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BRSK2 plays a role in autophagy
and cancer cell growth and survival
under nutrient deprivation stress
via the PIK3C3 pathway

Aparna Maiti*?*“, Alison D. Axtman3, Rongrong Wu?, Lydia J. B. Redman?, Kazuaki Takabe?,
Aimee B. Stablewski®*, LiYan®, Michael J. Ciesielski®?, Jianmin Zhang®, Sharon S. Evans®,
Pawel Kalinski®*° & Nitai C. Hait%2"*

Macroautophagy/autophagy is a stress-responsive lysosomal catabolic pathway that promotes cellular
homeostasis and tumor cell survival, but its role in breast cancer progression and metastasis remains
unclear. Here, we show that a brain-specific serine/threonine protein kinase, BRSK2, a marker of
aggressive metastatic disease in breast cancer patients, is crucial in regulating autophagy. BRSK2 is
overexpressed in aggressive cancer and is associated with reduced disease-specific survival. BRSK2
also regulates basal autophagy and activates AKT, STAT3, and NF-kB-mediated cancer cell survival
pathways. In addition, BRSK2 overexpression increases the levels of inflammatory cytokines and
chemokines in breast cancer cells. Downregulation of BRSK2 using specific siRNAs or the BRSK2
kinase small-molecule inhibitor GW296115 markedly reduced nutrient-deprivation stress-mediated
autophagy, cell growth, and metastatic potential, and enhanced breast cancer cell apoptosis.
Endogenous BRSK2 is associated with the Vps34-class 11l PI3K-Beclin-1-ATG14 autophagy signaling
complexes that could protect cancer cells from nutrient-deprivation stress. Our findings demonstrate
the key role of the BRSK2-mediated protective autophagy and cell growth and survival under nutrient
deprivation stress via survival signals, e.g., PI3K/AKT or STAT3-NF-kB, in aggressive breast cancer
cells.
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BRSK Brain-specific serine/threonine protein kinase

LC3 Microtubule-associated protein 1 light chain 3 alpha
AMPK 5" Adenosine monophosphate-activated protein kinase
LKB1 Liver kinase B1

PI3K Phosphoinositide 3-kinase

PKB Protein kinase B

STAT3 Signal transducer and activator of transcription 3
NF-«kB Nuclear factor kappa B

Vps34 Vacuolar protein sorting 34

ER Estrogen receptor
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TNBC Triple-negative breast cancer

TCGA The Cancer Genome Atlas

METABRIC  Molecular Taxonomy of Breast Cancer International Consortium
DSS Disease-specific survival

PFI Progression-free interval

PES Progression-free survival

(6N Overall survival

EMT Epithelial-mesenchymal transition

SCLC Small cell lung cancer

PDAC Pancreatic ductal adenocarcinoma

TEM Transmission electron microscopy

siRNA Small interfering RNA

CRISPR Clustered regularly interspaced short palindromic repeats
RT Room temperature

OE Overexpression

KD Knockdown

WT Wild-type

CT Cycle threshold

qPCR Quantitative polymerase chain reaction

SDS-PAGE Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
HEK Human embryonic kidney

Although tumor metastasis is the foremost cause of cancer-related death among breast cancer patients, druggable
functional biomarker proteins and effective therapeutic strategies targeting the prevention of metastasis remain
limited!. Furthermore, tumor cell metastasis is a multi-step process; at each step, the tumor cell must survive in a
stressful environment, such as hypoxia, energy deprivation, or nutrient deprivation. Macroautophagy/autophagy
is an evolutionarily conserved catabolic mechanism that is induced in response to various stresses and plays a
critical role in each step of the metastatic cascade?=. However, the mechanism by which autophagy regulates
tumor metastasis remains unknown. Nevertheless, the autophagy process has been reported to have both pro-
and anticancer properties, as uncontrolled autophagy induced by severe stress or many anticancer drugs can
enhance autophagy and autophagic cell death?. Several recent publications have implicated autophagy associated
with drug-resistant tumor cell survival, epithelial-mesenchymal transition (EMT) in tumor metastasis®, and
inflammation”®. Autophagy has a cytoprotective role in anoikis resistance”'® and promotes the survival of
dormant tumor cells'!, resulting in metastatic growth. In addition, high expression of microtubule-associated
protein 1A/1B-light chain 3B (LC3B), a central protein in autophagy in solid tumors, is associated with higher
proliferative tumor cells, tumor metastasis, and poor outcome in cancer patients'?, reinforcing that autophagy
is a promising mechanism in tumor metastasis. However, induction of autophagy also results in the suppression
of tumor progression and migration by various mechanisms, indicating that autophagy also has metastasis-
preventing functions'>!4. So far, targeting the autophagy mechanism associated with tumor cell survival is
partially successful in the clinical setting!>!; thus, a molecular understanding of the regulatory mechanisms of
autophagy in cancer is essential.

Physiologically, autophagy is an essential homeostatic mechanism whereby dysfunctional protein aggregates
or organelle components are engulfed in a double-membrane vesicle called an autophagosome and delivered to
lysosomes for degradation and recycling to crucial cellular components!’-!°. Some tumor cells exhibit higher
basal autophagy levels for their oncogenic events, even under normal conditions. Further, tumor cells depend
more on autophagy than normal cells for an alternate energy source to cope with their metabolic demands®. The
active unc-51 generally induces cellular canonical autophagy, such as the autophagy autophagy-activating kinase
1 (ULK1) protein complex; otherwise, autophagy signaling is blocked by the mechanistic target of rapamycin
kinase (mTOR) complex 1 (mTORCI1). Autophagy is mainly regulated by 5 adenosine monophosphate-
activated protein kinase (AMPK) downstream of the liver kinase LKB1, involving several cellular mechanisms in
response to metabolic stress and maintaining energy homeostasis*!. AMPK activation, together with mTORC1
inactivation in response to nutrient deprivation stress, directly phosphorylates the autophagy initiator protein
kinase ULKI, thereby activating downstream components of the phosphoinositide 3-kinase class IIT Vps34
(also known as PIK3C3) complexes and recruiting the ATG14 complex, including Beclin-1, for LC3 lipidation
(LC-II) and subsequent double-membrane structured autophagosome formation, a key event for the process of
autophagy®>?*. The AMPK signaling pathway coordinates cell-intrinsic autophagy and metabolism under low-
energy conditions?*.

Nothing is known about the brain-specific serine/threonine protein kinases BRSK2 and BRSK1, the AMPK-
related kinases, in regulating autophagy, particularly the mechanisms involved in autophagy-mediated tumor
cell survival or autophagic cell death in response to nutrient-deprived stress. BRSK2 and BRSK1, also known as
synapses of amphids defective (SAD) kinase SAD-A and SAD-B, respectively, downstream of the LKB1, are one of
the dark/underinvestigated kinases recently defined by the National Institutes of Health (NIH) Illuminating the
Druggable Genome (IDG) program; their functions are uncharacterized in cancer. BRSK2 and BRSK1 kinases
are known to be activated by LKB1, PAK1, CAMKII, and PKA?-?. BRSK2 and BRSK1 kinases are mainly
expressed in the human brain?® and result in neuronal polarization and brain development?. Furthermore,
the loss of these kinases results in early neuronal apoptosis and a reduced number of progenitors, suggesting
these kinases are required to survive cortical neurons®’. Besides the brain, these kinases were also expressed at
lower levels in the testis and pancreas®®. BRSK2 promotes insulin secretion in response to glucose stimulation
in pancreatic islets?”3132,
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To date, similar to AMPK, BRSK2 kinase is induced by starvation to inhibit mTOR via phosphorylating the
Tuberous Sclerosis Complex (TSC)-2, promote autophagy, and recent studies suggested that BRSK2 activation
leads to activation of PI3K/AKT signaling®-**-38, Published results indicated that PI3K/AKT can be involved in
both upstream and downstream regulation of mMTORC1%. Activation of mTORCI strongly represses upstream
PI3K/AKT signaling by the potent negative feedback loop and functions as a brake for AKT*’. Therefore, new
studies suggested that the repression of mTOR by starvation-induced BRSK2 may cause a loss of feedback
inhibition on AKT activation®.

However, the biological significance of BRSK2 kinase’s direct involvement in autophagy and cell fate in tumor
cells in response to nutrient deprivation stress is unknown. Here, we identify the clinical relevance of BRSK2
expression in breast cancer patients. Furthermore, we have determined how specifically BRSK2 kinase directly
regulates autophagy and is involved in tumor cell growth and survival in response to nutrient-deprived stress.

Results

Elevated BRSK2 expression correlates with poor prognosis and disease recurrence in breast
cancer patients

To investigate the clinical relevance of the understudied serine/threonine kinase, BRSK2, in breast cancer, we
have analyzed publicly available RNA-Seq datasets—i.e., The Cancer Genome Atlas (TCGA)*! and Molecular
Taxonomy of Breast Cancer International Consortium (METABRIC)*? cohorts—which include the gene
expression profiles and clinical information of patients. BRSK2 protein has been reported as overexpressed in
PDAC patients and is involved in PDAC cell survival®#**. First, our analyses depicted that the breast tissue
expression levels of BRSK2 were significantly higher in the groups with cancer and relapsed or recurrent disease
compared to the adjacent non-malignant normal tissue of patients (Fig. 1A, B). Importantly, BRSK2 expression
in breast cancer patients appears to be correlated with the aggressive stage of breast cancer and marginally
elevated in TNBC aggressive subtypes compared with ER +breast cancer patients Fig. 1C, D). We have also
analyzed the survival rates of breast cancer patients (top vs. bottom thirds of patients as per normalized tumor
gene expression) using the Kaplan-Meier method with a log-rank test. Disease-specific survival (DSS) and
progression-free interval (PFI) or progression-free survival (PES) in the TCGA breast cancer cohort (hazard
ratio [HR]=2.739, lower 95% confidence interval (CI) of HR=1.643, upper 95% CI of HR=4.566, p=0.0002;
HR =1.489, lower 95% CI of HR=1.005, upper 95% CI of HR =2.205, p <0.05, respectively) and overall survival
(OS) in METABRIC cohort (HR=1.172, lower 95% CI of HR=1.014, upper 95% CI of HR=1.355, p<0.05)
was significantly lower, which indicates that BRSK2 overexpression confers a high risk of progressive disease
in patients (Fig. 1E, Fig. S1A). Next, we further analyze BRSK2 mRNA expression in primary tumor tissues
to examine whether it correlates with clinical outcomes (e.g., metastasis) in patients with breast cancer. Using
qPCR analysis, we observed that BRSK2 was significantly elevated in every patient’s primary breast tissue who
had a history of metastasis (n=10) compared to those patients (n=10) who had never metastasized to any
organs for 10 years (Fig. 1F)*.

Previously, BRSK1, another related serine/threonine kinase of BRSK2, although it shares similar biological
functions with the BRSK2%, has been implicated as a tumor suppressor, LKB1 downstream gene, decreased
in breast cancer®’, and a putative mutated loss-of-function gene in gastric and colorectal cancers*. Although
BRSK1 transcript levels appeared elevated in our data analysis in the groups with cancer and metastatic disease
compared to adjacent non-malignant normal tissue of patients, BRSKI transcript levels, however, do not appear
to be correlated with the aggressive disease clinical parameters or patients’ survival rate (Fig. S1B-F).

These data suggest that the BRSK2 transcript levels may be an essential predictive risk factor for metastatic
diseases in breast cancer patients.

The BRSK2 expression level is increased in breast cancer cells

To gain further insights into BRSK2 expression in breast cancer cell models, we first assessed an array of human
breast cancer cell lines (estrogen receptor [ER]-positive and triple-negative breast cancer [TNBC]) vs. control
mammary epithelial MCF10A to analyze BRSK2 protein and BRSK2 mRNA expression. Our data revealed
that BRSK2 protein and BRSK2 transcripts are elevated in most human breast tumor cells compared to normal
mammary epithelial MCF10A cells (Fig. 2A, B). Data further uncovered that BRSK2 is overexpressed amongst
various breast cancer subtype-specific human cell lines, including luminal and TNBC cells. MCF10A has almost
no expression of BRSK2 (Fig. 2A). BRSK2 is overexpressed amongst different ER-positive human breast cancer
cell lines, including MCF-7, T-47D, ZR-75-1, and BT-474. Among human TNBC cell lines, we observed higher
BRSK?2 protein expression in BT-549 (14-fold) than in SUM-149 (1.4-fold)(Fig. 2A). We used different metastatic
variants of parental TNBC MDA-MB-231 to examine the expression level of BRSK2. Interestingly, we found
that the TNBC lung metastatic variant LM-2-4 (8.5-fold) and brain-metastatic variant MDA-MB-231BR cells
(11-fold) have increased expression compared to the parental MDA-MB-231 cells (sixfold), suggesting BRSK2
signaling may be involved in tumor metastasis (Fig. 2A). As the BRSK2 protein has an unequal expression in
the human breast cancer cell SUM-149 compared with the rest of the cancer cell lines, we became interested in
examining the transcript level of BRSK2. We found that MCF10A has almost no transcript expression, supporting
protein expression data, confirming that normal epithelial breast cells do not express BRSK2. Interestingly,
protein expression data reciprocally match transcript data in all breast cancer cell lines except SUM-149 cells
(Fig. 2B). For instance, MCF-7 and LM2-4 cells have high protein (sixfold and 8.5-fold, respectively) and mRNA
expression (sevenfold and tenfold, respectively), lung-metastatic LM-2 and brain-metastatic MDA-MB-231BR
have higher mRNA expression (tenfold and 11-fold, respectively) and higher protein expression (8.5-fold and
11-fold, respectively) compared with the parental TNBC MDA-MB-231 cells (protein expression, sixfold and
mRNA expression eightfold). Based on our data, the BRSK2 transcript and protein were elevated in breast tumor
cells or metastatic breast cancer cells compared with nonmalignant epithelial cells. The complex regulation
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Fig. 1. BRSK2 expression correlates with clinical outcomes in patients with breast cancer. (A) Boxplots show
elevated log2 expression of BRSK2 mRNA in breast cancer patients from the TCGA-BRCA whole cohort
(n=1092) compared to normal adjacent breast tissue (n=112). ***p <0.001 (tumor vs. normal). (B) Boxplots
show elevated BRSK2 transcript levels in metastatic patients (n=7) from the TCGA-BRCA cohort compared
to normal adjacent breast tissues (n=112). (C) Boxplots of high expression of BRSK2 mRNA of tumors of
different American Joint Committee on Cancer (AJCC) stages for TCGA-BRCA cohort. (D) Boxplots of high
BRSK2 expression score by immunohistochemistry (IHC) determined subtype in the TCGA-BRCA cohort. All
boxes are presented as medians with interquartile range. Mann-Whitney U and Kruskal-Wallis H tests were
used for the analysis. For some figures, significant p-values are shown. *p <0.05 was considered significant.

(E) Kaplan-Meier plots with log-rank p-values for disease-specific survival (DSS) in the TCGA-BRCA cohort,
stratified by BRSK2 mRNA expression. Adverse DSS with higher BRSK2 transcripts was found in the TCGA-
BRCA cohort, and the log —rank test was used for the analysis. The median split patients and significant p-
values are shown (p=0.005). (F) BRSK2 transcripts were analyzed by quantitative PCR (qPCR) in patients with
primary tumors. Primary tumors (never-metastatic, n=10) and age-matched primary tumors from patients
with a history of metastasis (n=10)** were used for qPCR analysis of BRSK2 and GAPGH as a housekeeping
control gene. Normalized BRSK2 gene levels to GAPDH (2A-delta CT%10,000) are shown. The students t-test,
**p<0.01, is significant in experimental triplicate.

between protein and mRNA exists in SUM-149 (Fig. 2A, B). Earlier studies have suggested that BRSK2’s
regulatory mechanism promotes its degradation in the ubiquitin—proteasome pathway, which may partly
explain the discordance between BRSK2 protein and BRSK2 transcript levels*”*3. We have excluded SUM-149
for further analysis of BRSK2 expression since highly tumorigenic SUM-149 IBC cells are pathologically distinct
from the rest of the non-IBC TNBC cells examined, and SUM-149 is mainly used for the study of inflammatory
breast cancer®. In contrast to BRSK2 overexpression in most human breast cancer cells, BRSK1 expression is
silenced*>¢ in all the human breast cancer cells examined (Fig. S2A, B).

BRSK?2 is overexpressed in cancer compared with normal breast tissue or normal breast nonmalignant
epithelial cells and is associated with progressive disease phenotypes.

BRSK2 activates AKT and STAT3- and NF-kB-mediated cancer cell survival signaling
pathways

Phosphatidylinositol 3-kinase (PI3K)-AKT, master transcription factors STAT3, and NF-kB signaling are among
the most critical intracellular pathways, which can be considered master regulators for cancer cell survival®*->°,
To examine the role of BRSK2 expression on cancer cell survival pathways, we transiently overexpressed BRSK2
in breast cancer cells compared to an empty vector control and subjected them to western blotting using 1D and
3D cell culture models. The in vitro 3D cell culture model is representative of the in vivo tumor environment,
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Fig. 2. BRSK2 is elevated in human breast cancer cells vs. benign tumor cells. (A), Total cell lysates from
normal human breast epithelial cell lines (MCF10A), an array of human breast cancer ER+ cell lines, and
TNBC and metastatic TNBC cell lines were used for western blot analysis with the antibodies against BRSK2
(A). Since BRSK2 is primarily expressed in the brain, a mouse whole-brain protein extract was used as a
positive control for BRSK2 protein expression. GAPDH was used to show equal loading and transfer. N=3,
representative blots were shown. The BRSK2 protein band (78-90 kDa) in the western blot. (B) Total RNA
was isolated separately from individual cells and treated with DNase. cDNA was prepared from total RNA and
used for SYBR-Green qPCR analysis for BRSK2 transcript expression. GAPDH mRNA expression was used
to normalize BRSK2 transcript levels. Normalized transcript expression levels were calculated using the Delta
CT method (n=3); data are means +s.e. One-way ANOVA (***p <0.001), Student’s t-test, and ***p <0.001
(metastatic TNBC cell vs. parental TNBC cell). Note: Normalized BRSK2 mRNA levels are significantly
elevated (***p<0.001, cancer cells vs. MCF10A).

featuring a hypoxic, nutrient-deficient core that undergoes epigenetic changes and is enriched with cancer
stem cells (CSCs)*"~%°. Overexpression of BRSK2 vs. empty vector control markedly enhances AKT activity
and NF-kB activity (phospho-NF-kB, $536) in the 1D culture of BT-474 (Fig. 3A), MDA-MB-231 (Fig. 3B),
and MDA-MB-231BR (Fig. 3C) cells, which is a metastatic variant of MDA-MB-231 cells. Interestingly, our
3D MDA-MB-231BR cell model data, as shown in Fig. 3D, suggest that overexpression of BRSK2 compared
to the empty vector profoundly elevates active AKT (S473), STAT3 (Y705 and S727), and NF-kB (S536) cell
signaling molecules. Cytokines or growth factors signaling activate the master transcription factors STAT3 and
NF-xB. These activated dimerized transcription factors translocate to the nucleus and transcribe specific genes
important for cancer cell growth and survival®-2. Our western blotting data after isolating pure nuclear and
nuclei-free cytosolic fractions (Fig. 3E, F) showed that overexpression of BRSK2 vs. empty vector in BT-474
(Fig. 3E) and MDA-MB-231 (Fig. 3F) cells markedly enhanced translocation of STAT3 (Y705) and p65-NF-
kB into the nucleus or BRSK2 vs. empty vector stably transfected in MDA-MB-231 cells (Fig. S3) enhanced
translocation of p65-NF-kB into the nucleus, reconfirming the activation of these transcription factors by
BRSK2. Next, we have confirmed that some of the known STAT3 or NF-kB-mediated inflammatory cytokines,
such as IL-6, TNF-q, IL-1B, CXCL1, and CXCLS6, are strongly regulated by BRSK2 in breast cancer cells (Fig. S4).
Although BRSK1 has been implicated as a tumor suppressor, our data indicate that BRSK1 is silenced in breast
cancer cells. Ectopic expression of BRSKI, similar to BRSK2, enhances AKT, STAT3, and NF-kB-mediated
cancer cell survival signaling pathways in breast cancer cells. Our data suggested that BRSK2 plays a vital role in
regulating PI3K-AKT, STAT3, and NF-kB-mediated cell growth and survival pathways.

BRSK?2 expression promotes nutrient-deprived stress-mediated autophagy in breast cancer
cells

Nutrient-deprived and hypoxic microenvironments are the common characteristics of breast tumors due to
insufficient blood supply. Extended lengths of nutrient deprivation stress can influence the metastatic potential
of tumor cells®***. AMPK-related groups of protein kinases are suggested to have a role in controlling autophagy
in response to nutrient starvation®*. Since BRSK2 is one of the AMPK-related protein kinases expressed at a
higher level in breast cancer’®*%, we have examined whether BRSK2 expression regulates autophagy in
response to various energetic stresses (glucose, glutamine, or nutrient deprivation) in breast cancer cells. In
cellular modeling, we ectopically overexpressed BRSK2 in hormone receptor (HR) positive and triple-negative
breast cancer (TNBC) human cell lines. Using BT-474, one of the moderate BRSK2-expressing cell lines, we
transiently overexpressed BRSK2 and an empty vector, followed by exposure to glucose alone or glucose and
glutamine, or nutrient-null conditions for increasing time points up to 6 h. Immunoblotting analysis showed
that LC3-II protein (a lipid-conjugated form of LC3, a key marker of autophagosome formation), an indicator
of autophagy?’, was increased in BRSK2 overexpression vs. empty vector in response to glucose alone, glucose
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Fig. 3. BRSK2 ectopic expression in breast cancer cells is associated with tumor cell survival pathways linked
to AKT and activation of master transcription factors STAT3 and NF-«B. BT-474 (A), MDA-MB-231 (B),
and MDA-MB-231/BR (C) cells were transfected with the empty vector, BRSK2, or the BRSK1 plasmids for
48 h, and total protein lysates were prepared for western blot analysis with the indicated antibodies. For some
experiments, 3D cell cultures were established 24 h after plasmid transfection. (D) MDA-MB-231/BR cells,
as shown, were grown for an additional 48 h in a low-attachment six-well plate to form tumorospheres (see
Materials and Methods). Total protein lysates were prepared for western blot analysis, as indicated, including
phospho-AKT (Ser473), phosphor-STAT3 (Ser727 and Tyr705), and phospho-NF-kB (Ser536) antibodies.
CHC and B-actin antibodies were used for equal loading and transfer. Anti-FLAG antibodies were used for
FLAG-tagged BRSK2 protein expression. n =3, representative blots are shown. Duplicate BT-474 (A) and
MDA-MB-231 (B) cell cultures were used to isolate nuclear and cytosolic fractions, free of nuclei, using
established protocols. (E and F) As indicated, equal amounts of nuclear and cytosolic proteins were used

for Western blotting, using specific antibodies against the target proteins. Translocation of p65-NF-«B or
active STAT3(Y705) into the nucleus in response to ectopic BRSK2 or BRSK1 expression vs. empty vector
was observed in both BT474 (E) and MDA-MB-231 (F) cell models. a-tubulin and total ERK1/2 antibodies,
as well as histone H3 and Lamin B1 antibodies, were used to identify cytosolic and nuclear protein markers,
respectively, free of nuclei. n =3, representative blots were shown. Scanned blots and fold intensities normalized
to respective loading control vs. vector control were labeled (Image]).

and glutamine, or nutrient starvation for 6 h, indicating that BRSK2 expression regulates autophagy®>*® in
BT-474 cells (Fig. 4A). To confirm the role of BRSK2 in the nutrient-deprived-stress-induced accumulation of
autophagosomes in breast cancer cells, we further measured LC3-II protein levels (B-actin as a loading control-
normalized LC3-II levels), rather than the normalized LC3-II/LC3-I ratio, which correctly reflects changes
in autophagy®’~"! in BRSK2 overexpressing vs. vector-transfected BT-474 cells. Our data showed that BRSK2
overexpression significantly enhances autophagy in these cells in response to nutrient starvation at both 2-h
and 6-h time points. We observed that the basal level of LC3-II is higher in breast cancer cells, and nutrient-
deprivation stress marginally enhanced autophagy in these cells (Fig. 4B). Overexpression of BRSK2 also
enhanced the expression of other autophagy-related proteins, including Beclin-1, ATG3, and ATG5 (Fig. 4A).
Consistent with the concept that BRSK2 expression protects cells from nutrient stress via AKT activation®,
we also found that BRSK2-overexpressing cells exhibit persistent activation of AKT at the later time point of
nutrient starvation (6 h) compared to vector-transfected cells (Fig. S5A). P-ERK1/2 levels tend to be enhanced in
the BRSK2 overexpressed cells vs. vector-transfected cells in response to glucose starvation or nutrient starvation
at the later time point (6 h)(Fig. S5A). Consistent with BT-474 cells, BRSK2 overexpression enhanced LC3-II and
Beclin-1 protein levels to similar stress conditions as in (Fig. 4A, B) in TNBC brain-metastatic MDA-MB-231BR
cells (Fig. S5B).

Next, we further monitored GFP-LC3 autophagic puncta formation®>%” using GFP-LC3-transfected MDA-
MB-231 cells after overexpressing BRSK2 compared to those transfected with an empty vector, and exposed to a
nutrient-deprived medium or not. As expected, nutrient starvation (6 h) significantly enhanced autophagosome
formation (green puncta) compared with the control GFP-LC3-transfected MDA-MB-231 cells (Fig. 4C). As
expected, BRSK2 overexpression significantly enhanced autophagosome formation in response to nutrient
deprivation in MDA-MB-231 cells (Fig. 4C, quantification in D). Overexpression of BRSK2 marginally enhanced
autophagosomes under normal growth conditions in MDA-MB-231 cells (Fig. 4C, D). Additionally, BRSK2
overexpression increased LC3-II levels and marginally elevated Beclin-1 protein levels in response to nutrient-
deprived stress in MDA-MB-231 cells (Fig. 4E).

Next, we determine whether the BRSK2-induced increase of autophagosomes in response to nutrient
deprivation stress reflected blocked downstream processing or elevated production of autophagosomes
(increased flux)”2. Downstream autophagosome processing involves fusion with lysosomes. Bafilomycin A1l
(BafA1) prevents lysosomal acidification, thereby inhibiting autophagosome degradation’®. An increase in LC3-
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I levels in the presence of lysosomal degradation inhibitors is indicative of increased autophagic flux and LC3-II
levels as a marker of autophagic flux stimulation’>”3. Although higher LC3-1I (cleaved and lipidated) levels and
more GFP-LC3 puncta are observed in breast cancer cells engineered to overexpress BRSK2, we also measured
autophagic flux and autophagosome number in the presence and absence of BafAl.

Our data suggested that ectopic expression of BRSK2 enhances autophagic flux and autophagosome numbers
in breast cancer cells under nutrient-deprived stress (Fig. 5A-F).

As reported earlier for other cell models®"*, we found that nutrient deprivation stress enhanced BRSK2
protein and BRSK2 mRNA levels in breast cancer cells (Fig. S6A, B), suggesting that environmental stress
regulates BRSK2 expression. Epigenetic modifications may contribute to the transcriptional changes upon
nutrient deprivation in cancer cells involved in autophagy’*’>. The BRSK2 gene promoter has been implicated
in being epigenetically silenced in cancers’®. Hypoxic stress or epigenetic signaling enhances promoter histone
modifications and promotes positive transcription of gene expression’’. We found that both hypoxia (data not
shown) or epigenetic drugs (suberoylanilide hydroxamic acid (SAHA) or 5-azacytidine) can re-express the
BRSK2 gene in breast cancer cells (Fig. S6B, C). Our data suggest that BRSK2 expression enhances autophagy in
breast cancer cells in response to nutrient stress, thereby supporting breast cancer cell survival.

Inhibition of BRSK2 expression or its kinase activity reduces nutrient deprivation stress-
mediated autophagy, cell growth, and survival, and enhances apoptosis of breast cancer
cells

Autophagic signaling has a dual role in cancer cells. The autophagic process enhances cell survival signals in
response to environmental stress. In contrast, in severe cellular stress conditions, such as tumor cells exposed to
chemotoxic agents or massive deprivation of nutrients, uncontrolled autophagy occurs, which can proceed as an
alternate autophagic cell death pathway by apoptosis’®. In agreement with the data indicating that overexpressing
BRSK2 enhances autophagy to protect cells from nutrient stress and is involved in cancer cell growth and survival,
we assessed cell signaling pathways related to autophagy by downregulating BRSK2 in human breast cancer
cells using siRNA targeted to human BRSK2. Figure 6 demonstrated that siBRSK2 markedly downregulated
endogenous BRSK2 protein vs. control siRNA in MDA-MB-231 (Fig. 6A, B), BT-474 (Fig. 6C, D), and T-47D
human breast cancer cells (Fig. S7). BRSK2 knockdown drastically downregulated several critical survival
signaling pathways, including the AKT, ERK1/2, STAT3, and NF-kB pathways, in breast cancer cells (Fig. 6A).

Moreover, the downregulation of BRSK2 markedly reduced active LC3-II protein in MDA-MB-231, BT-474,
and T-47D breast cancer cells (Fig. 6A-D, Fig. S7) or some of the other key proteins involved in the process
of autophagy'+?27980_ including p62/SQSTM1, ATG3, or Beclin-1 in MDA-MB-231 cells (Fig. 6A). Strikingly,
BRSK2 overexpression in knockdown cells rescued downregulated LC3-1II protein (Fig. 6B, D, and Fig. S7) and
the P-AKT (S473) level (Fig. 6B, D), strongly supporting that BRSK2 is an important regulator of autophagy and
a cell survival factor in breast cancer cells. Interestingly, the downregulation of BRSK2 with siRNAs targeted
to different target sequences of the human BRSK2 gene markedly reduced LC3-II protein levels in response to
the nutrient stress in BT-474 breast cancer cells (Fig. 6C). These data suggested that endogenous BRSK2 kinase
regulates autophagy and cell survival signaling pathways in breast cancer cells.

To further strengthen our data, we used another human TNBC cell line, BT-549, which has the highest
expression of BRSK2. Downregulation of BRSK2 with siRNAs targeted to the endogenous BRSK2 significantly
reduced BafAl-mediated elevated LC3-II protein levels and GFP-LC3 puncta (Fig. 7A, D and E). Similar
attenuated autophagy data targeting BRSK2 with siRNA to BRSK2 in response to nutrient starvation and BafAl
exposure were also obtained in other cell lines, MDA-MB-231 (Fig. 7B) and BT-474 cells (Fig. 7C). Bafilomycin
Al (BafAl) is an autophagy inhibitor that can affect cell viability depending on the concentration and cell type.
At nanomolar concentrations, BafA1 usually suppresses cell growth and triggers cell death, often by impairing
autophagy flux. Our data suggested that siBRSK2 results in fewer viable cells in breast cancer cells in response to
BafAltreatment. Since BRSK2 can protect cells under stress, the knockdown of BRSK2 sensitizes cells to reduced
cell viability (Fig. S8).

In pancreatic ductal adenocarcinoma (PDAC) cells, BRSK2 expression results in AKT activity, cell growth, and
survival via repressing mTORCI1 through direct phosphorylation of TSC2 by BRSK2 serine/threonine kinase.
Next, we examine whether knocking down endogenous BRSK2 enhances apoptosis in response to nutrient stress
in breast cancer cells. Using cell culture experiments, knocking down BRSK2 with siRNA targeted to human
BRSK2 enhances cleaved PARP, Caspase-7, and -9, as well as cytochrome c release from mitochondria into the
cytosol in response to nutrient stress in BT-474 (Fig. 8A) and MDA-MB-231 cells (Fig. 8B), as determined by
immunoblotting with anti-cytochrome c as described previously3!:52.

As expected, siBRSK2 vs. control siRNA significantly reduced endogenous BRSK2 protein and the LC3-II
protein levels in response to nutrient stress in these cells (Fig. 8A, B).

BRSK2 overexpression has been demonstrated in enhancing the phosphorylation of AMPK substrate
proteins, autophagy proteins ULK1(S317), and p62(S351) in HEK293 cells, and a potent inhibitor of BRSK2,
GW296115, was found to inhibit BRSK2-induced phosphorylation®*¢. As shown in Fig. 8C (left and right)
and Fig. S9A, B, GW296115 markedly reduced autophagy and autophagosome formation as demonstrated by
reducing LC3-II levels and GFP-LC3 puncta staining in response to nutrient deprivation stress in MDA-MB-231
cells. Strikingly, GW296115 significantly reduced TNBC cell growth, 3D cancer cell invasiveness, and enhanced
apoptosis as measured by cleaved caspase 7 and cleaved PARP in MDA-MB-231 cells (Fig. 8C-E). Furthermore,
BRSK2 inhibition markedly reduced cancer cell colony formation and cell migration, as measured by the scratch/
wound assay in MDA-MB-231 cells (Fig. S10A-E), further supporting its role in the autophagy, cell survival, and
tumor metastasis processes.

To gain further insights into how BRSK2 regulates survival signals, such as AKT and autophagy, we
knocked down AKT and BRSK2 individually and in combination to determine whether reducing autophagy
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(as measured by LC3-II levels) affects tumorigenic properties in the TNBC cell model. Strikingly, siAKT1
and siBRSK2 in combination appeared to downregulate LC-II levels more than individual knockdown siRNA
settings. Interestingly, individual siAKT1 or siBRSK2 significantly decreased 3D TNBC cell growth, and further,
in combination with both siRNAs, have drastically reduced cell growth in 3D settings (Fig. S11A, B, E, and F).

We also knocked down ATG7%? and BRSK2 individually and in combination with both siRNAs to show
that the reduction of autophagy reduced tumorigenic properties in the TNBC cell model. Our data explained
that targeting both autophagy by siATG7 and BRSK2 by siBRSK2 reduced autophagosome formation (LC3-1I
levels) and TNBC cell growth in 3D ex vivo cell modeling compared to individual knockdown (Fig. S11C, E,
and F). Conversely, overexpression of BRSK2 in siAKT1 or siATG7% cells enhances LC3-1I levels in these cells
(Fig. S11D).

Additionally, a constitutively active AKT1 construct [myristoylated-(Myr)-Akt1]®* is utilized to examine
whether gain of function (Myr-AKT) restores autophagy in siBRSK2 TNBC cell model, Constitutively active
AKT1 (Myr-AKT1) marginally promotes LC-II levels; however, siBRSK2 drastically reduced LC3-II levels in
these cells (Fig. S11G) and 3D cell growth (Fig. S11H) further suggesting BRSK2’s role in autophagy linked to
cell survival.

These data suggested that BRSK2 kinase increases autophagy in breast cancer cell models, resulting in tumor
cell survival.
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«Fig. 4. Ectopic BRSK2 expression in breast cancer cells is associated with elevated autophagy in response to
nutrient deprivation stress. (A) BT-474 cells were transfected with empty vector or BRSK2 overexpression
plasmids for 48 h and subjected to exposure with various conditions with or without deprived energy sources
medium (glucose, glutamine, or nutrients) for 0 h to 6 h, as indicated. Equal amounts of protein were used
for Western blot analysis with autophagy-related protein antibodies. The total cell lysate was also analyzed by
western blot, probed with an anti-FLAG antibody to reconfirm BRSK2 protein overexpression, and an anti-f-
Actin antibody to confirm equal loading. (B) LC3-II band intensities (normalized to B-actin) were quantified
by densitometry, and the measurements were used to calculate autophagy for each treatment separately (n=4
independent experiments). BRSK2 overexpression increased autophagy in 6 h in response to nutrient-deprived
stress. **p <0.01 and ***p <0.001 (BRSK2 OE vs. corresponding empty vector control). (C-E) MDA-MB-231
cells were transiently transfected with either an empty vector or a green fluorescent protein (GFP)-tagged
LC3 plasmid for 48 h, followed by an additional 6 h of nutrient starvation. (C) Microscopic images of
autophagosome formation (puncta staining of GFP-LC3) and (D) quantification (puncta/cell) confirmed
that BRSK2-mediated autophagosomes were increased within 6 h of nutrient starvation in MDA-MB-231
cells. During fluorescent microscopy, exposure time and weighting for GFP fluorescence were kept consistent
between samples. Representative images (n=10) were shown on a 25-27 pum scale bar. In addition, GFP-LC3
puncta staining was counted from at least n=20 cells/sample to quantify autophagic puncta formation. Bar
plots display data from autophagic puncta quantification assays, with means +s.e. One-way ANOVA and post-
hoc tests for pairwise comparisons are shown; *p <0.05, ***p < 0.001. (E) Similar experiments were performed
in MDA-MB-231 cells exposed to + nutrient-free medium for 6 h only, and total protein lysates were used
for western blot analysis using the indicated antibodies. An anti-p-Actin antibody was used to ensure equal
loading and transfer. For all western blotting experiments (n = 3), representative blots are shown. Fold LC3-II
band and other autophagic protein band intensities normalized to B-Actin vs. control vector-transfected cells
were labeled (Image]).

BRSK2 is in the Vps34-class Ill PI3K autophagy signaling complexes under nutrient
deprivation stress in breast cancer cells
Class IIT PI3K Vps34 (vacuolar protein sorting 34) produces PI3P (phosphatidylinositol 3-phosphate; an inducer
of autophagy) in the early endosomes in association with serine/threonine kinase Vps15 subunit and autophagy
proteins ATG14 and Beclin-1 protein complexes involved in the progression of autophagy®. Next, we use
CRISPR-Cas9-mediated BRSK2 knockdown in the MDA-MB-231 cell model to assess endogenous BRSK2-
mediated autophagy regulation and involvement of BRSK2 in the class III PI3K-autophagy protein complexes,
respectively. To assess BRSK2 kinase-mediated autophagic protein complexes under nutrient deprivation stress,
we have developed BRSK2 knockout transient overexpression models by transfecting the BRSK2 plasmid into
MDA-MB-231 knockout cells compared to the empty plasmid. As shown in Fig. 9A, BRSK2 knockout almost
completely abrogated autophagy, as demonstrated by the reduction in LC3-II protein levels compared with the
control cells. In agreement with our data, BRSK2 knockout samples have reduced basal P-AKT (S473), phospho-
NF-kB (S536), and other survival signaling molecules (Fig. 9A). BRSK2 knockdown cells have significantly
reduced nutrient deprivation stress-mediated autophagic vacuoles and GFP-LC3 autophagic puncta (Fig. 9B, C).
As expected, overexpression of BRSK2 in these knockout cells strikingly elevated autophagosome formation, as
demonstrated by GFP-LC3 puncta staining (Fig. 9D). Nutrient deprivation-stress enhances class III PI3K Vps34
activity associated with autophagy protein complexes Beclin-1 and ATG14%. To elucidate the involvement
of BRSK2-mediated autophagic signaling, we assessed changes in the BRSK2-mediated autophagy protein
complexes in response to nutrient stress using immunoprecipitation (IP) of BRSK2. As shown in Figs. 10A and
B, BRSK2 kinase associates with the basal levels of class III PI3K autophagy components (Vps34, Vpsl15, Beclin-1,
and ATG14), and further, the association is markedly enhanced in response to nutrient deprivation stress in
these cells. Our in vitro binding data confirmed that overexpressed FLAG-tagged BRSK2 directly interacts with
overexpressed GFP-tagged ATG14 (Fig. 10C-E).

These data suggest a role for BRSK2 signaling, which controls autophagy to enhance Beclin-1, ATG14-
associated class III PI3K complex in response to nutrient deprivation stress in cancer cells.

Endogenous BRSK2 is also associated with the class IITI PI3K-Vps34 autophagy protein complexes responding
to nutrient-deprived stress in breast cancer cells (Fig. 10F).

Our data suggested that BRSK2 directly regulates autophagy associated with the components of the nutrient
stress-induced class III PI3K autophagy machinery and cell survival (Fig. 10G).

Discussion

Autophagy is a cellular survival-promoting process in response to environmental stress, allowing cancer cells
to adapt to nutrient deprivation and hypoxic stress®®®”. Hypoxia/nutrient scarcity is a common feature of solid
tumors like breast cancer due to the rapid growth of the tumors and an insufficient vascular network®%,
Although autophagy addiction occurs in breast cancer®, how the autophagy-mediated catabolic system
regulates tumor progression and metastasis is still unclear. The present study shows that BRSK2, the functional
tumorigenic biomarker for aggressive metastatic breast cancer, is involved in tumor cell growth and survival
and functions as an endogenous regulator of autophagy activation. BRSK2 expression is elevated under
nutrient deprivation stress, and the elevated autophagosome levels induced by BRSK2 overexpression reflect
increased autophagic flux. Interestingly, the protein kinase BRSK2 is associated with autophagy signaling protein
complexes, which comprise the Vps34-class III PI3K, Beclin-1, and ATG14. It is involved in protecting breast
tumor cells from nutrient deprivation stress through cell survival signals, such as PI3K/AKT, NF-kB, and STAT3.
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Fig. 5. BRSK2 overexpression enhances autophagy flux in breast cancer cells in response to nutrient
deprivation stress. (A) BT-474 and (D) MDA-MB-231 cells were transfected with empty vector or BRSK2
overexpression plasmids for 48 h and subjected to nutrient-null medium +BafA1 (100 nM) exposure for four
h. Equal amounts of protein extracts from each sample were used for western blot analysis with the indicated
antibodies—LC3, FLAG, and GAPDH—to ensure equal loading and transfer. Short and long-exposure
FLAG-BRSK2 western blots were shown. n =3, representative blots were shown. Fold LC3-II band intensities
normalized to GAPDH vs. control vector-transfected cells were labeled (Image]). (B, C, and E, F) GFP-LC3
puncta staining and quantification. BT-474 (B, C) and MDA-MB-231 cells (E, F) were transiently transfected
with either empty vector, BRSK2, or green fluorescent protein (GFP)-tagged LC3 plasmid for 48 h followed
by an additional 4 h of nutrient starvation + BafA1 (100 nM). (B, E) Microscopic images of autophagosome
formation (puncta staining of GFP-LC3, red arrows) and (C, F) quantification (puncta/cell) confirmed that
BRSK2-mediated autophagosomes were increased within 4 h of nutrient starvation in MDA-MB-231 cells.
During fluorescent microscopy, the exposure time and GFP fluorescence weighting were kept consistent across
all samples. Representative images (n=10) were shown on a 25-27 um scale bar. In addition, GFP-LC3 puncta
were counted in at least n =20 cells/sample to quantify autophagic changes. Scatter plots of data for autophagic
puncta quantification assays are shown as means * s.e., with one-way ANOVA and post hoc tests for pairwise
comparisons; ***p <0.001.

Our observations explain that BRSK2 expression is linked to AKT-mediated tumor cell survival, consistent with
previous reports in PDAC?**. Furthermore, the AMPK-subgroup kinases, e.g., BRSK2, have been implicated in
autophagy processes™.

Our data further revealed that BRSK2 expression is highly upregulated in the primary tumors of breast cancer
patients who have a history of metastasis compared to those without metastasis of TNBC patients. The BRSK2
transcript is upregulated in breast cancer tissues and cells compared to its absence in adjacent normal tissues
or normal breast epithelial cells. In addition, BRSK2 protein and BRSK2 mRNA levels are elevated in the lung-
metastatic LM2-4 or the brain-metastatic MDA-MB-231BR compared with the parental TNBC MDA-MB-231
cells, suggesting its possible involvement in metastasis, as well as a predictive biomarker.

In agreement with a prior report*®, BRSKI may be silenced in human breast cancer cells. We also observed
that the inflammatory TNBC SUM-149 cells have null BRSK2 protein expression (Fig. 2A). However, the
BRSK2 transcript is elevated (>threefold) in SUM-149 compared to MCF10A normal epithelial cells (Fig. 2B),
suggesting a complex regulation of BRSK2. Previous studies reported BRSK2 protein degradation in the
ubiquitin-proteasome pathway*”*8 and act extracellularly as an autoantigen in disease states’!, which elucidate
yet uncharacterized physiological functions and molecular regulatory mechanisms of BRSK2 and BRSK1, and
may partly explain the discrepancy between mRNA and protein expression in SUM-149 cells.

Our data revealed that in addition to the nutrient stress*, epigenetic drugs such as TSA or 5-AZA markedly
enhanced BRSK2 expression in breast cancer cells (Fig. S5). The solid tumor core is mainly composed of a
hypoxic/nutrient-deprived stress environment that evokes an epigenetic signal that promotes the transcription
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Fig. 6. Knockdown of BRSK2 suppresses AKT, STAT3, and NF-kB signaling, as well as basal autophagy and
autophagy induced by nutrient deprivation stress, in breast cancer cells. (A) MDA-MB-231 cells transfected
with siControl and validated siRNA targeted to BRSK2 were used for total protein lysate isolation, followed
by western blot analysis with antibodies against the indicated proteins, including autophagy-related proteins
p62/SQSTM1, ATG3, Beclin-1, active AKT (Ser473), STAT3 (Ser727 and Tyr705), phospho-ERK1/2, and
NE-kB (Ser536). An anti-B-actin antibody was used to ensure equal loading and transfer. (B) BRSK2 is
knocked down in MDA-MB-231 cells using siRNA targeted to BRSK2, compared to siControl. Knockdown of
BRSK2 levels was rescued by ectopic overexpression of BRSK2. Equal amounts of total protein were used for
Western blotting with antibodies against LC3, BRSK2, and FLAG-BRSK2. Short and long-exposure BRSK2
western blots were shown. B-Actin was used for equal loading and transfer. (C) BRSK2 protein was knocked
down in BT-474 cells using two different siRNAs (siBRSK2 #1 and siBRSK2 #2) compared to siControl. Cells
were exposed to + nutrient-deprived medium for 6 h and subjected to total protein lysate isolation followed
by western blotting. (D) BRSK2-knocked-down BT-474 cells with siRNA targeted to BRSK2 (siBRSK2

#1) £ rescued by overexpression of BRSK2 were used for total lysate isolation, followed by western blotting
with antibodies against the indicated proteins, including BRSK2 and phospho-AKT. Short and long-exposure
BRSK2 western blots were shown. p-Actin was used for equal loading and transfer. All western blotting
experiments (n=3) and representative blots are shown. Blots were scanned, and fold intensities normalized to
respective loading control (B Actin) vs. vector control were labeled (Image]).

of genes associated with cancer progression and metastasis’>*2. It could be possible that, similar to BRSK1%,
the BRSK2 gene remains turned off due to a methylated promoter and is expressed in response to specific
environmental cues®>.

PI3K-AKT and the master transcription factors STAT3 and NF-kB are among the most potent tumor cell
survival signaling pathways®*-%¢. Indeed, the previous publication suggested a link between BRSK2 and AKT-
mediated survival of pancreatic cancer cells*’. Using the metastatic TNBC MDA-MB-231BR cell 3D spheroid
model, we have demonstrated that expression of BRSK2 strongly activates AKT, STAT3, and NF-kB master
survival signaling pathways. STAT3 activation by various growth factors and cytokines, including IL-6, requires
phosphorylation at Tyr705 residue, mainly by Janus kinase 2 (JAK2). STAT3 is also subject to fine-tuning by other
mechanisms, including serine (Ser727) and reversible acetylation. However, in human cancers, including breast
cancer, STAT3 is often found to be constitutively activated®. NF-«B is also rapidly activated by proinflammatory
cytokines, including IL-1f and TNF-a, and various cellular stresses, resulting in IkB phosphorylation and
degradation, leading to nuclear translocation. Phosphorylation of p65-NF-kB at the Ser536 residue by IKKf or
other kinases is critical for NF-kB activation®. In addition to STAT3, NF-kB hyperactivity was also perceived in
the resistance of chemotherapeutics or nutrient-deprived cellular stress via the downregulation of antisurvival
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Fig. 7. BRSK2 downregulation reduces autophagy flux and autophagosome formation in breast cancer cells in
response to nutrient deprivation stress and bafilomycin Al. (A) BT-549, (B) MDA-MB-231, and (C) BT-474
cells were transfected with siControl or siBRSK2 #1, or stBRSK2 #2 for 48 h and subjected to nutrient-null
medium + BafA1 (100 nM) exposure for 4 h. Equal amounts of protein extracts from each sample were used
for western blot analysis with the indicated antibodies, including LC3, BRSK2, and GAPDH, as equal loading
and transfer. N =3, representative blots were shown. Fold LC3-II band intensities normalized to GAPDH vs.
siControl transfected cells were labeled (Image]). (D and E) GFP-LC3 puncta staining and quantification.
BT-549 cells were transfected with siControl, siBRSK2 #1, or green fluorescent protein (GFP)-tagged LC3
plasmid for 48 h followed by an additional 4 h of nutrient starvation + BafA1 (100 nM). (D) Microscopic
images of autophagosome formation (puncta staining of GFP-LC3, red arrows) and (E) quantification (puncta/
cell) confirmed that siBRSK2-mediated autophagosomes were decreased within 4 h of nutrient starvation and
BafA1l exposure in BT-549 cells. During fluorescent microscopy, the exposure time and weighting for GFP
fluorescence were kept consistent across all samples. Representative images (n=10) were shown on a 25-27 pm
scale bar. In addition, GFP-LC3 puncta staining was counted from at least n=20 cells/sample to quantify
autophagic puncta formation. Autophagic puncta quantification assays are means+s.e., one-way ANOVA, and
post-hoc test for pair-wise comparison, *p <0.05 or ***p <0.001 vs. siControl.

and upregulation of prosurvival target genes and pathways*®=%. In 2010, Yoon S et al. demonstrated that STAT3 is
activated by the reactive oxygen species (ROS) in nutrient starvation and enhances autophagy and inflammatory
cytokines like IL6 in cancer cells”. We also observed that BRSK2-mediated activation of the transcription factor
NE-kB markedly translocated to the nucleus in breast cancer cells.

Elevated levels of pro-inflammatory mediator expressions have been linked to tumor progression and
metastasis'®. Our data in tumor cells revealed that amino acid (glutamine) or nutrient deprivation markedly
enhanced some of the cancer-associated key proinflammatory cytokines, such as IL-6, TNF-a, IL-1B, CCL5, and
chemokines such as CXCL1, CXCL6, and CCL10, which are known to be regulated by NF-kB®>1%!. Interestingly,
BRSK2 expression in breast cancer cells enhances some proinflammatory mediators. Although the autophagy
and cytokine-chemokine regulations are still unclear in cancer'%>!%, our data further provided a link between
autophagy and metastasis mediator production (cytokines and chemokines) in tumor cells via BRSK2. Our data
suggested that BRSK2 expression may promote breast cancer metastases via autophagy and pro-inflammatory
mediator signaling!%*19°. However, further studies are required to decipher how BRSK2 signaling and increased
autophagy cross-talk with survival signals, including transcription factors such as STAT3 and NF-«B.

Scientific Reports|  (2025) 15:40651 | https://doi.org/10.1038/541598-025-24354-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

Nutrient

SiC SiBRSK2 B SiC SiBRSK2

—

—
+ = +

kDamo_ -

75— M. -

ASRARERES . Acin S e ;i

R < Cleaved

R—N Cleaved » Fe <_Cleaved BT-474 MDA-MB-231

Prgp—" “—PARP - o aD <_Cleaved

— —
1 3 5

w <«— B tubulin S®@E» — ;tubuin

BT-474

13

o

— — € Gwaosis Sl
il - - r =
klgt;tnent + + Vehi 2 5 uM Vehi 2 5 uM
100— : - «—LC3 c- - . |C3
<«—BRSK2 75— e <«— BRSK2 - «—LC3-l ®e . (Cc3
Cleaved

Cell growth

o
N
i

+—LC34 «—LC3 = T = “Caspase-7 ™ @ggi%a:eJ
«—LCal - & - 20 kDa
- - <« LC3-ll al d Cleaved
A T eave S
= “TPARP PARP

Cleaved 89 kDa
. - -« 89 kDa
Caspase-7 - = P

20 kDa 20 kDa e «— [ Actin W «— B Actin

Cell growth (WST-8)
54
N

—
Caspase-9 Caspase-9 Vehicle GW296115 (2 uM) GW296115 (3 uM)
37 kDa 39 kDa E

Cleaved

PARP

89 kDa 89 kDa

<«+—Cyc-c
fold Cyc-c/Tub = - —Cpc

1 13 29 6.1 foldCyc-c/Tub

MDA-MB-231

Invadopodia/spheroid |

Vehicle 2uM 3 M

. GW296115
Figure 8

Fig. 8. Suppression of BRSK2 expression or inhibition by GW296115 reduces breast cancer cell growth and
autophagy, thereby enhancing their apoptosis induced by nutrient deprivation stress. BT-474 (A) and MDA-
MB-231 (B) cells were transfected with siRNA (Dharmacon, #1) targeted to BRSK2 or control siRNA for 48 h,
and cells were exposed to + nutrient-deprived medium for another 6 h, followed by total protein lysate isolation
for western blotting analysis. BRSK2 downregulation efficiencies were validated by western blotting with anti-
BRSK2 antibodies. Autophagy marker protein antibodies (anti-LC3) and apoptotic marker protein antibodies
(anti-cleaved PARP, anti-cleaved caspase-7, and anti-cleaved caspase-9) were used, along with B-actin for
equal loading. Proteins from duplicate cultures were resolved by SDS-PAGE, and cytochrome c released

from mitochondria into the cytosol was assessed by immunoblotting using antibodies against cytochrome ¢
(Cyc-c) and B-tubulin to ensure equal loading and transfer. Similar results were obtained in three additional
experiments. All the apoptosis Western blots were also confirmed with siBRSK2 #2 (Qiagen, not shown). (C)
Pharmacological inhibition of BRSK2, using GW296115 (2-5 uM) versus vehicle, decreased LC3-I/II protein
levels but enhanced cleaved caspase. 7 and PARP proteins, as determined by western blotting in MDA-MB-231
cells. B-Actin was used as a loading control and for equal transfer. N = 3, representative blots were shown—
similar data obtained in other breast cancer cells. All the blots were scanned, and fold intensities normalized
to respective loading control vs. vector control were labeled (Image]). (D) Inhibition of BRSK2 kinase via
GW296115 (2 uM) for 24 h reduced MDA-MB-231 cell growth, n=5, Student’s t-test, ***p <0.001(GW296115
vs. vehicle control). (E) GW296115 (2-3 pM) vs. vehicle treatment for 72 h significantly reduced 3D Matrigel
tumor cell invasiveness (invadopodia) in MDA-MB-231 cells. Representative light microscopic images (n=10),
scale bar 200 pm, quantification of invadopodia/spheroid, n=10, ANOVA and post-hoc t-test, ***p <0.001 vs.
vehicle.

Tumor cell survival signaling pathways, including AKT, NF-«B, and STAT3, play complex roles in maintaining
autophagy and are largely unexplored!®. Particularly, the interplay between the PI3K/AKT pathway and
autophagy can be complex and context-dependent. The PI3K a catalytic subunit inhibits autophagy, whereas its
B catalytic subunit promotes autophagy in response to changes in ROS levels!?”. Under certain stress conditions,
downregulation of P-AKT may not always lead to a compensatory increase in autophagy, potentially even
resulting in a concurrent decrease in LC3-II (Fig. S11). To date, similar to AMPK, BRSK2 kinase is induced by
nutrient starvation to inhibit mTOR by phosphorylating TSC2, promote autophagy, and recent studies suggest
BRSK?2 signaling leads to activation of PI3K/AKT signaling®*-*. AKT can be involved in both upstream and
downstream regulation of mMTORC1%. Activation of mTORCI strongly represses upstream PI3K/AKT signaling
through a potent negative feedback loop and functions as a brake on AKT activation in cancer*’. Therefore,
in agreement, new studies showed that starvation-induced BRSK2 repression of mTOR may cause a loss of
feedback inhibition on AKT activation, and ultimately, AKT is activated3*.

Our current study has some limitations. Bioinformatics methods and limited sample sizes in the patient
databases are biased. We need to combine more database samples to screen more thoroughly and identify
differences. We have conducted only in vitro experiments. In the future, we should conduct in vivo experiments
to validate the analysis results further.

In conclusion, the study uses molecular biology, biochemistry, and pharmacological approaches to advance
our understanding of the contribution of the dark kinome member, the serine/threonine protein kinase BRSK2,
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Fig. 9. BRSK2 is involved in nutrient deprivation stress-mediated autophagic vacuole formation. (A) The
endogenous BRSK2 gene was knocked down by CRISPR-Cas9 vs. CRISPR control in MDA-MB-231 cells, and
a stable BRSK2 knockout clone was selected and verified by western blotting with anti-BRSK2 antibodies. As
expected, knockout cells have markedly reduced LC3-I1 levels, P-ERK1/2, P-AKT, and P-p65-NF-kB protein
levels. GAPDH was used for equal loading and transfer in Western blotting. Experiments were repeated three
times, and representative blots are shown. Blots were scanned, and protein bands were quantified (Image]).
(B) BRSK2 knockout MDA-MB-231 cells vs. control cells were exposed to + nutrient-free medium for 6 h

and subjected to TEM analysis, n = 10, representative image, scale bar 200 pum, and red arrows indicate
autophagosome vacuoles. (C) Duplicate cells from (B) were transfected with GFP-LC3 and treated with

or without nutrient-free medium for 6 h, followed by GFP immunofluorescence staining. Representative
inverted fluorescence microscopic images, n =10, scale bar 100 um, red arrows on blowout images indicate
autophagy puncta GFP-LC3 staining (n=20 cells). ANOVA and post-hoc t-test, ***p <0.001 vs. vehicle. (D)
BRSK2 overexpression in knockout cells enhances autophagy in response to nutrient deprivation. BRSK2 was
overexpressed in BRSK2 knockout MDA-MB-231 cells, followed by GFP-LC3 overexpression. Cells were then
exposed to + nutrient-free medium for 6 h and followed by GFP immunofluorescence imaging. Representative
inverted fluorescence microscopic images were shown, n =10, scale bar 100 pm, red arrows on blowout image,
indicating autophagy GFP-LC3 puncta staining (n =20 cells). Box plots are the number of dots/cells from at
least n=20 counted, Student’s t-test, ***p <0.001 (nutrient-free vs. nutrient plus medium). KD, knockdown.

as a predictive biomarker for aggressive metastatic diseases, and to elucidate its role in regulating autophagy, cell
survival, and invasion in breast cancer. However, the major open questions still to be addressed in the study of
BRSK?2 are i) is there any proteins get phosphorylated in the autophagy complexes since it is a protein kinase; ii)
is it playing any role in the phosphorylation of other proteins outside the autophagy complexes, which in turn
play a role in survival signals; iii) How do autophagic cells after survival from stresses establish in distant organs.

Materials and methods

Cell culture and treatments

All the established cell lines, including human estrogen receptor-positive (ER +) breast cancer MCF-7 (HTB-22),
BT-474 (HTB-20), T-47D (HTB-133), ZR-75-1 (CRL-1500), and triple-negative breast cancer (TNBC) MDA-
MB-231 (CRM-HTB-26), BT-549 (HTB-122) and HEK293 (CRL-1573) cell were from American Tissue Culture
Collection (ATCC)7>1%8-111 Inflammatory breast cancer (IBC) SUM-149 cells were provided by Dr. Mateusz
Opyrchal (Indiana University School of Medicine, USA)!'!2. TNBC lung-metastatic clone LM-2-4 cells of parental
MDA-MB-231 cells, a generous gift from Dr. John Ebos [Roswell Park Comprehensive Cancer Center (RPCCC),
USA]7>108110 Human TNBC, brain-metastatic clone MDA-MB-231BR of parental MDA-MB-231, was obtained
from Dr. Patricia S. Steeg (National Cancer Institute, USA)!!3. All cells were cultured in Dulbecco’s modified
Eagle medium (DMEM; Gibco, 11965-092) containing 4500 mg/1 D-glucose, 4 mM L-glutamine, and 110 mg/1
sodium pyruvate, supplemented with 10% fetal bovine serum (FBS; Gibco, 16141079). Human breast epithelial
MCF10A cells were kindly provided by Dr. Santosh Patnaik (RPCCC, USA)!''?. MCF10A cells were cultured
in DMEM/F12 medium (Gibco, 11320-033) supplemented with 5% horse serum (Gibco, 26050088), 0.5 pg/
ml hydrocortisone (Sigma, H0135), 100 ng/ml cholera toxin (Sigma, CB052), 10 pug/ml insulin (Sigma, 15500),
and 20 ng/ml recombinant human epidermal growth factor (EGF; (Sigma, E5036). For glucose or glutamine
starvation experiments, cells were washed with PBS (1X) and cultured in glucose-free DMEM (Gibco, 11966-
025) or glutamine-free DMEM medium (Gibco, A14430-01) containing 10% dialyzed FBS (Gibco, A33820-01).
For Nutrient starvation experiments, cells were rinsed and treated with EBSS medium (Gibco, 14155-63). For
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Fig. 10. BRSK2 is involved in the formation of the Vps34-class IIT PI3K-Beclin-1-ATG14 autophagy signaling
complex. (A and B) BRSK2 was ectopically overexpressed in MDA-MB-231 BRSK2 knockout cells. Vector-
transfected control cells and BRSK2-overexpressed cells were exposed to a nutrient-free medium with or
without nutrients for 6 h. As indicated, equal amounts of total cell lysate protein were immunoprecipitated
with control IgG and anti-FLAG antibodies. Inputs (A) and immunoprecipitated BRSK2-protein complexes
with anti-FLAG antibodies (B) were resolved in SDS-PAGE for western blotting with the indicated protein
antibodies. Anti-FLAG antibodies were used to detect the FLAG-tagged BRSK2 protein. (C-E) BRSK2
interacts with ATG14 in vitro. (C) FLAG-BRSK2 and GFP-ATG14 were ectopically overexpressed in MDA-
MB-231 cells with an empty vector. Equal proteins from cell extracts were used for western blot analysis
(inputs) to demonstrate FLAG-BRSK2 (top panel) and GFP-ATG14 (bottom panel) protein expression in these
cells. (D) 500 pg total proteins from each sample were used in FLAG-BRSK2 IP (top panel) and GFP-ATG14
GFP-beads pulldown (bottom panel) experiments. Eluted proteins from extensively washed FLAG-IP Protein
G beads and pulldown GFP beads were used for western blots and subjected to in vitro binding and western
blot analysis, as indicated (E). FLAG-IP eluted proteins (vector and BRSK2) were separately incubated with the
GFP-beads eluted proteins (Vector and ATG14) for 30 min at room temperature. GFP-bead pulldown captured
GFP-tagged ATG14 and bound BRSK2 and was analyzed by Western blot with the indicated antibodies. (F)
With or without nutrient-starved (6 h) BT-549 cells, equal protein amounts were incubated with anti-BRSK2
or control IgG antibodies to immunoprecipitate endogenous BRSK2 protein complexes. Input proteins and
anti-BRSK2 immunoprecipitated protein complexes were resolved in SDS-PAGE for western blotting with the
indicated protein antibodies. A whole-mouse-brain protein extract (1/10th of the input) was used as a positive
control for BRSK2. GAPDH was used to load and transfer the input samples equally. Western blots (n=3)

and representative blots are shown. (G) We propose that BRSK2-mediated autophagy and tumor cell survival
signaling in response to nutrient-rich or nutrient-deprived stress involve the class ITI PI3K-Vps34-Beclin-1-

ATG14 pathway in breast cancer cell models.
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some experiments, cells were exposed to EBSS +100 nM bafilomycin A1 (Cell Signaling, 54645) for 4 h or 24 h
and processed for molecular analysis.

Transfection
BRSK2 (RC223466) expression plasmid was purchased from OriGene Technologies. BRSK1 (66881) expression
plasmid was purchased from Addgene (deposited by Dr. Maria Alvarado-Kristensson, Lund University, Sweden).

EGFP-LC3 (11546) was purchased from Addgene (deposited by Dr. Karla Kirkegaard, Stanford University,
USA). Following the manufacturer’s instructions, cells were transfected with BRSK2 and BRSK1 plasmids, as
well as control plasmids, using the Lipofectamine P3000 transfection kit (Invitrogen, L3000-015). Using a GFP
control plasmid and Lipofectamine P3000 for transfection, we found that the transfection efficiency was greater
than 70% for all cell lines tested in our studies.

For the Autophagosome formation assay, MDA-MB-231 cells were plated at 60% confluency the day before
transfection. On the day of transfection, cells were washed with PBS (1X) and transfected with EGFP-LC3
with Lipofectamine 3000, following the manufacturer’s instructions. After 24 h of transfection, cells were again
transfected with the BRSK2 plasmid (0.75 pg/well; 1x 10° cells) and empty vector (OriGene, PS100001). After
24 h of BRSK2 transfection, the cells were washed, fixed with formalin, and used for fluorescence microscopic
imaging. Images were acquired and processed with the ZOE Fluorescent Cell Imager (Bio-Rad, USA). For some
experiments, GFP-LC3 images were acquired by the EVOS FL imaging system (Life Technologies, USA). BRSK2
expression in various human breast cancer cells was down-regulated by transfection with sequence-specific
small interfering RNA (siRNA) for human BRSK2.

siBRSK2 #1: ON-TARGETplus SMARTpool siRNA against BRSK2 (L-005381-00) and ON-TARGETplus
Non-targeting Control Pool (D-001810-10) from Dharmacon were used to confirm the lack of off-target
effects—ON-TARGETplus SMARTpool siRNA BRSK2 target sequences: 5'-UAAGGAGGCUCGGAAGUUC-
3’5 5'-GAUCUUCGUGGUCAUCAAA-3"; 5'-GGCCAGCCGUGUUCCAGAA-3’; 5'-AGAAUGAGCCCGAA
CCAGA-3'. siBRSK2 #2: Qiagen human siBRSK2 (sense, 5'-CUUCGACGAUGACAACUUGTT-3'; 5'-CAAG
UUGUCAUCGUCGAAGTT-3’) and control siRNA (Qiagen, USA) using Oligofectamine (Invitrogen, 12252-
011). For some experiments, we have used siControl (Dharmacon) as a control for siBRSK2 #1 and siBRSK2 #2.
siControl from Dharmacon and siControl from Qiagen have similar cellular responses to naive untreated siRNA
cells. In addition, siAKT1: ON-TARGETplus siRNA against human AKT1 (J-003000-10), target sequence: 5'-C
AUCACACCACCUGACCAA-3’; siATG7: ON-TARGETplus siRNA against human ATG7 (J-020112-06), target
sequence: 5'-GAUCUAAAUCUCAAACUGA-3' from Dharmacon were used for some experiments.

As recommended, Oligofectamine (Invitrogen), a reagent used for siRNA transfection, can achieve
transfection efficiencies ranging from 50 to 97% in various cancer cell lines.

Immunoblotting, immunoprecipitation, and pulldown

Cultured breast cancer cells were washed twice with the ice-cold 1X PBS and lysed by probe-sonication in the
lysis buffer containing 20 mM Tris-Cl (EMD Millipore, 648310), pH 7.4, 20% glycerol (Sigma, G5516), 150 mM
NaCl (Fisher, BP358), 0.5% NP-40 (Thermo Scientific, 85124), 5 mM sodium orthovanadate (Sigma, S6508),
40 mM B-glycerophosphate (Sigma, G9422), 15 mM NaF (Sigma-Aldrich, 450022), 0.5 mM 5-Deoxypyridoxine
hydrochloride (Sigma, D0501), and protease inhibitor cocktail (Sigma, 539136). Unbroken cells were removed by
centrifugation at 700 x g for 10 min at 4 °C. Protein concentrations were measured by the Bradford method (Bio-
Rad, 5000006). Immunoblotting: A total of 25 ug of protein was loaded per lane, separated by 10% SDS-PAGE,
and transferred to nitrocellulose membranes. Membranes were blocked with 5% blocking solution in 1X TBST
buffer (Bio-Rad, 170-6435) at room temperature (RT) for 1 h. Membranes were incubated overnight at 4 °C with
the respective primary antibodies (1:1000 dilution) in TBST buffer. After hybridization with primary antibodies,
membranes were washed thoroughly with TBST buffer at room temperature, followed by incubation for 1 h at
RT with the respective secondary antibodies (1:5000 in TBST with 1% blocking solution; Bio-Rad, 1706404).
Membranes were washed thoroughly at RT and developed with the enhanced chemiluminescence (ECL) western
blotting substrate (Pierce, 32106). Western blot images were obtained by exposing the membranes to X-ray
films (Thermo Scientific, 34091). The following primary antibodies were used for western blot analysis: anti-
BRSK2 (#11589-1-AP) from Proteintech, USA. B-Actin (4970), BRSK1 (5935), phospho-AKT (Ser473; 4060),
total AKT (4685), LC3I/II (13082), p62/ SQSTMI (39749), ATG3 (3415), ATG5 (12994), ATG7 (8558), ATG14
(96752), Beclin-1 (3495), vps34 (PIK3C3, 3358), vps15 (PIK3R4, 14580), phospho-ERK1/2 (Thr202/Tyr204;
9524), ERK1/2 (4695), phospho-NF-kB p65 (Ser536; 3033), NF-kB p65 (8242), phospho-STAT3 (Y705; 9145),
phospho-STAT3 (Ser727; 34911), STAT3 (9139), Histone H3 (4499), Cytochrome c (11940), Cleaved caspases-7
(8438), cleaved caspase-9 (20750), cleaved PARP (5625), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
5174), B-Tubulin (2146) are from Cell Signaling Technology, USA. a-Tubulin antibody (T6199) is from Sigma-
Aldrich, USA. Clathrin Heavy Chain (CHC; sc-58714), Lamin B1 (sc-365962), and P-Actin (sc-47778) are
from Santa Cruz Biotechnology, USA. The following secondary antibodies were used for western blot analysis:
peroxidase-conjugated affipure goat anti-rabbit IgG (111-035-045) and goat anti-mouse IgG (115-035-062) are
from Jackson Immuno-Research Laboratories, USA. All the antibodies used in this manuscript are specific to
the respective proteins (LC3-I/II, Beclinl, ATG3, ATG5, ATG7, ATgl4, p62, Vps34, Vpsl5, FLAG, GFP, HA,
AKT total, phospho-AKT, ERK1/2 total, phospho-ERK1/2,p65 total, phospho-p65, STAT3 total, phospho-
STAT3, cleaved caspase-7, -9, -cleaved PARP, cytochrome -C, BRSK2, BRSK1, GAPDH, CHC, a tubulin,
tubulin, B actin, Histone H3, and Lamin B1) have been optimized experimentally in the laboratory for obtaining
single-band detection without visible edge of the blots using the X-ray film development method. The blots were
cropped prior to hybridization with the respective antibodies, as mentioned in the Figures & Legends. A portion
of the full-length blots of the original blots was provided in Supplementary Figure S12.
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Immunoprecipitation and pulldown: Total protein extracts isolated from empty vector-transfected MDA-
MB-231 cells or BRSK2-Cas-9 knockout MDA-MB-231 cells (see below), which were transfected with FLAG-
BRSK?2 and treated with or without a nutrient-free medium, were immunoprecipitated using monoclonal anti-
FLAG M2 antibody (Sigma-Aldrich, F3165) or control normal IgG (Santa Cruz, sc-2025). For endogenous BRSK2
immunoprecipitation, 500 pg total proteins from BT-549 cells treated with or without a nutrient-free medium
(6 h) were immunoprecipitated with antibodies against anti-BRSK2 antibodies (#11589-1-AP, Proteintech, USA)
or control normal IgG. Immunoprecipitates were captured with protein A/G PLUS-Agarose beads (Santa Cruz,
§c-2003). After washing the beads four times with lysis buffer, the bound proteins were released by boiling
in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and analyzed by
Western blotting. For some experiments, GFP-ATG14 (Addgene, #24295) transfected cell extracts were used
for GFP-agarose pulldown (Proteintech, #gta) experiments!!'. For in vitro binding experiments, pulldown or
immunoprecipitated proteins were eluted using a low-pH glycine buffer and immediately neutralized by the tris
buffer.

CRISPR/Cas9 technology targeting human BRSK2 and a stable cell line

CRISPR/Cas9 technology was utilized to knock out the BRSK2 gene in the human breast cancer MDA-MB-231
cells. Human CRISPR/Cas9 guide RNA(gRNA) guides were designed based on the human BRSK2 gene
(GenBank accession number: NM_001256627.2). To knock out human BRSK2 in MDA-MB-231 cells, 2 sgRNA
sequences were designed using the CRISPR algorithm (CRISPR (tefor.net)). The guide sequences were as follows:
CTCACGGTTGACGATCTTGATGG and TCACTGCGTCACCTGCCAGAAGG. The crRNA and trRNA were
purchased from IDT (Integrated DNA Technologies, USA) and resuspended to 160 uM each. crRNA and trRNA
(1:1) were complexed by a touchdown PCR method (Alt-R ordered from IDT), and Cas9 3NLS protein was
added to make a functional ribonucleoprotein (RNP). RNP was added to 3 x 10° cells suspended in Opti-MEM
media (Gibco, 11058021). The cell mixture was then electroporated under optimized conditions using a NEPA21
electroporator (Nepa Gene, Japan) and subsequently transferred into 6-well plates containing 2 mL of complete
medium without antibiotics. Three days after transfection, cells were treated with 2 ug/ml of puromycin (Sigma-
Aldrich, P8833). After three weeks of selection with 2 ug/ml puromycin, the verified clones were identified using
immunoblot analysis and subsequently cultured in maintenance medium containing 0.5 pg/ml puromycin. Stable
MDA-MB-231 cells were named Control cells and BRSK2-Cas9 KD cells, respectively. For some experiments,
BRSK2 was ectopically overexpressed in BRSK2-Cas9 KD cells compared to empty vector-transfected control
cells. These cells were then exposed to + nutrient-free medium for total protein extractions for further studies.

Real-time PCR

Quantitative real-time PCR (qQPCR) analysis was performed as described before’>10%114115 Briefly, total RNA
was prepared with Trizol from cultured cells or tissue specimens from breast cancer patients (Invitrogen, 15596-
018). Human breast tissue specimens were ground into a fine powder in liquid nitrogen without thawing and
suspended in Trizol before isolating the total RNA. DNA contamination was removed from RNA with DNase
treatment (Qiagen, 79254). RNA (2 ug) was reverse transcribed with the high-capacity cDNA Archive kit (Applied
Biosystems, 4368814). cDNAs were diluted tenfold (target genes) and 100-fold GAPDH (house-keeping gene),
and qPCR was performed using SYBR Green PCR Master Mix (Thermo Scientific, K0251) on CFX96 cycler
(Bio-Rad, USA). Gene expression levels were calculated using the 2 — (AACT) method (49, 50) and normalized
to GAPDH expression. The following real-time PCR primers for human genes are used in this manuscript,
BRSK2-F: 5'-CGACGATGACAACTTCGCAC-3’, BRSK2-R: 5'-ATGCCCCGTACGAGACTCT-3’; BRSKI-F:
5'-TATGCGTGTCCAGAGGTGATT-3', BRSKI-R: 5- GGAGGTTGTCGTCATCAAAGG-3’; GAPDH-F: 5'-
CTTAGCACCCCTGGCCAAG-3’, GAPDH-5":GATGTTCTGGAGAGCCCCG-3’; CXCL10-F: 5-GTGGCA
TTCAAGGAGTACCTC-3', CXCL10-R: 5'-TGATGGCCTTCGATTCTGGATT-3'; CCL5-F: 5'- CCAGCAGT
CGTCTTTGTCAC-3’, CCL5-R: 5'-CTCTGGGTTGGCACACACTT-3'; IL6-F: 5’GAG GCA CTG GCA GAA
AAC AA-3',IL6-R: TGG CAT TTG TGG TTG GGT CA-3'; IL8-F: 5'- AGG TGC AGT TTT GCC AAG GA-3/,
IL8-R: 5'- TTT CTG TGT TGG CGC AGT GT-3’; CXCLI-F: 5'-GCCAGTGCTTGCAGACCCT-3', CXCLI-R:
5'- GGCTATGACTTCGGTTTGGG-3'; TNFa-F: 5-AGCCCATGTTGTAGCAAACC-3’, TNFa-R: 5-TGAGG
TACAGGCCCTCTGAT-3"; IL-1f3-F: 5-GGACAAGCTGAGGAAGATGC-3’, IL-1B-R: 5-TCGTTATCCCATG
TGTCGAA-3; CXCL6-F: 5'-AGAGCTGCGTTGCACTTGTT-3’, CXCL6-R: 5'- GCAGTTTACCAATCGTTTT
GGGG-3'; CXCL2-F: 5'-GCCAGTGCTTGCAGACCCT-3’, CXCL2-R: 5'-GGCTATGACTTCGGTTTGGG-3';
AKTI-F: 5'-TGGACTACCTGCACTCGGAGAA-3', AKT1-R: 5'-GTGCCGCAAAAGGTCTTCATGG-3".

Nuclear protein extracts

Nuclei-free cytoplasmic and nuclear fractions were isolated from BT-474 and MDA-MB-231 cells using a low-
salt extraction procedure previously described!!*!16, In brief, PBS washed cells were resuspended in low-salt
buffer A containing 10 mM of HEPES (Sigma-Aldrich, H4034), pH 7.8, 10 mM of KCI (Sigma-Aldrich, P5405),
0.1 mM of EDTA (Sigma-Aldrich, E8008), 1 mM of Na3VO4, 1 mM of DL-Dithiothreitol (DT T; Sigma-Aldrich,
D0632), 0.2 mM of PMSF (Sigma-Aldrich, 93482), and 1:500 protease inhibitor cocktail (Sigma-Aldrich). Cell
pellets were ground into a fine powder in liquid nitrogen without thawing and suspended in ice-cold buffer A.
Cell powder suspensions in buffer A were incubated for 15 min on ice, followed by vortexing for 10 s at RT with
NP-40 (final concentration 0.75%), and then incubated on ice for another 2 min. Crude nuclei pellets and nuclei-
free cytoplasmic fractions were separated by centrifugation at 850 x g for 3 min at 4 °C. Nuclear pellets were
washed twice with two volumes of buffer A. Nuclei were then dissolved in a high salt buffer containing 20 mM
HEPES, pH 7.8, 0.4 M NaCl, 1 mM EDTA, 1 mM Na3VO4, 1 mM DTT, 0.2 mM PMSE and 1:500 protease
inhibitors cocktail and incubated on ice for 15 min. Nuclear extracts were isolated by centrifugation at 14,000 x g
for 5 min at 4 °C.
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3D cell culture and invasiveness assay

Cancer cell spheroid assays were performed as described previously’>!'%117:118  Briefly, 20,000 cells were
transfected with either the control expression vector or BRSK2 or BRSK1, as mentioned above in the transfection
section. After 24 h of transfection, cells were mixed thoroughly with the Matrigel (Corning, 354234)(60:40% ratio)
and cultured in DMEM F12 medium (Gibco) supplemented with 20 ng/ml each of human EGF (Sigma), human
FGF (PeproTech, 100-18B), and 1X B27 (Gibco, 17504-044) in ultra-low attachment 24-well plates (Corning,
3473) for 48 h. Spheroids were then collected, and proteins were extracted for Western blot analysis. For Drug
treatment, 20,000 MDA-MB-231 cells were mixed with Matrigel (60:40% ratio) and cultured in DMEM/F12
medium supplemented with 20 ng/ml each of human EGE human FGF, and 1X B27 in ultra-low attachment
plates. Cells were then treated with either vehicle or GW296115 (2 uM) and GW296115 (3 pM) for another
72 h. Images were taken at 10X magnification using a Nikon Eclipse Ti-U Inverted Phase Contrast Microscope
(Nikon Instruments Inc., USA). As described previously!'?, the aggressive tumor cell invasion phenotypes were
analyzed using Image] software (National Institute of Health, USA). The invasion of 3D spheroids was quantified
as the average number of invadopodia/protrusions per spheroid (n=>5-10).

Cell growth assay

Cell growth assays were performed as described!%*!1%120, Briefly, cell growth was measured by adding WST-8
reagent (Dojindo Molecular Technologies, CK04) and incubating at 37 °C for 1 h. Absorbance was measured at
450 nm with background subtraction using a Microplate Reader (BioTek, USA).

Apoptotic cell death assay
Apoptotic cell death was measured by PARP cleavage, and activation of caspase-7 and caspase-9 were also
determined with antibodies that recognize cleaved products as described previously®>!1°.

Cytochrome c release from mitochondria into the cytosol was determined by immunoblotting with anti-
cytochrome c as described previously®!82,

Colony-forming assay

MDA-MB-231 cells (1x10° cells/well) were seeded on 6-well plates in a serum-containing medium the day
before treatment. Vehicle or GW296115 (1 pM) was treated for two weeks. Following treatment, cells were
washed with 1X PBS, fixed with 4% paraformaldehyde (Sigma-Aldrich, 158127) at RT for 10 min, and stained
using crystal violet solution (0.05% crystal violet [Sigma-Aldrich, 61135], 1% formaldehyde [Sigma-Aldrich,
F8775], 1% methanol [Fisher, A452-4] and 1X PBS) for 30 min at RT. Stained cells were washed with water and
air-dried at room temperature. The number of colonies was counted using the inverted tissue culture microscope
(Fisher Scientific, USA) with 4X magnification.

Cell migration assay

A wound healing/scratch assay was performed to test the migration ability of cells by measuring their motility.
MDA-MB-231 cells were seeded in 6-well tissue culture plates at a 1.0 x 106 cells/well density and cultured in
a growth medium for 24 h. Then, the cells were scratched by a sterile 200 pl pipette tip. Cellular debris was
removed, and cells were gently washed with a fresh growth medium. The cells were treated with vehicle or
GW296115 (2 uM) for 24 h. Wounded areas were photographed under an inverted microscope at time points 0
and 24 h after scratching.

Transmission electron microscopy

TEM analysis of the autophagosome was carried out as previously described?!. The cells were exposed to an EBSS
medium for 24 h and fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer. Samples are incubated
on grids and negatively stained with 2% uranyl acetate, as described previously!?. Imaging was performed on a
Philips/FEI T-12 transmission electron microscope and analyzed by NIH Image] software.

Immunofluorescence imaging (GFP-LC3)

m-GFP tandem fluorescent-tagged LC3 (GFP-LC3) immunocytochemistry and fluorescence microscopy. MDA-
MB-231 cells were transfected with GFP-LC3 plasmid (1 pg) vs. empty vector for 24 h. The next day, the cells
were again transfected with the BRSK2 (0.75 pg) plasmid vs. the empty vector. For some experiments, cells were
transfected with siBRSK2 or siControl for 24 h, and the next day, GFP-LC3 was transfected for an additional
24 h. After 24 h of the second transfection, cells were transferred to control media and nutrient-deprived media
(EBSS) for an additional 6 h. After treatment, cells were washed and fixed with 4% paraformaldehyde and then
mounted onto microscope slides. Localization of GFP-LC3 was examined with a Nikon inverted fluorescence
microscope. For some experiments, ZOE Fluorescent Cell Imager (Bio-Rad) and EVOS FL (Life Technologies)
were used for GFP-LC3 imaging. All the images were acquired with fixed exposure time and parameters. Images
were processed using Fiji/Image] software (National Institutes of Health, USA). Four fields of view from two
biological replicates were assessed'?2. GFP-LC3 puncta staining was counted from at least n=20 cells/sample,
with GFP-positive cells selected randomly from fields for scoring per condition to quantify autophagy.

Breast cancer cohort data analysis

Breast cancer cohort data from patients were analyzed as described previously’>!%!!>. Publicly available
clinical parameters and tumor gene expression data were acquired from The Cancer Genome Atlas (TCGA)
breast cancer cohort?! and the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC)
cohort* for analysis through cBioportal!?*. Regarding survival data, disease-specific survival (DSS) and other
forms of patient survival were available in TCGA breast cancer cohort and the METABRIC cohort. Univariate
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Cox regression analysis was performed using the cohorts to determine which gene’s expression may be an
independent prognostic marker for patient survival. Any gene’s high/low cutoff was defined as the top third vs.
the bottom two-thirds within any cohort.

Source of breast cancer human tissues for BRSK2 gene expression analysis

We have obtained de-identified human primary breast tumor tissue clinical specimens from the Data Bank
and BioRepository Shared Resources (BDDR) at RPCCC, with Institutional Review Board approval (RPCCC,
BDR #074516). The detailed clinical characteristics (hormone receptor status, age, stage, and history of distant
metastasis) of breast cancer patients were described previously**.

Statistical analysis

Quantitative data are presented as mean + standard error (s.e.) of three independent replicates. We have used
a one-way ANOVA test for datasets containing multiple group comparisons and Tukey’s post hoc test for the
family-wise error rate comparison. Association between variables (e.g., gene expression scores) was determined
using the Mann-Whitney U test. Kaplan-Meier method with the log-rank test was used to compare survival
curves between groups. All statistical tests were performed using the GraphPad Prism 8 software. p <0.05 was
considered statistically significant.

Data availability

The datasets analyzed during the current study are available in The Cancer Genome Atlas repository, [https://p
ortal.gdc.cancer.gov/projects/TCGA-BRCA], and the METABRIC repository. [https://www.cbioportal.org/stud
y/summary?id=brca_metabric]. The data that support the findings of this study are available from the correspo
nding authors upon reasonable request.
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