OCR) as an indicator of exogenous fatty acid oxidation
(FAO). Indeed, the carnitine supplement took effect on utilizing palmitate to promote OCR in
MDA-MB-468 cells (Supplementary Fig. S2L). However, we found that the FAO based OCR
rate in BBOX1 KD cells is still lower than the control cells (Fig. 2M), indicating that carnitine is
not sufficient to rescue the defect of OCR in BBOX1 KD cells. In addition, the carnitine
supplement failed to rescue the growth defect of MDA-MB-468 BBOXL1 depleted cells (Fig. 2N).
Collectively, these data show that BBOX1 promotes TNBC cell growth via its catalytic activity

while independent of carnitine biosynthesis.

BBOX1 Controls IP3R3 Protein Stability in TNBC

To understand the potential molecular mechanism of BBOX1 positive regulation of
TNBC cell proliferation, we performed TAP-TAG purification followed by mass spectrometry in
MDA-MB-231 expressing either empty vector (EV), WT or N2D BBOX1 to identify the BBOX1-
binding proteins in each of these conditions (Fig. 3A). Whereas an equal number of BBOX1
peptides were retrieved from both WT and catalytically dead N2D, inositol 1,4,5-trisphosphate
receptor type 3 (IP3R3) was the top hit with the most peptides detected in the WT BBOX1, but
not in the EV- or BBOX1-N2D-expressing cells (Fig. 3B), suggesting that IP3R3 is a unique
BBOX1 binding partner and its binding depends on BBOX1 enzymatic activity. IP3R3 is an
important endoplasmic reticulum (ER) calcium channel for the control of intracellular calcium
release from the ER into the mitochondria (22). Emerging literature has highlighted IP3R3 as

the specific gene among the three close family members (IP3R1, IP3R2, and IP3R3)
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contributing to malignancy in multiple cancers, including breast cancer (23-26). Co-
immunoprecipitations (co-IPs) in multiple TNBC cell lines further confirmed the binding of IP3R3
to WT BBOX1, but not catalytically N2D mutant (Fig. 3C; Supplementary Fig. S3A and S3B).
Importantly, we also observed this interaction in a physiological setting, showing that the
endogenous BBOX1 could bind with endogenous IP3R3 in TNBC cell lines including HCC70
and MDA-MB-468 (Fig. 3D; Supplementary Fig. S3C).

IP3R3 encodes a protein that harbors 2670 amino acids, which makes the expression of
full-length constructs challenging. To investigate the potential domain on IP3R3 that may bind
with BBOX1, we obtained a series of IP3R3 truncation mutants (1-226 aa, 227-800 aa, 801-
2230 aa and 2180-2670 aa) as published previously (Supplementary Fig. S3D) (27) and found
that the amino acid sequence spanning from 227-800 was the major domain responsible for the
binding with BBOX1 (Supplementary Fig. S3E). We also obtained two additional truncation
mutants (232-436 and 436-587 aa) and found that the region containing 232-436 amino acids
bound to BBOX1 (Supplementary Fig. S3F).

Previous research showed that the IP3R3 amino acid sequence between 227-602 was
mainly responsible for its binding with the E3 ubiquitin ligase f-box and leucine rich repeat
protein 2 (FBXL2) followed by its ubiquitination and degradation (27). Interestingly, in our
system, we found that FBLX2 interacts with the IP3R3 region located between amino acids 232-
587, which covers the same region bound by BBOX1 (Supplementary Fig. S3G). Therefore,
we speculated that BBOX1 might bind with IP3R3 and affect its protein stability. To test this, we
first examined the protein levels of IP3R3 upon BBOX1 knockdown in multiple TNBC cell lines.
BBOX1 depletion, which mediated by shRNAs, led to decreased IP3R3 protein level in these
cell lines, whereas leaving the other two homologs IP3R1 and IP3R2 unaffected (Fig. 3E). In
support of this finding, doxycycline-induced BBOX1 depletion also led to decreased IP3R3
protein levels (Fig. 3F). This phenotype could be rescued by co-treatment of these BBOX1-

depleted cells with the proteasomal inhibitor MG132 or the neddylation inhibitor MLN4924 (28)

Downloaded from cancerdiscovery.aacrjournals.org on July 21, 2020. © 2020 American Association for Cancer
Research.


http://cancerdiscovery.aacrjournals.org/

215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239

240

Author Manuscript Published OnlineFirst on July 20, 2020; DOI: 10.1158/2159-8290.CD-20-0288
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

(Fig. 3G; Supplementary Fig. S4A), suggesting that IP3R3 is subjected to ubiquitination-
mediated proteasomal degradation and its protein stability is regulated by BBOX1. Consistently,
BBOX1 depletion led to increased IP3R3 ubiquitination, which corresponded to decreased
IP3R3 protein levels in these cells (Fig. 3H). We also performed pulse chase experiments with
cycloheximide (CHX) to inhibit new protein synthesis and found that BBOX1 depletion led to
decreased IP3R3 protein stability (Fig. 3I; Supplementary Fig. S4B and S4C). Since IP3R3
protein was previously shown to be degraded by FBXL2 E3 ligase (27) and we recapitulated the
phenomenon in TNBC cells (Fig. 3J), we pursued to determine whether BBOX1 might affect the
binding between FBXL2 and IP3R3. First, we overexpressed different dosages of BBOX1 and
found that increased WT, but not catalytically dead, BBOX1 expression correlated with
decreased binding of FBXL2 and IP3R3, corresponding with decreased IP3R3 ubiquitination
(Fig. 3K and L; Supplementary Fig. S4D). In accordance with this finding, WT BBOX1, but not
BBOX1-N2D, rescued the protein levels of IP3R3 regulated by BBOX1 depletion by both
shRNAs (Fig. 3M; Supplementary Fig. S4E). Overexpression of the WT BBOX1, but not the
N2D mutant, increased IP3R3 protein level in multiple breast cancer cell lines or normal
epithelial cells (Supplementary Fig. S4F). In accordance with the regulation of BBOX1 on
IP3R3, IP3R3 and BBOX1 protein levels also showed similar expression patterns in these
basal-like TNBC cells (Fig. 3N). Interestingly, BBOX1 and IP3R3 protein level did not correlate
well in claudin-low MDA-MB-231 cells (Fig. 3N), which suggests other layers of regulation on
IP3R3 exists in this cell, such as PTEN as previously published (27). To further examine the
clinical relevance of BBOX1 expression in breast cancer patients, we stained two different
commercially available breast cancer tissue microarray (TMA) datasets containing all breast
cancer subtypes with BBOX1 as well as IP3R3, followed by the quantification of signal
intensities. H score was used to determine the immunohistochemistry staining intensities with
these two proteins and was divided into four grades (I-1V) based on the staining intensity (29).

IP3R3 protein expression level correlated strongly with BBOX1 in these breast cancer TMAs
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(Fig. 30 and P; Supplementary Fig. S4G and S4H), suggesting the clinical relevance of
BBOX1-1P3R3 in breast cancer patients. In conclusion, our results show that BBOX1 binds with
IP3R3 in an enzymatic-dependent manner and protects IP3R3 from FBXL2-mediated

ubiquitination and degradation.

BBOX1-IP3R3-Calcium Signaling Sustains Mitochondrial Activity and mTORCI1-
dependent Glycolysis that is Required for TNBC Cell Growth and Survival

Next, we sought to examine the biological function of BBOX1-mediated IP3R3 regulation
in TNBC cells. Previous study reported that constitutive IP3R3-mediated calcium release is
required for maintaining cellular bioenergetics, contributing to sustained mitochondrial function
and eventually cell proliferation (30). Since BBOX1 depletion led to decreased IP3R3 protein
levels (Fig. 3E and F), we first examined the effect of BBOX1 on ER calcium release. We found
that the ATP-induced intracellular calcium elevation in TNBC cells is mainly obtained through
IP3R3-mediated ER calcium release because 1) calcium influx through the plasma membrane
was prevented by the absence of extracellular calcium; 2) knockdown of IP3R3 essentially
eliminated ATP-induced calcium responses (27,31) (Fig. 4A). Notably, ATP-induced ER calcium
release was significantly reduced when knocking down BBOX1 compared to the control (Fig.
4A; Supplementary Fig. S5A). Next, we investigated whether BBOX1 mediated calcium
release could affect mitochondrial function. We first showed that in the MDA-MB-468 and
HCC70 but not MCF-10A cells, depletion of IP3R3 significantly decreases OCR as an indication
of mitochondrial activity (Fig. 4B and C; Supplementary Fig. S5B and S5C) which is
consistent with the previous report (30). BBOX1 depletion also led to decreased OCR in MDA-
MB-468 and HCC70 cells (Fig. 4D), the phenotype rescued by WT but not the N2D catalytic
mutant BBOX1 (Supplementary Fig. S5D and S5E). Moreover, the metabolomics pathway
analysis (Fig. 2K) show that the TCA cycle related metabolites, such as citrate, ATP and NADH,

decreased upon BBOX1 depletion (Fig. 4E; Supplementary Fig. S5F). Despite the comparable
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BBOX1 knockdown with two hairpins, metabolomics showed that BBOX1 sh2 displayed more
robust effect than shl, which remains to be investigated.

Interestingly, besides the TCA cycle, we observed that some other important metabolic
pathways were also enriched in the metabolomics analysis, such as the Warburg Effect (aerobic
glycolysis) and pyrimidine metabolism (Fig. 2K), which are frequently altered or reprogrammed
in cancer cells (32,33). The glycolysis pathway was also suppressed with decreased glycolytic
metabolites and increased glucose (Supplementary Fig. S5F and S5G). In order to understand
how BBOX1 depletion may affect the metabolic changes we observed, we performed BBOX1
gene expression profiling by RNA-seqg and gene set enrichment analysis (GSEA) showed that
the glycolysis pathway was enriched in control cells compared to BBOX1 depleted MDA-MB-
468 cells (Fig. 4F and G; Supplementary Fig. S6A). Interestingly, we also noted that the
MTORC1 pathway, a key regulator of glycolysis in cancer cells (34,35), was enriched in our
GSEA analysis (Fig. 4F and G; Supplementary Fig. S6B), suggesting the suppression of
MTORC1 might account for the impaired glycolysis in BBOX1 KD cells.

Next, we sought to address how mTORC1 is affected upon BBOX1 depletion. Notably,
there is emerging literature indicating that cytosolic calcium is required for mTORCL1 activation
(36-38). Firstly we checked the mTORCL1 activity by western blot upon IP3R3 depletion. As
shown by mTORC1 mediated S6 kinase 1 (S6K1) Thr389 phosphorylation and the subsequent
S6 Ser240/244 phosphorylation, mTORC1 activity was abolished when IP3R3 was depleted in
MDA-MB-468 cells (Fig. 4H). We also observed modest but consistent mTORC1 activity
downregulation by knocking down BBOX1 in MDA-MB-468 and HCC70 (Fig. 4l;
Supplementary Fig. S6C). To further validate that calcium is required for mTORC1 activation in
TNBC, we treated the BBOX1 KD cells with the ER Ca?*-ATPase inhibitor thapsigargin (Tg)
which causes a rapid increase of cytosolic calcium (39), or co-treated them with Tg and the
calcium chelator ethylene glycol tetra-acetic acid (EGTA) to remove extracellular calcium. We

found that the Tg treatment rescued the decreased mTORCL1 activity in BBOX1 KD cells, the
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effect ameliorated by co-treatment with EGTA (Supplementary Fig. S6D). These data
demonstrated that mMTORC1 signaling could be activated by BBOX1-IP3R3 mediated calcium
signaling. We next measured the extracellular acidification rate (ECAR) as an indicator of
glycolysis in IP3R3- or BBOX1- depleted cells, and found that the glycolytic rate was decreased
upon both IP3R3 and BBOX1 depletion (Fig. 4J and K; Supplementary Fig. S6E). Collectively,
our data show that BBOXL1 is also required for maintaining glycolysis through IP3R3-mediated
calcium signaling in TNBC cells.

The mitochondrial respiration, mTORCL1 activity and glycolysis deficiency induced by
BBOX1 depletion subsequently corresponded with increased apoptosis measured by
upregulated cleaved PARP, which was confirmed by flow cytometry analysis (Fig. 4L;
Supplementary Fig. S7TA-S7D). On the contrary, overexpression of BBOX1 but not the N2D
mutant can protect TNBC cells from apoptosis as shown by cleaved PARP for the basal
apoptotic level (Supplementary Fig. S7E). IP3R3 depletion in these TNBC cell lines
recapitulated the apoptotic phenotype observed with BBOX1 knockdown (Fig. 4M;
Supplementary Fig. S7TF-S7H). Furthermore, we found that the G2/M cell cycle checkpoint
was strongly enriched in the BBOX1 KD cells (Supplementary Fig. S8A and S8B), which was
further confirmed by cell cycle analysis by flow cytometry with BBOX1 or IP3R3 depletion
(Supplementary Fig. S8C-S8F). To validate IP3R3 as a critical downstream target of BBOX1
for TNBC cell growth, we depleted IP3R3 in multiple TNBC cell lines and found decreased cell
proliferation with MTS assay, 2-D colony formation assay and 3-D soft agar formation (Fig. 4N;
Supplementary Fig. S9A-S9D). Notably, IP3R3 depletion in MCF-10A and HMLE did not
cause significant cell growth defect (Fig. 4N; Supplementary Fig. S9E and S9F). To examine
whether the phenotypic effects of BBOX1 on TNBC or breast epithelial cells are dependent on
IP3R3, we overexpressed BBOX1 in multiple cell lines and observed increased S6K1 Thr389
phosphorylation, OCR and cell proliferation, the effect ameliorated by concurrent IP3R3

depletion (Fig. 40-R; Supplementary Fig. S9G-S9L). It is worth noting that IP3R3 did not
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associate with poor prognosis in TNBC/basal cancers (Supplementary Fig. S9M), which could
be due to its post-transcriptional regulation by BBOX1. Collectively, our results suggest that
IP3R3 is an important downstream functional mediator of BBOX1 effect on TNBC cell
proliferation and survival. In addition, the effect of BBOX1 on cell proliferation could be multi-

factorial, by affecting mTORC1/glycolysis as well as mitochondrial function.

BBOX1 is a Novel Therapeutic Target in TNBC

In order to examine the physiological relevance of targeting the BBOX1 signaling
pathway in TNBC in vivo, firstly we generated cell lines with BBOX1 knockdown by using two
independent shRNAs. We orthotopically injected these cells into the mammary fat pad of
immunocompromised NOD scid gamma (NSG) mice and monitored the tumor growth over time.
Consistent with the phenotype observed in vitro, BBOX1 depletion led to profound breast tumor
growth defect in vivo, which correlated with decreased IP3R3 in tumors (Fig. 5A-C;
Supplementary Fig. S10A). In addition, we also generated doxycycline-inducible BBOX1
knockdown MDA-MB-468 cells with two independent shRNAs. In these cells, BBOX1 can be
efficiently depleted upon doxycycline treatment, which led to efficient inhibition on 2-D colony
formation as well as 3-D anchorage-independent growth (Fig. 5D-G). Then, one of these
hairpin-infected tumor cells and the control cells were orthotopically injected into the mammary
fat pad of NSG mice. Upon confirmation of tumor formation, we fed these mice with doxycycline
to induce BBOX1 depletion. Whereas control cells (shCtrl) grew readily over time, BBOX1
depletion significantly inhibited tumor growth and downstream IP3R3 level (Fig. 5H-J;
Supplementary Fig. S10B). These data suggest that BBOX1 is important for maintaining
TNBC tumor growth in vivo. It is important to note that tumor phenotype was more robust in
Fig.5A compared to Fig.5H, which may be due to a longer time for doxycycline inducible

shRNAs to take effect in vivo compared to non-inducible shRNAs.
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As an orthogonal approach, we next investigated the pharmacological inhibition of
BBOX1. To this end, we implemented Mildronate (40), a clinically approved drug, and two
leading recently characterized BBOX1 inhibitor compounds: C-2124 (41) and AR692B (42).
Mildronate and C-2124 are structural analogues of the BBOX1 enzymatic substrate GBB that
abolish BBOX1 catalytic activity through competitive binding to its substrate pocket. AR692B, on
the other hand, causes BBOX1 conformational changes (42). Firstly, we tested the effect of
these inhibitors on disrupting the BBOX1-IP3R3 interaction. In fact, all these compounds
inhibited the association between BBOX1 and IP3R3 endogenously or exogenously in multiple
cell lines including MDA-468 and MDA-MB-231 in a dose-dependent manner (Fig. 6A-D;
Supplementary Fig. S11A- S11G), which is consistent with the data we obtained with the
BBOX1 catalytically dead mutant N2D. Next, we treated MDA-MB-468 cells with C-2124,
Mildronate or AR692B and found that these compound treatments led to decreased IP3R3
protein levels after extended period treatment (72 or 96 hours), whereas no effect observed
after short-term treatment (24 hours) (Supplementary Fig. S11H-S11J). In addition, mMTORC1
signaling was significantly suppressed by these inhibitor treatments (Fig. 6E and F;
Supplementary Fig. S11K and S11L). In line with the OCR decrease by BBOX1 depletion, C-
2124 treatment also led to impaired OCR in MDA-MB-468 cells (Supplementary Fig. S11M).
Cell viability was then assessed by treating a panel of breast cell lines with various doses of the
inhibitors C-2124 or AR692B. We observed that the TNBC cell lines with high BBOX1
expression (e.g. MDA-MB-468, HCC70) displayed higher sensitivity to the BBOX1 inhibitors
compared with the non-TNBC cell lines with low BBOX1 expression (e.g MCF-7, T47D, MCF-
10A) (Fig. 6G; Supplementary Fig. S12A). Notably, this sensitivity was especially obvious in
the range of low doses for these inhibitors. Furthermore, we conducted 3-D soft agar assay in
these cells and found that these inhibitors suppressed anchorage-independent growth in TNBC
cell lines including MDA-MB-468, HCC70, HCC3153 or MDA-MB-231 in a dose-dependent

manner. Interestingly, these inhibitors did not affect MCF-7, T47D or HMLE cell growth (Fig. 6H;
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Supplementary Fig. S12B-S12D), despite that intercellular carnitine level was profoundly
decreased by the BBOXL1 inhibitor treatment in these cells (Supplementary Fig. S12E).
Therefore, BBOX1 protein level correlates to some extent with the efficacy of BBOX1 inhibitors
in these cells. Additionally, 2-D colony formation assay showed that these inhibitors did not
affect MCF-10A cell growth (Supplementary Fig. S12F and S12G). To further assess the
specificity of the inhibitor, we treated MDA-MB-231 cells stably expressing WT BBOX1 or N2D
mutant with various doses of C-2124 or vehicle. The cell viability assay showed that MDA-MB-
231 expressing the WT BBOX1 presented higher sensitivity compared with MDA-MB-231 N2D
cells (Fig. 61). As a proof of principle, we examined the efficacy of the BBOXL1 inhibitor in vivo.
We treated the MDA-MD-468 xenograft breast tumor bearing NSG mice with Mildronate and
found that it efficiently suppressed the tumor growth in vivo (Fig. 6J-6L). Importantly, these
treatments did not affect the mice body weight (Fig. 6M), suggesting that the drug does not

carry significant toxicity in mice and the effect of these BBOX1 inhibitors on TNBC is specific.

DISCUSSION

In this study, we have identified BBOX1 as a potential new target in TNBC by modulating
IP3R3 protein stability, calcium homeostasis, cellular bioenergetics and cancer cell fate. In
summary, BBOX1 protects IP3R3 from FBXL2 mediated proteasomal degradation and
maintains IP3R3 mediated constitutive calcium flux from ER that is essential for sustaining
mitochondrial function and activating mTORC1-mediated glycolysis. Both metabolic pathways
are critical for providing the demand of energy and biochemical intermediates for cancer cell
proliferation and tumorigenesis. On the other hand, either BBOX1 genetic depletion or the
pharmacological abrogation of BBOX1-IP3R3 interaction blocks this oncogenic calcium

signaling, impairing cellular metabolism and eventually causing cancer cell death (Fig. 6N).
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TNBC is a heterogeneous and lethal disease among women with limited therapeutic
options (43) and discovery of new targeted therapies is required. We performed the initial
screening from a library targeting the whole family of known 2-OG dependent enzymes because:
1) they play a role as oxygen sensors in the mammalian cell to regulate a broad spectrum of
cellular processes. For instance, the proline hydroxylase EgINs governing HIFa protein stability
regulation under different oxygenic scenarios (normoxia/hypoxia), therefore contribute to
malignancies in cancer (44); 2) emerging literature uncovers their critical roles in cancer
progression or suppression, while an unbiased systematic approach to investigate their role in
cancer is lacking ; 3) there are actionable therapeutic drugs have been or can be developed to
target some of these enzymes (45). In this paper, we show a novel role of BBOX1 in breast
cancer tumorigenesis, independent of its canonical function in carnitine synthesis. By TAP-TAG
purification followed by mass spectrometry, we identify IP3R3 as an important binding partner
and downstream factor of BBOX1. Our finding indicates the novel role of the 2-OG dependent
enzymes regulating numerous non-canonical substrates or binding partners, which deserve
further investigation. One limitation of our study is that we have not demonstrated whether
BBOX1 can catalyze hydroxylation reaction beyond GBB and use large molecules such as
proteins as substrates. We speculate that it is of high possibility since IP3R3 binding with
BBOX1 largely depends on its catalytic activity, which warrants further investigation.

Calcium signaling plays vital roles in various cellular processes (46) and has been
largely reported to associate with cancer progression (47,48). Calcium dependent signaling
pathways are frequently dysregulated or altered in cancer cells to meet the demand of cell
proliferation, invasion, and metastasis (47). The IP3 receptors are principal Ca** channels
located on the ER membrane and essential for the control of intracellular Ca®* levels (49). There
are three family IP3R members (IP3R1, IP3R2, and IP3R3) while IP3R3 is emerging as the
isoform that is particularly important in the pathogenesis of human diseases (50). Increases of

IP3R3 expression occur in a variety of malignancies, such as colorectal cancer, glioblastoma,
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breast cancer and kidney cancer (23-26). Previous studies reported that IP3R3 mediated
calcium signaling positively regulates migration (31) and cell growth under certain conditions (51)
in the MCF-7 breast cancer cell line. Our study confirms the universal role of calcium and
highlights that TNBC cells are particularly addictive to the IP3R3-Ca?* signaling axis. We identify
BBOX1 as an upstream regulator of this IP3R3-Ca*" signaling controlling various critical
metabolic pathways (e.g. TCA cycle, glycolysis, and nucleotide metabolism). Besides, BBOX1
depletion-induced cell cycle change may largely due to its effect on calcium signaling, since it is
well documented that calcium is a critical regulator of cell cycle progression (47). Therefore,
targeting the aberrant calcium signaling may be beneficial for certain cancers such as TNBC
(52).

In this study, we incorporated several BBOX1 inhibitors to target TNBC cell growth and
tumorigenesis in vitro and in vivo. As a proof of principle of our finding, these inhibitors showed
some efficacy by blocking the BBOX1-IP3R3 interaction, suppressing the oncogenic calcium
signaling, altering cell metabolism and killing TNBC cells. Meldonium (trade name Mildronate),
developed in 1970 by Latvia Institute of Organic Synthesis, is widely used as an anti-ischemia
drug in Eastern Europe, and was shown to be safe and well-tolerated (53,54). According to the
previous literature, the Km of Meldonium towards rat BBOX1 was 37 uM (55), which explains
why we need higher dosage to be used in human cancer cell lines. However, it is important to
point out that at the dosage used, these inhibitors did not appear to affect normal breast
epithelial cell proliferation (Fig. 6H; Fig. S12C and S12D). These inhibitors appear to be non-
toxic in multiple models used including dogs and rats (56). For example, 800 mg/kg was used in
the rat model with no obvious toxicity (57). However, it is important to acknowledge that
Meldonium might likely inhibit OCTN2 (58), In addition, our current model is not enough to
support the finding since we have not examined the drug in more clinically relevant models such

as the patient-derived xenografts (PDXs). Novel BBOX inhibitors have been developed and
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show better selectivity and efficacy to some extent (41,42), as we also observed in our study. In
summary, our study provides the evidence that BBOX1 in a new therapeutic target in TNBC,
which hopefully will motivate the development of specific and potent BBOX1 inhibitors in this

lethal disease.
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METHODS

Cell Culture. MDA-MB-231, MDA-MB-436, Hs578T, MCF-7, BT474, and 293T cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco 11965118) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Pen Strep). T47D, HCC3153,
HCC1187, HCC70 and MDA-MB-468 cells were cultured in 10% FBS, 1% Pen Strep RPMI
1640 (Gibco 11875093). Normal breast epithelial cells HMLE and MCF-10A were cultured in
MEGM (Lonza CC-3151) containing SingleQuots Supplements (Lonza CC-4136). SUM149 cells
were cultured in HUMEC Ready Medium (Gibco 12752-010). HCC3153 were obtained from the
cell repository of the Hamon Center for Therapeutic Oncology Research, UT Southwestern
Medical Center. HMLE was obtained from Dr. Wenjun Guo. All other cell lines were obtained
from ATCC. Cells were used for experiments within 10-20 passages from thawing. All cells were
authenticated via short tandem repeat testing. Mycoplasma detection was routinely performed
to ensure cells were not infected with mycoplasma by using MycoAlert Detection kit (Lonza,

LTO7-218).

Antibodies and Reagents. Rabbit anti BBOX1 (ab171959), goat anti FBXL2 (ab17018) were
from Abcam. Mouse anti IP3R3 (610312) was from BD Biosciences. Rabbit anti TMLHE (16621-
1-AP), rabbit anti-ALKBH4 (19882-1-AP) were from Proteintech. Rabbit anti HIF-1a (3716),
rabbit anti PTEN (9559S), rabbit anti HA tag (3724), rabbit anti Flag-tag (14793), rabbit anti V5-
tag (13202), mouse anti His-tag (2366), rabbit anti cleaved-caspase 3 (9664), rabbit anti PARP
(9532), mouse anti a-Tubulin (3873) were from Cell Signaling Technology. Mouse anti Ub
(8017), mouse anti B-actin (sc-47778) were from Santa Cruz. Mouse anti vinculin (V9131) was
from Sigma-Aldrich. Antibodies used for IHC staining were rabbit anti IP3R3 (Bethyl
Laboratories, 50-157-2451), mouse anti BBOX1 (Sigma-Aldrich, WH0008424M1). Mildronate

(S4130) was from Selleckchem. C-2124 was kindly provided by Latvian Institute of Organic
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Synthesis (41). AR692B was synthesized by WuxiAPP Tech following the procedure described
previously (42). MTS reagents (ab197010) was from Abcam. Doxycycline (D9891), MLN-4924
(5054770001) were from Sigma-Aldrich, DMOG (D1070-1g) was from Frontier Scientific,

MG132 (1ZL-3175-v) was from Peptide International.

2-D Cell Proliferation Assay and 3-D Soft Agar Growth Assay.

For MTS assay, Cells were seeded in 96-well plates (1000~2000 cells/well) in appropriate
growth medium, the rest of the steps were performed as previously described (59). The colony
formation assay and 3-D soft agar assay were performed as previously described (60). For
colony formation assay, cells were seeded in duplicate in 6-well plates (1 x 10° cells/well). For
inhibitor treatments, BBOXL1 inhibitors were added the following day after seeding the cells and

was renewed every day.

Immunoblotting and Immunoprecipitation. EBC buffer (50mM Tris-HCI pH8.0, 120 mM NacCl,
0.5% NP40, 0.1 mM EDTA and 10% glycerol) supplemented with complete protease inhibitor
and phosphoSTOP tablets (Roche Applied Bioscience) was used to harvest whole cell lysates
at 4°C. Cell lysate concentration was measured by Protein assay dye (BioRad). Equal amount
of cell lysates was resolved by SDS-PAGE. For immunoprecipitation, whole-cell lysates were
prepared in EBC buffer supplemented with protease inhibitor and phosphatase inhibitor. The
lysates were clarified by centrifugation and then incubated with primary antibodies or FLAG/HA
antibody-conjugated beads (FLAG M2 beads, Sigma; HA beads, Roche Applied Bioscience)
overnight at 4°C. For primary antibody incubation, cell lysates were incubated further with
protein G sepharose beads (Roche Applied Bioscience) for 2 hours at 4°C. The bound
complexes were washed with EBC buffer for 3x times and were eluted by boiling in SDS loading

buffer. Bound proteins were resolved in SDS-PAGE followed by immunoblotting analysis.
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RNA-Seq Analysis. Total RNA from triplicates was extracted from MDA-MB-468 cells infected
with control or BBOX1 shRNAs by using RNeasy kit with on column DNase digestion (Qiagen).
Library preparation and sequencing were performed by BGI as paired-end 100bp reads followed
by the same analysis pipeline as described previously (59). Gene set enrichment analysis
(GSEA) was performed by using the GSEA software and Hallmark signatures. RNA-seq data

are deposited to GEO under accession number GSE152317.

OCR and ECAR Measurement. The OCR and ECAR were measured by an XFe24
extracellular flux analyzer (Agilent Technologies), according to the manufacturer’s instructions.
Briefly, a total of 1x10° cells were seeded into XF24 cell culture microplate coated with CellTak
(Corning) before the assay. Detailed experimental procedures were described in the

supplementary method.

Survival Analysis. The effects of BBOX1 gene and IP3 receptor family genes (ITPR1, 2 and 3)
on the survival of patients with breast cancer were performed using the Kaplan Meier Plotter

online survival analysis tool (https://kmplot.com/analysis/). To obtain sufficient patient samples,

the relapse-free survival (DFS) mode was used to conduct all the analyses.

Orthotopic Tumor Xenograft. Six-week old female NOD SCID Gamma mice (NSG, Jackson
lab) were used for xenograft studies. Approximately 5x10° viable MDA-MB-468 cells expressing
control/BBOX1 shRNAs or Teton BBOX1 shRNA, or 1x10° viable MDA-MB-468 parental cells
were resuspended in 100 ul matrigel (Corning, 354234) and injected orthotopically into the
mammary fat pad of each mouse. For inducible BBOX1 shRNA, after cell injection and following
two consecutive weeks of tumor monitoring to make sure tumor was successfully implanted,
mice were fed Purina rodent chow with doxycycline (Research Diets Inc., #5001). For BBOX1

inhibitors treatment, when tumors reached the volume of approximately 60 mm?® mice were
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divided in two groups by randomization, 400 mg/kg body weight of Mildronate or the vehicle
saline was given through Intraperitoneal injection. Tumor size was measured using an electronic
clipper. Tumor volumes were calculated with the formula: volume = (L x W~2)/2, where L is the
tumor length and W is the tumor width measured in millimeters. All animal experiments were in
compliance with National Institutes of Health guidelines and were approved by the University of

North Carolina at Chapel Hill Animal Care and Use Committee.

Statistical Analysis. All statistical analysis was conducted using Prism 8.0 (GraphPad
Software). All graphs depict mean + SEM unless otherwise indicated. Statistical significances
are denoted as n.s. (not significant; P>0.05), *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001.
The numbers of experiments are noted in figure legends. To assess the statistical significance
of a difference between two conditions, we used unpaired two-tail student’'s t-test. For
experiments comparing more than two conditions, differences were tested by a one-way

ANOVA followed by Dunnett’s or Tukey’s multiple comparison tests.
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FIGURE LEGENDS

Figure 1. BBOX1 is required for TNBC cell growth.

A, Overlay of MTS assay and soft agar results for the screening. GAPDH was used as a
positive control for the siRNA library screening.

B, Dot plot shows the genes scored both in the MTS assay and in the soft agar screening. q <
0.001 (MTS assay) and g< 0.000001 (soft agar) were used as cutoff.

C, Lists of genes identified significant growth changing in MTS assay and soft agar of MDA-MB-
231.

D, Soft agar colony growth of TNBC cells (MDA-MB-231, 436, 468) transfected with non-
targeting (NT) siRNA control or two individual BBOX1 siRNAs.

E, Quantification of the soft agar colony number related to D. Error bars represent SEM, two-
tailed Student’s t-test, *P<0.05, **P<0.01.

F, Immunoblot of endogenous BBOX1 and TMLHE protein levels in a panel of normal breast
epithelial cell lines and breast cancer cell lines. s.e., short exposure time, l.e., long exposure
time.

G, BBOX1 mRNA expression across different subtypes of breast cancer in TCGA, METABRIC
and UNC337 datasets. Sample numbers were shown above each subtype.

H, Kaplan-Meier plots of survival data for breast cancer patients with intrinsic subtypes stratified
by BBOX1 mRNA expression levels. Patient numbers were shown.

Figure 2. BBOX1 promotes TNBC cell growth in an enzymatically dependent fashion.

A-C, Immunoblot analysis (A), 2-D colony formation assay (B) and representative soft agar
images (C) of indicated BBOX1 depleted breast cancer cells or normal epithelial cells. BBOX1
expression level of cells was indicated according to Fig. 1F.

D-E, Immunoblot analysis (D) and MTS cell proliferation (E) of MDA-MB-231 stable cell lines
expressing control vector (Vector), Flag-3xHA tagged wild type BBOX1 (BBOX1) or N2D mutant
(N2D).

F-1, Immunoblot analysis (F), MTS cell proliferation (G), 2-D colony formation (up) and 3-D soft
agar (down) (H), and quantification of the soft agar colony (I) of MDA-MB-468 stable cell lines
expressing control vector (Vector), Flag-3xHA tagged wild type BBOX1 (BBOX1) or N2D mutant
(N2D) followed with infection of indicated shRNA.

J, Unbiased hierarchical clustering of significant changed (P < 0.05) metabolite abundances in
MDA-MB-468 BBOX1 knockdown or control cells.

K, Pathway analysis of the significantly decreased metabolites in BBOX1 depleted cells
showing the top seven enriched metabolic pathways.

L, Normalized fold change of carnitine level in MDA-MB-468 BBOX1 knockdown or control cells.
M, Fatty acid oxidation (FAO) based OCR measurement in MDA-MB-468 BBOX1 knockdown or
control cells supplemented with L-carnitine.

N, Colony formation of carnitine rescue experiments. Control or BBOX1 depleted MDA-MB-468
cells were supplemented with the indicated amount of L-carnitine.

All error bars represent SEM, two-tailed Student’s t-test, *P<0.05, **P<0.01, ***P<0.001, n.s.
denotes no significance. * indicated exogenous BBOX1 proteins.
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Figure 3. BBOX1 interacts with IP3R3 and regulates its stability.

A, Schematic strategy of TAP-TAG purification by mass spectrometry.

B, Lists of BBOX1 binding proteins identified by mass spectrometry (MS). IP3R3 is a BBOX1
interactor identified by two rounds of immunoprecipitation followed by MS.

C, Co-immunoprecipitation (Co-IP) of endogenous IP3R3 and exogenous HA-tagged wild type
BBOX1 or N2D mutant in MDA-MB-231 stable cell lines.

D, Co-IP of endogenous BBOX1 and IP3R3 in HCC70 cells.

E, Immunoblot analysis of IP3 receptor family proteins (IP3R1, 2 and 3) level in indicated
BBOX1 depleted TNBC cell lines. N.D. denotes not detected.

F, Immunoblot analysis of IP3R3 and BBOX1 protein level in doxycycline-inducible BBOX1
knockdown MDA-MB-468 cells.

G, Immunoblot analysis of MDA-MB-468 lines infected with lentivirus encoding shRNA control or
BBOX1 sh1l followed by treatment with neddylation inhibitor MLN-4924 or proteasomal inhibitor
MG132. HIF-1a was used as a control for the efficacy of the inhibitor treatment. Numbers
indicated quantification of the IP3R3 blot.

H, Ubiquitin assay followed by immunoblotting of MDA-MB-468 and HCC70 cells infected with
control or BBOX1 shRNAs.

I, MDA-MB-468 cells infected with lentivirus encoding control or BBOX1 shRNAs were treated
with cycloheximide (CHX) for the indicated times. Cells were subsequently harvested for
immunoblotting as indicated. The graph below shows the quantification of IP3R3 levels from two
independent experiments.

J, Immunoblot of lysates from MDA-MB-468 stable cells expressing FBXL2, or treated with
MG132. Numbers indicated quantification of the IP3R3 blot.

K, 293T cells were co-transfected with V5-tagged FBXL2, Flag-IP3R3 truncated mutant (227-
602), and increasing amounts of HA-tagged BBOX1 for 48 hrs. Cells were harvested for IP with
anti-Flag beads and proteins were immunoblotted as indicated. This experiment was conducted
twice. L, 293T cells were co-transfected with V5-tagged FBXL2, increasing amounts of Flag-
tagged BBOX1 as indicated for 36 hours, then cells were treated with MG132 overnight before
ubiquitin assay. This experiment was conducted twice.

M, Immunoblot analysis of IPS3R3 and BBOX1 protein level in MDA-MB-468 stable cell lines
expressing control vector (Vector), wild type BBOX1 (BBOX1) or N2D mutant (N2D) followed
with infection of indicated shRNA lentivirus. * indicated exogenous BBOX1 proteins. Numbers
indicated quantification of the IP3R3 blot.

N, Immunoblot of endogenous IP3R3 and BBOX1 protein levels in a panel of normal breast
epithelial cell lines and breast cancer cell lines.

O-P, Representative immunohistochemistry (IHC) staining images (O) and quantification (P) of
human breast tumor specimens with four staining grades showing the expression correlation
between BBOX1 and IP3R3 protein. H Score was used for indicating the immunostaining
intensity of the sample. According to the distribution of the H Scores, 1-60 was assigned as
grade |, 61-120 as grade Il, 121-180 as grade Ill, and 181-300 as grade IV.
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Figure 4. BBOX1 sustains IP3R3 mediated calcium signaling that is required for
mitochondrial activity and mTORC1-dependent glycolysis.

A, Measurement of ER calcium release upon ATP stimulation in indicated cells infected with
control, BBOX1 or IP3R3 shRNAs.

B-C, Immunoblot (B) and measurement of oxygen consumption rate (OCR) (C) in control or
IP3R3 depleted MDA-MB-468 cells.

D, Measurement of OCR in control or BBOX1 depleted MDA-MB-468 and HCC70 cells.

E, Heat map of the TCA cycle related metabolites in control or BBOX1 depleted MDA-MB-468
cells in the metabolomics analysis.

F, Normalized Enrichment Score (NES) plot of the “hallmark” signatures gene sets enriched in
the control MDA-MB-468 cells.

G, Gene set enrichment analysis (GSEA) of the differentially expressed genes for glycolysis and
MTORC1 pathways.

H-1, Immunoblot of lysates in BBOX1 (H) or IP3R3 (I) depleted MDA-MB-468 cell lines.

J-K, Measurement of extracellular acidification rate (ECAR) in BBOX1 (J) or IP3R3 (K) depleted
MDA-MB-468 cells.

L-M, Quantification of the apoptotic cells in indicated BBOX1 (L) or IP3R3 (M) depleted
MDA-MB-468 cells analyzed by flow cytometry.

N, MTS cell proliferation assay of indicated TNBC cells or normal breast epithelial HMLE
cells infected with lentivirus encoding control or IP3R3 shRNAs.

O-R, Immunoblot (O), OCR (P), MTS proliferation (Q) and colony formation (R) of MDA-MB-231
stable cell lines expressing control vector (Vector), wild type BBOX1 (BBOX1-OE) followed with
infection of indicated control (Ctrl) or IP3R3 shRNA (IP3R3-KD).

* indicated exogenous BBOX1 proteins. Error bars represent SEM, two-tailed Student’s t-test,
*P<0.05, **P<0.01, ***P<0.001.

Figure 5. Depletion of BBOX1 suppresses TNBC tumorigenesis.

A-C, Tumor growth (A), image of tumors (B) and tumor weight after dissection (C) of MDA-MB-
468 cells infected with lentivirus encoding control or BBOX1 shRNAs injected orthotopically at
the mammary fat pad of NOD SCID Gamma (NSG) mice. n = 10.

D-G, Immunoblot analysis (D), 2-D colony formation (E), 3-D soft agar growth (F) and soft agar
colony quantification (G) of inducible BBOX1 knockdown MDA-MB-468 cells treated with or
without doxycycline.

H-J, Tumor growth (H), image of tumors (1) and tumor weight after dissection (J) of doxycycline-
inducible BBOX1 knockdown MDA-MB-468 cells injected orthotopically at the mammary fat pad
of NSG mice. Treatment of doxycycline food started as indicated time.

Statistical analysis was conducted by one-way ANOVA followed by Tukey’s multiple comparison
test (A and H) or two-tailed Student’s t-test (C, G, and J). Error bars represent SEM, *P<0.05,
**P<0.01, ***P<0.001, ****P < 0.0001, n.s. denotes no significance.

Figure 6. BBOXL1 is a therapeutic target for TNBC.
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A-C, Co-immunoprecipitation (Co-IP) of HA-tagged BBOX1 and endogenous IP3R3 in MDA-
MB-231 cells treated with the indicated amount of C-2124 (A), Mildronate (B) and AR692B (C)
for overnight.

D, Co-IP of endogenous BBOX1 and IP3R3 in HCC70 cells treated with indicated BBOX1
inhibitors for overnight. The dosage of inhibitors used is 1.5 mM for C-2124 and AR692B, 5 mM
for Mildronate.

E-F, Immunoblots analysis of MDA-MB-468 cells treated with an indicated dosage of C-2124 (E)
or AR692B (F) for 72 hours.

G, Cell viability assay of breast cancer cells or normal breast epithelial cells treated with
increasing doses of C-2124. Results for each cell line are normalized to untreated cells.

H, Soft agar colony growth of indicated cell lines treated with the indicated amount of C-2124.
BBOX1 expression level of cells was indicated according to Fig. 1F.

I, Dose-response curves for MDA-MB-231 cells overexpressing either wild-type BBOX1 or
catalytic mutant N2D.

J-M, Tumor growth (J), image of tumors (K), tumor weight after dissection (L) and body weight
(M) of MDA-MB-468 xenograft NSG mice treated with Mildronate.

N, Schematic model of the mechanism proposed for this study.

Statistical analysis was conducted by one-way ANOVA followed by Tukey’s multiple comparison
test (J and M) or two-tailed Student’s t-test (L). Error bars represent SEM, *P<0.05, **P<0.01,
***P<0.001, ***P < 0.0001, n.s. denotes no significance.
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