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Objective: Increased dependence on glycolysis is a known element of cancer. This study
was designed to examine critical glycolysis components including transcription factor MYC
and its downstream target lactate dehydrogenase A (LDHA), potential upstream regulators of
glycolysis such as family with sequence similarity 46 member B (FAM46B), and the impact
of the abundance of these proteins on apoptosis and glycolysis in prostate cancer.
Materials and Methods: A total of 70 primary prostate cancer patient samples were
compared to normal tissues for FAM46B and LDHA expression and the corresponding
patients’ survival was monitored for 60 months. Prostate cancer cell lines were employed
for protein expression manipulation, glucose uptake and LDH assays, and apoptosis mea-
surements. A xenograft mouse model was used to quantify the role of FAM46B and LDHA
on tumor growth in vivo.

Results: FAM46B expression was reduced in prostate tumor tissue compared to normal
tissue and prostate cancer patients who expressed low amounts of FAM46B had shortened
average lifespans compared to those who expressed higher amounts of FAM46B (p=0.008).
FAM46B overexpression reduced glucose uptake, decreased LDH activity, and induced
apoptosis in prostate cancer cell lines while FAM46B shRNA increased MYC levels in
a non-malignant prostate cell line (P69). Conversely, forced expression of LDHA in LNCaP
cells produced an increase in glycolysis markers with a corresponding decrease in apoptosis.
FAM46B-overexpressing xenografts had starkly blunted growth which was restored with co-
overexpression of LDHA.

Conclusion: FAM46B plays a central role in regulating glycolysis and apoptosis in prostate
cancer and operates through the regulation of LDHA via MYC. FAM46B’s keystone status in
prostate cancer makes it a potential, robust biomarker for prostate cancer prognosis and
a promising therapeutic target.
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Introduction

Prostate cancer is a common disease, particularly for older men. In 2018, 1,276,106
incidences of prostate cancer diagnoses were made worldwide with the majority of
men over the age of 60 developing the disease.' The rate of diagnosis is a particular
concern in countries with large aging populations.” Importantly, prostate cancer
incidences are increasing, highlighting the need for both improved sensitivity in
detection and more efficacious treatments. The risk of death from prostate cancer is

exacerbated by its asymptomatic nature in which symptoms present only in the late
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stages of cancer when metastasis occurs.® Due to the very
high prevalence of prostate cancer, its asymptomatic nat-
ure, and fatality risk, avenues for both improved treatment
and detection need to be developed.

An attractive target for both the diagnosis and treat-
ment of prostate cancer is Family with sequence similarity
46 member B (FAM46B). FAM46B is a protein belonging
to a family of four related proteins (FAM46A, FAM46B,
FAM46C, and FAM46D) which have largely undefined
functions but have been shown to play a role in tumor-
igenesis. Specifically, a Single Nucleotide Polymorphism
(SNP) found in FAM46A has been correlated with breast
cancer,’ a tandem repeat in the FAM464 gene has been
found in non-small cell lung cancer’ and FAM46A expres-
sion is decreased in prostate cancer.” FAM46B has been
shown to reduce prostate tumor growth in an in vivo
model through ubiquitination of p-catenin.” FAM46C has
been found to have tumor-suppressing functions in multi-
ple myeloma®® as well as hepatocellular carcinoma.'®'?
Finally, FAM46D is a proposed cancer immunotherapy
target.'

Tumor cells typically survive in a hypoxic, highly
metabolic state. Because of this, and other possible
unknown mechanisms, cancer cells favor glycolysis over
oxidative phosphorylation to generate energy (the Warburg
effect).”® It is speculated that the expression of lactate
dehydrogenase A (LDHA) is increased in cancer as part
of a system to fuel the cellular metabolism of these cells.
Indeed, LDHA is dysregulated in several cancers including

1617 and glioma,'®

pancreatic cancer,”’15 breast cancer,
plays a role in the aggressiveness of gastric cancer;'’ and
controls apoptosis in some cancer types.”’ Expression of
LDHA is speculated to be regulated by a few known
factors, including fibroblast growth factor receptor,”!
cyclin G2,>? FLF4,” FOXM1,* or through a well-
defined MYC-LDHA pathway;'****¢ however, there are
little data beyond these, particularly in regards to upstream
initiators.

The function of the MYC/LDHA pathway is critical for
the maintenance of the Warburg effect.”” Specifically, it is
that MYC-mediated LDHA expression is
a primary component in lactate/pyruvate cycling in tumor
cells. It is through these LDHA-dependent pathways that
tumors are able to survive and proliferate.

In this study, we examine the role of FAM46B in the
regulation of apoptosis and glycolysis in prostate cancer

believed

and the possible molecular mechanism involved in the

MYC-LDHA axis. We show that FAM46B is

downregulated in primary patient prostate cancer cells
and that low FAM46B expression correlates with poor
patient survival. We also show that intentional deregula-
tion of FAM46B reduces glycolysis and induces apoptosis
in prostate cancer cells while FAM46B shRNA increases
glycolysis markers in a non-tumorigenic prostate cell line.
Finally, we demonstrate that LDHA is a regulatory target
of FAM46B in prostate cancer cells and suggest a role for
MYC in mediating this regulation.

Materials and Methods

Clinical Samples

Thirty-five cases of tumor tissue and 35 cases of neighbor-
ing noncancerous tissue were received from prostate can-
cer patients in Shanghai Sixth People’s Hospital East
Affiliated to Shanghai University of Medicine & Health
Sciences recruited from March 2014 to October 2017. The
human prostate cancer tissue microarrays used in this
study were prepared by Shanghai Outdo Biotech Co.,
Ltd. (Shanghai, China) and collected for the measurement
of FAM46B protein abundance by immunohistochemistry
(IHC) analysis, and detailed information is presented in
Table 1. All of the patients provided signed informed

Table | Association of FAM46B Expression with Clinical
Characteristics of 70 Patients with Prostate Cancer

Characteristics Patients FAM46B P
=70
(n=70) High Low
(n=41) (n=29)
Age 0.234
<70 40 21 19
>70 30 20 10
Tumor size (cm) 0.018
<3 31 23
>3 39 18 21
Tumor stage 0.555
pT2 53 30 23
pT3/pT4 17 1l 6
TNM stage 0.005
| 20 16 (39.0) | 4
] 34 14 34.1) | 20
1l 12 10 (24.4) | 2
v 4 1 (2.5) 3
Gleason score 0.132
<6 or =3+4 24 17 (41.5) | 7
=4+3 or 28 46 24 (585) | 22

Note: Differences between groups were done by the Chi-square test.
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consent. The medical ethics committee of Shanghai Sixth
People’s Hospital East Affiliated to Shanghai University of
Medicine & Health Sciences approved the present retrieval
method of cancer specimens.

Immunohistochemistry (IHC)

Paraffin-embedded tissue sections of primary prostate cancer
and the bordering non-tumor prostate tissues were employed
IHC
FAM46B protein was implemented on prostate cancer speci-

for immunohistochemical analysis. staining of
mens following a conventional protocol using an anti-
FAM46B antibody (Biorbyt), followed by incubation with
a secondary antibody (Shanghai Long Island Biotec. Co.,
Ltd). Immunohistochemical evaluation was performed by
two pathologists blinded to the clinical characteristics of
the patients. Based on IHC, patients with 25% or more of
tumor cells with positive staining were categorized as the
FAM46B high expression group and those with fewer than
25% of tumor cells with positive staining were placed into
the FAM46B low expression group.

Cell Culture and Transfection

PC3 and LNCaP human prostate cancer cell lines and P69
prostate epithelial cell lines were purchased from the cell
bank of Shanghai Biology Institute, Chinese Academy of
Science (Shanghai, China). LNCaP, PC3 and P69 cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM). All culture media was supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin (Life
Technologies). Cells were culture in 5% CO, at 37°C.

To elevate the expression of FAM46B and LDHA, the
coding sequence was synthesized and cloned into pLVX-
(Clontech, USA). RNA
sequences targeting FAM46B were manufactured and

Puro plasmids interference

cloned into linearized pLKO.1 plasmids (Addgene,
USA). The interference sites and corresponding primer
sequences are as follows: FAM46B (shRNA-1, position
358-376 5'-TCTTCTGAGCGAGCCGATT-3'; shRNA-2,
position 762-780, 5'-GCAAGAACGTGGAGCTCAA-3').
Recombinant lentiviral plasmids with packaging plasmids
psPAX2 and pMD2G were co-transfected into 293T
cells using Lipofectamine 2000 (Invitrogen, USA). At
48 h post transfection, virus-containing supernatants were
collected and used for transducing cells. Cells with
pLKO.1-scramble shRNA or empty pLVX-Puro vectors

were used as negative controls.

Cell Apoptosis Assay

Cells were seeded into a six-well plate (5 x 10°/well) and
grown to 50% confluence. Collected LNCaP or PC3 cells
were transduced with pLVX-Puro-FAM46B and/or pLVX-
Puro-LDHA vector, and P69 cells were transduced with
pLKO.1-shRNA-FAM46B vector. At 48 h post-transduction,
apoptosis was measured using flow cytometry. Briefly, cells
were labeled with 5 pL fluorescein isothiocyanate-labeled
recombinant annexin V (Annexin V-FITC) for 15 min in the
dark at 4°C, followed by 5 pL PI for another 15 min.

Measurement of Glucose Uptake

Glucose uptake was measured using a fluorescent glucose
2-NBDG (2-Deoxy-2-[(7-nitro-2,1,3)]-benzoxadiazol-4-yl)
Glucose Uptake Assay Kit (Biovision, Milpitas, CA, USA)
following the manufacturer’s protocol. In brief, 5x10° cells
per well in a six-well plate were cultured at 37°C for 24 hr.
Collected LNCaP or PC3 cells were transduced using
pLVX-Puro-FAM46B and/or pLVX-Puro-LDHA vector,
and P69 cells were transduced with pLKO.l1-shRNA-
FAM46B vector. At 48 h after transduction, cells were
starved for glucose for 3 h. After incubating with Krebs-
Ringer Bicarbonate Buffer with 2% bovine serum albumin
(BSA) for 40 min, 2-NBDG (100 pM) was injected into
each well and incubated for 45 min at 37°C. The cells were
then washed with PBS, trypsinized, resuspended in 10%
FBS before subjecting to flow cytometry analysis. The
glucose uptake potential of the samples was analyzed
using BD Accuri C6 flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA).

Measurement of Lactate

5x10° cells per well in a six-well plate were cultured for
24 hrs at 37°C. Collected LNCaP or PC3 cells were
transduced with pLVX-Puro-FAM46B and/or pLVX-Puro-
LDHA vector, and P69 cells were transduced with
pLKO.1-shRNA-FAM46B vector. At 48 h after transduc-
tion, cellular lactate release was measured using the Lactic
Acid assay kit (Nanjing Jiancheng Bioengineering
Institute, China) according to the kit manual.

Quantitative RT-PCR

TRIzol reagent (Life Technologies, Inc., Waltham, MA, USA)
was used to extract RNA from prostate cancer tissues and cell
lines. cDNA was produced from RNA via PrimeScript kit
(Takara Biotechnology, Dalian, China) following the manu-
facturer’s protocol. SYBR green quantitative RT-PCR was
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performed in an ABI 9700 real-time PCR system (Applied
Biosystem) using standard reagents (Applied Biosystems,
Foster, CA, USA). The primers used for the PCR are as
follows: FAM46B-F: 5-CTGGCTGCCTTGTAACTG-3',
FAM46B-R: 5-TCGGGAAAGTCTGGTCTG-3"; LDHA-F:
5'-AGCCCGATTCCGTTACCTAATG-3', LDHA-R: 5'-ACC
TGCTTGTGAACCTCTTTCC-3'; GAPDH-F: 5-AATCCC
ATCACCATCTTC-3', GAPDH-R: 5-AGGCTGTTGTC
ATACTTC-3'. Fold change of FAM46B and LDHA mRNA

was determined by the 2 **“T method.

Western Blot Analysis

Protein was extracted in RIPA lysis buffer with protease
inhibitor cocktail (Sigma, St. Louis, MO, USA), separated
by SDS-PAGE, and transferred onto a nitrocellulose mem-
Bedford, USA). Membranes were
blocked with 5% reconstituted dry milk, and incubated
with antibodies against FAM46B (Biorbyt; Orb354867),
cleaved caspase-3 (Abcam; ab2302), LDHA (Abcam;
ab101562), MYC (Abcam; ab32072) and GAPDH (Cell
Signaling Technology, Danvers, MA, USA; #5174) then
incubated with an HRP-conjugated secondary antibody

brane (Millipore,

(Beyotime, Shanghai, China; A0208) following manufac-
turer’s protocol. Protein bands were visualized with an
enhanced chemiluminescence (Bio-Rad,

Richmond, CA, USA).

system

Establishment of Stable Cell Lines and

Xenograft Study

LNCaP cells (5x10° transduced with pLVX-Puro-
FAM46B, pLVX-Puro-LDHA, or empty vector were sub-
cutaneously injected into the axilla of 4- to 5-week-old
male nude mice (Shanghai Laboratory Animal Company,
Shanghai, China). Tumors were measured every 3 days
and tumor volumes were calculated using the formula:
Tumor volume = (length x width~2)/2. Thirty-three days
after injection, mice were sacrificed and tumor xenografts
were collected, photographed and weighed (n=6 per
subjected to TUNEL
(Terminal deoxynucleotidyl transferase dUTP Nick-End
Labeling) analyses (Roche, Indianapolis, IN, USA). Care
of the laboratory animals and animal experimentation were

group). The xenografts were

performed in accordance with the animal ethics guidelines
and approved protocols of Shanghai Sixth People’s
Hospital East Affiliated to Shanghai University of
Medicine & Health Sciences (YS-2019-089).

Statistical Analysis

All experiments were carried out three times and the
quantitative data were expressed as mean + SD. All sta-
tistics were analyzed by GraphPad Prism 7.0 (GraphPad
Software, San Diego, CA, USA). A comparison between
different experimental groups was performed using
ANOVA followed by Tukey’s post-multiple test. P<0.05
was considered to have a significant statistical difference.
Kaplan—-Meier method and Cox’s proportional hazards
regression model were used to calculate overall survival
and the differences were analyzed by a Log rank test.

Results
FAM46B is Downregulated in Prostate
Cancer Tissues and Correlated with Poor

Survival

Clinical samples were collected from hospitals following
informed consent. The expression of FAM46B in prostate
cancer tissues was analyzed by qRT-PCR (Figure 1A) and
IHC (Figure 1B). IHC samples were quantified based on
the percentage of positive staining (Figure 1B, lower) and
the association of FAM46B expression according to the
IHC analysis (high vs low) with clinicopathological char-
acteristics was analyzed (Table 1). FAM46B expression
was associated with tumor size and TNM stage, but not
with age, tumor stage, or Gleason score. A comparison of
70 prostate cancer patients presenting high FAM46B
expression (n = 41) with those presenting low FAM46B
expression (n = 29) showed a significant (p=0.008) lower
overall survival over a 60-month period for patients with
low FAM46B expression (Figure 1C). A breakdown of
potential prognostic (Figure 1D) factors found the highest
hazard ratio (HR) between FAM46B expression and survi-
val (HR= 1.50), followed by Gleason Score (HR=1.28),
TNM stage (HR=1.19), tumor size (HR=1.16), age (HR=
0.95), and tumor stage (HR=0.75), indicating the potential
for FAM46B as a prognostic factor.

Overexpression of FAM46B Promotes
Apoptosis and Inhibits Glycolysis of
LNCaP and PC3 Cells

Previous studies have found that FAM46B abundance was
significantly higher in the non-tumorigenic P69 cell line
compared to the tumorigenic LNCaP and PC3 cell lines.’
We increased the FAM46B levels using an expression
vector and

confirmed overexpression and protein
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Figure | FAM46B expression in prostate cancer tissues. (A) FAM46B mRNA expression in 35 prostate cancer (T) and paired normal (N) tissues from the hospital cohort.
(B) Typical images of immunohistochemistry (IHC) in 70 prostate cancer and 10 normal tissues from tissue microarrays showing the protein expression of FAM46B. Scale
bar: 100 um. (C) Kaplan-Meier curves for overall survival rates of prostate cancer patients according to FAM46B expression levels based on IHC analysis. (D) Multivariate

analysis of overall survival in prostate cancer patients. **P<0.0| compared with N.

abundance by quantitative RT-PCR and by Western blot
(Figure 2A). Annexin V/PI staining indicated that over-
expression of FAM46B induced apoptosis in LNCaP and
PC3 cells, respectively, compared to empty vector group
(Figure 2B), confirming the suspected role of FAM46B in
apoptosis. Glucose uptake, gauged by 2-NBDG uptake,
was determined to be decreased in LNCaP and PC3 cells
overexpressing FAM46B (Figure 2C). Accordingly, both
lactate and LDH activity were found to be reduced in both
LNCaP and PC3 cells following FAM46B overexpression

(Figure 2D, and E). To demonstrate the role of FAM46B in
the regulation of apoptosis and cell survival, we measured
the protein abundance of the pro-apoptotic protein cas-
pase-3, the proto-oncoprotein MYC, and LDHA. In agree-
ment with our annexin V/PI staining, both LNCaP
and PC3 cells
cleaved caspase-3 levels, while anti-apoptotic MYC was

demonstrated a marked increase in
found in lower abundance following FAM46B overexpres-
sion. LDHA levels were also reduced in FAM46B-

overexpressing LNCaP and PC3 cells, in accordance
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Figure 2 FAM46B overexpression promotes apoptosis and inhibits glycolysis of LNCaP and PC3 cells. (A) mRNA and protein expression of FAM46B in LNCaP and PC3
cells transduced with FAM46B expressing vector (FAM46B) or empty vector (vector). After transduction, (B and C) flow cytometry was performed to assess cell apoptosis
and glucose uptake, (D) lactate release and (E) LDH activity were measured by biochemical analysis, and (F and G) protein expression of cleaved caspase-3, MYC and LDHA

was measured by Western blot. ***P<0.001 compared with vector group.

with our data showing a reduction in LDH activity
(Figure 2F and G).

Knockdown of FAM46B Promotes
Apoptosis and Inhibits Glycolysis of P69

Cells

Knockdown of FAM46B using two unique shRNA
sequences in P69 cells was confirmed by quantitative RT-
PCR and Western blot (Figure 3A). Converse to the apop-
tosis induction by FAM46B overexpression, we found that
baseline apoptosis in P69 cells was reduced by FAM46B
knock-down by FAM46B shRNA when compared to con-
trol shRNA (Figure 3B). Glucose uptake was increased in
cells expressing FAM46B shRNA (Figure 3C). Lactate

release and, correspondingly, LDH activity were found to
be increased in P69 cells with reduced FAM46B abun-
dance (Figure 3D and E). Likewise, knock-down of
FAM46B reduced cleaved caspase-3 levels while increas-
ing both MYC and LDHA (Figure 3F).

FAM46B Regulates Apoptosis and
Glycolysis of LNCaP Cells Through
Inhibition of LDHA

To evaluate the FAM46B/LDHA relationship from the
function of LDHA we overexpressed LDHA in LNCaP
cells (Figure 4A). A comparison of apoptosis among
LDHA-overexpressing LNCaP cells, LNCaP cells over-
expressing FAM46B, LNCaP cells overexpressing both
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Figure 3 FAM46B silencing inhibits apoptosis and promotes glycolysis of P69 cells. (A) mRNA and protein expression of FAM46B in P69 cells transduced with FAM46B
silencing vector (shFAM46B) or scramble shRNA vector (shNC). After transduction, (B and C) flow cytometry was performed to assess cell apoptosis and glucose uptake,
(D) lactate release and (E) LDH activity were measured by biochemical analysis, and (F) protein expression of cleaved caspase-3, MYC and LDHA was measured by Western

blot. ¥*P<0.001 compared with shNC group.

proteins, and empty vector cells was performed. As

described previously, cells overexpressing FAM46B
showed an increase in apoptosis compared to empty vector
controls; LDHA-overexpressing cells showed a decrease
in baseline apoptosis compared to controls. Simultaneous

overexpression of both proteins resulted in a blunting of

the impact of FAM46B overexpression resulting in
a partial rescue of cell viability (17.4% apoptotic cells)
(Figure 4B).

Glucose uptake followed a pattern like that of apoptosis
with FAM46B and LDHA performing opposing functions.
While FAM46B overexpression in LNCaP cells decreased
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Figure 4 FAM46B promotes apoptosis and inhibits glycolysis through inhibition of LDHA in LNCaP. (A) mRNA and protein expression of LDHA in LNCaP cells transduced
with LDHA expressing vector (LDHA) or empty vector (vector). After LNCaP cells were transduced with FAM46B expressing vector (FAM46B) and LDHA expressing
vector (LDHA) or empty vector (vector), (B, C) flow cytometry was performed to assess cell apoptosis and glucose uptake, (D) lactate release and (E) LDH activity were
measured by biochemical analysis, and (F) protein expression of cleaved caspase-3, MYC and LDHA was measured by Western blot. **P<0.01, ***P<0.001 compared with

vector group. “#P<0.01, "#P<0.001 compared with FAM46B group.

glucose uptake, LDHA overexpression increased glucose
uptake, and co-overexpression of both proteins resulted in
glucose uptake which was only modestly changed from
empty vector control (Figure 4C). Both lactate release and
LDH activity were expectedly increased in LDHA-
overexpressing LNCaP cells; FAM46B overexpression
modestly reduced both measurements. Overexpression of
FAM46B in cells which also overexpress LDHA resulted
in a reduction in lactate release and LDH activity when

compared to cells overexpressing LDHA alone (Figure 4D
and E). Cleaved caspase-3 abundance correlated with apop-
tosis: LDHA overexpression decreased cleaved caspase-3
abundance while FAM46B increased it. Overexpression of
both proteins produced an intermediate abundance of
cleaved caspase-3 (Figure 4F). Together, these data show
a clear opposing mechanism between pro-apoptotic, anti-
glycolytic FAM46B and anti-apoptotic, pro-glycolytic
LDHA.
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Overexpression of FAM46B Inhibits
Tumor Progression in vivo Through

Inhibition of LDHA

To wvalidate the functions of FAM46B and LDHA
in vivo, LNCaP cells with FAM46B and/or LDHA
overexpression were injected into nude mice and the
growth of the xenografts was observed for 33 days.
FAM46B inhibited
(Figure 5A and B), promoted cell apoptosis (Figure
5C and D), and led to low levels of LDHA expression
(Figure 5E) in xenograft tumor tissues. However,

overexpression tumor growth

LDHA overexpression demonstrated an inverse effect.
Additionally, LDHA overexpression counteracted the

FAM46B overexpression-induced anti-tumor effect
in vivo.
A 9007 Vector B
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Correlation Analyses in Prostate Cancer

Tissues

Primary prostate samples including tumor (T) and local
normal (N) tissue were collected from hospital and ana-
lyzed for LDHA expression by qRT-PCR. Expression was
found to be significantly higher in tumor tissues compared
to normal prostate tissue (p < 0.001) (Figure 6A). The
mRNA expression of LDHA was inversely proportional
to that of FAM46B (r = —0.4354, p = 0.0089) (Figure 6B).

Discussion

We have examined the role of FAM46B in prostate cancer
using manipulated cell lines, primary patient samples, and
an in vivo xenograft model. We found FAM46B mRNA
levels to be significantly lower in tumor tissues and that

. Q ‘ ' 0.8 Vector
@ ~ ¢ a E’ BN FAMA46B
= 0.4 T
o
®
¢ @ : -
S 0.2
L 4 3
4 >
) . ‘ [ T .
I ‘ 0.0 — T

Vector LDHA
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Apoptotic cells (%)

Figure 5 FAM46B inhibits tumor growth in vivo through inhibition of LDHA. LNCaP cells stably transduced with the indicated plasmids were subcutaneously injected into
nude mice (n=6 per group). (A) Tumor volume was evaluated every 3 days for 33 days. (B) At day 33, mice were sacrificed, and tumors were photographed and weighed.
(C and D) Xenograft tumors with TUNEL staining. Scale bar: 50 um. (E) Protein expression of FAM46B and LDHA was measured by Western blot. *P<0.05, **P<0.01,
#%p<0,001 compared with vector group. **P<0.01, *#P<0,001 compared with FAM46B group.
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Figure 6 Correlation analyses in prostate cancer tissues. (A) LDHA mRNA expression in 35 prostate cancer (T) and paired normal (N) tissues from the hospital cohort.

(B) Pearson correlation scatter plot in prostate cancer tissues (n=35).

primary prostate cancer samples expressing high levels of
FAM46B correlated to extended overall survival in
patients compared to those expressing lower levels of
FAM46B. The hypothesis that FAM46B may play a role
in apoptosis was confirmed through manipulation of cell
lines which showed that high FAM46B expression corre-
lated with increased apoptosis and reduced glycolysis
while elevated LDHA has the opposite impact. This pat-
tern poses two potential opportunities. First, these data
highlight the utility of screening prostate cancer patients
for FAM46B expression. Given the above, more aggres-
sive treatment may be beneficial for those with low
FAM46B expression. Second, restoration of FAM46B
abundance via gene therapy or other mechanism presents
a promising avenue for prostate cancer treatment.

In our study, we found FAM46B expression correlates
negatively with tumor size and TNM stage and positively
correlates with favorable prognosis in patients with prostate
cancer. Mechanistically, FAM46B clearly plays a role in
regulating apoptosis in prostate cancer. Likewise, we have
demonstrated here that FAM46B also mediates glycolysis.
While FAM46B potentially has multiple avenues for cell
killing, these data suggest a likely scenario that involves
a mechanism of inducing apoptosis through “starving”

cancer cells by downregulating glycolysis. Our data show
that this mechanism is mediated via LDHA downregula-
tion. Together, these results indicate that FAM46B-
mediated LDHA downregulation can inhibit tumor growth.

Much like FAM46B, LDHA holds a central role in
regulating apoptosis in prostate cancer. Here, we show
that increased LDHA expression reduced apoptosis and
counteracted the pro-apoptotic effect of FAM46B. As
expected, overexpression of LDHA increased glucose
uptake and increased cellular lactate levels, functionally
enhancing the Warburg Effect. Similarly, LDHA expres-
sion and LDH level were increased in prostate cancer
samples and were prognostic indicators for prostate cancer
patients with metastasis.”®>° Furthermore, downregulation
of LDHA also suppresses prostate cancer cell prolifera-
tion, migration, and invasion, increases cell apoptosis and
reprograms glucose metabolism.?®

LDHA protein abundance and total LDH activity are
suppressed by the presence of FAM46B. We also show that
MYC is also opposed by FAM46B; MYC has been shown to
regulate LDHA in lymphoid cells*® and it stands to reason
that a similar mechanism may be at play here. Other potential
regulators of LDHA include P-catenin,®’ which has been
proposed to regulate MYC>? and cyclin G2,%* among others.
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As we have shown MYC to be regulated by FAM46B, and
our previous study reported that FAM46B inhibits cell pro-
liferation and cell cycle progression in prostate cancer
7 it is probable that
FAM46B may regulate LDHA expression via the -catenin

through ubiquitination of B-catenin,

/MYC signaling in prostate cancer. LDHA has been known
to be involved throughout oncogenesis® particularly due to
the increased energy needs of cancer cells."> Conversely,
inhibition of LDHA in cancer causes mitochondrial dysfunc-
tion in breast cancer.>* It was therefore not surprising to find
increased expression of LDHA in the prostate cancer samples
examined here and loss of LDHA correlating with the induc-
tion of apoptosis is compatible with glycolysis-dependence.
However, as MYC regulates multiple gene expression pro-
files, we cannot conclusively determine this phenotype is
LDHA-dependent. Additionally, LDHA expression is regu-
lated by other transcription factors (eg HIF1a)>> in prostate
cancer which further confounds connecting MYC and
LDHA. The interwoven regulatory pathways emanating
from LDHA will need further analysis to fully describe the
role of LDHA in mediating the Warburg effect.

Conclusion

The data here present a framework for the understanding
of the FAM46B/LDHA axis in prostate cancer. Further
research will need to be performed to elucidate the spe-
cific mechanisms at play regarding the roles of FAM46B
and LDHA in prostate cancer. The specific role of MYC
and its relationship with [-catenin should be further
defined. The mechanism by which LDHA inhibits
cleaved caspase-3 has yet to be defined but could serve
as a keystone therapeutic target as this is where
a connection between energy metabolism and apoptosis
resides. Possibly most important is defining the cause of
FAM46B suppression in aggressive prostate cancer as
these data may highlight an important genetic or environ-

mental risk factor.
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