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Human MDA-MB-231 Breast Cancer Cells Fails to Alter Lactic
Acid Production, Glycolytic activity, ATP or Survival
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Abstract

Background—In the US, African Americans have a high death rate from triple-negative breast
cancer (TNBC), characterized by lack of hormone receptors (ER, PR, HER2/ERRB2) which are
otherwise valuable targets of chemotherapy. There is a need to identify novel targets that
negatively impact TNBC tumorigenesis. TNBCs release an abundance of lactic acid, under
normoxic, hypoxic and hyperoxic conditions; this referred to as the Warburg effect. Accumulated
lactic acid sustains peri-cellular acidity which propels metastatic invasion and malignant
aggressive transformation. The source of lactic acid is believed to be via conversion of pyruvate by
lactate dehydrogenase (LDH) in the last step of glycolysis, with most studies focusing on the
LDHA isoform.

Materials and Methods—In this study, LDHA was silenced using long-term MISSION®
shRNA lentivirus in human breast cancer MDA-MB-231 cells. Downregulation of LDHA
transcription and protein expression was confirmed by Western Blot, immunocytochemistry and
gPCR. A number of parameters were measured in fully viable vector controls versus knockdown
(KD) clones, including levels of lactic acid produced, glucose consumed, ATP and basic metabolic
rates.

Results—The data show lentivirus V-165 generated a knock-down clone most effective in
reducing both gene and protein levels to less than 1% of vector controls. Stable KD showed
absolutely no changes in cell viability, lactic acid production, ATP, glucose consumption or basic
metabolic rate. Given the complete absence of impact on any observed parameter by LDH-A KD
and this being somewhat contrary to findings in the literature, further analysis was required to
determine why. Whole-transcriptome analytic profile on MDA-MB-231 for LDH subtypes using
Agilent Human Genome 4x44k microarrays, where the data show the following component
breakdown.

Transcripts—30.47 % LDHA, 69.36% LDHB, 0.12% LDHC and 0.05% LDHD.
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Conclusion—These findings underscore the importance of alternative isoforms of LDH in
cancer cells to produce lactic acid, when LDHA is silenced or inhibited. LDHA silencing alone is
not effective in hampering or inducing changes in survival, metabolism or lactic acid produced in a
cell line with high concentrations of LDHB. Future research will be required to confirm effects of
dual LDHA/B knockdown and further confirm that the sole source of lactic acid produced occurs
through LDH (all isoforms) in breast cancer cells.

In the U.S., African Americans experience high death rates from triple-negative breast
cancer (TNBC) breast cancer, in part due to limited treatment options excluding hormone
based chemotherapy. Metastatic aggression of TNBC is associated with overexpression of
lactic acid dehydrogenase (LDH), production of lactate and a subsequent acidic pH which
circumscribes tumors in the absence or presence of oxygen (Warburg effect). TNBC cells
convert pyruvate to lactic acid via LDHA (Figure 1), the extent of which is associated with
metastatic invasiveness, Ki-67 proliferation marker and poor clinical outcome (1, 2).
Elevated glycolytic production of lactate is observed in diverse cancers where greater LDHA
expression correlates to poor survival rates, greater tumor size, advanced clinical stage,
Gleason scores, histological grade and relapse (3, 4).

Experimental knockdown of LDHA in diverse malignant cell types has been reported to
reduce glycolytic activity (5, 6), attenuate extruded lactate and ATP, tantamount to hampered
cell proliferation, migration, invasion (7-10) and radio sensitization (11). Further, a number
of studies are showing LDHA mRNA as being degraded by miRNAs: miR34a, miR-34c,
miR-369-3p, miR-374a, and miR-4524a/b where overexpression of some of these can
prevent resistance to radiation (8, 12) and chemotherapeutic drugs (13, 14). These findings
are evident in both animal and cell culture models where lower protein or enzyme function
of LDHA inhibits tumorigenesis (15), conversely overexpression corresponding to rapid
tumor growth (16).

Previously, we conducted a high through put screening of natural products to identify human
LDHA inhibitors, of which Chinese gallnut was a lead herb (17). Further analysis showed
that 1,2,3,4,6-Penta-O-galloylglucose was the compound in Chinese gallnut with capacity to
inhibit LDHA in the nM range (18). The latter study confirmed that LDHA inhibitors seem
to slow the growth or cell division of TNBC cells, but we did not find concrete evidence to
show that production of lactate was hampered, nor did we find evidence of toxicity. For this
reason, here we evaluate for the consequences of stable LDHA knockdown in MDA- MB-
231 cells on various metabolic parameters including lactate production. The findings in this
and the previous studies clarify an important element, in that multiple isoforms such as
LDHAV/B are likely compensatory elements to maintain production of lactic acid through
glycolysis in tumor cells.

Materials and Methods

Materials used such as Hanks Balanced Salt Solution, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), ethanol, 96-well plates, silencing reagents, ATP
quantification kits, general reagents and supplies purchased from Sigma Aldrich (St. Louis,
MO, USA) and VWR International (Suwanee, GA, USA). Antibodies and immunological
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assay reagents were purchased from Abcam (Cambridge, MA, USA). Qiagen miRNeasy
Micro Kits (Germantown, MD, USA) and RT-PCR supplies were purchased from Bio-Rad
Laboratories (Hercules, CA, USA).

MDA-MB-231 cells were purchased from American Type Culture Collection (Manassas,
VA). Cells were brought up according to the manufacturers instruction, then sub-cultured in
DMEM high glucose media [glucose 4,500 mg/L] containing 5% FBS, 4 mM L-glutamine,
and penicillin/streptomycin (100 U/0.1 mg/ml). Culture conditions: maintained at 37°C in
5% COo/atmosphere. For experiments, plating media consisted of DMEM [glucose
4500mg/L], 2.5% FBS and penicillin/streptomycin (100 U/0.1 mg/ml).

Lentiviral transduction

Cell viability

gPCR

The MISSION lentiviral based shRNA vector collections from Sigma Aldrich (St. Louis,
MO, USA) were used for long-term silencing. Briefly, 1.6x104 cells were cultured in 96-
well plates, incubated for 18-20 hours. Media was removed, hexadimethrine bromide (8
ug/ml) was added, followed by various volumes of lentiviral particles. (V-165)
[TRCN0000165175] and (V-591) [TRCN0000159591] were effective KD clones. After
incubation for 18-20 hours at 37°, puromycin was added and resistant colony selected and
grown.

Cell Viability was quantified using resazurin [7-Hydroxy-3H-phenoxazin-3-one 10-oxide]
(Alamar Blue) indicator dye (19). A working solution of resazurin was prepared in sterile
HBSS -phenol red (0.5 mg/ml) and added (15% v/v) to each sample. Samples were returned
to the incubator for 2—4 hr, and reduction of the dye by viable cells (to resorufin, a
fluorescent compound) was quantitatively analyzed using a Synergy HTX multi-mode
reader (Bio-Tek, Winooski, VT) with settings at [550/580], [excitation/emission].

Qiagen miRNeasy Micro Kit (Germantown, MD, USA) was utilized for the isolation and
cleanup of RNA, which was converted to cDNA using the script cDNA synthesis kit from
Bio-Rad Laboratories (Hercules, CA,USA). Amplification was generated with advanced
universal SYBR Green Supermix and Bio-Rad primers for LDHA and B-Actin. The Bio-Rad
CFX96 touch PCR detection system was utilized for cDNA synthesis, amplification and data
analysis.

Somatic ATP

ATP was determined using the Adenosine 5’ -triphosphate (ATP) bioluminescent somatic
cell assay kit (Catalog Number FLASC) Sigma Aldrich (St. Louis, MO, USA) according the
manufacturer’s instructions. Briefly, cells were lysed with ATP releasing reagent, transferred
to a flat white bottom 96 well plate and quantified on a Synergy HTX multi-mode reader
(Bio-Tek, Winooski, VT) using luminescence settings.
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Western blotting

LDHA protein expression was determined by Western Blot. Briefly, cell samples were
washed in ice cold sterile PBS at 4°C., centrifuged and the supernatant discarded. The pellet
was re-suspended and homogenized/sonicated in a lysis buffer containing protease
inhibitors. The supernatant was assessed for protein concentration and added to 1:1 of
Laemmli sample buffer (Bio-Rad #161-0737) + fresh B-ME and boiled for 5 min. The
proteins were run, transferred to polyvinylidene fluoride membranes (100V for 60 min),
placed in a blocking buffer consisting of 5% milk w/v in Tween/BS buffer (TTBS), pH 7.4
and incubated with 1° antibody [polyclonal anti-LDHA produced in rabbit (1:500),
Monoclonal Anti-p-Actin antibody (1:2,000). The membranes were washed in TTBS and
incubated in 2° anti-mouse/or rabbit 1gG (Fc specific) peroxidase conjugate (1:4,000) in 2%
non-fat dried milk in TTBS for 1 h at room temperature. Detection was obtained by ECL
substrate, using a Versadoc Imaging Platform.

Whole-genomic profiling

Whole genome expression profiling was carried out using Agilent Human Genome 4x44k
Microarrays on total RNA samples. In brief, RNA was isolated from each sample. The
quantity of each of the total RNA samples was determined by spectrophotometry and the
size distribution were assessed using an Agilent Bioanalyzer. For profiling two hundred ng
of total RNA was converted into labeled cRNA with nucleotides coupled to fluorescent dye
Cy3 using the Low Input Quick Amp Kit (Agilent Technologies, Palo Alto, CA, USA). Cy3-
labeled cRNA (1.65 mg) from each sample was hybridized to an Agilent Genome 4x44k
Microarray. The hybridized array was scanned and data was extracted from the scanned
image using Feature Extraction version 10.7 (Agilent Technologies).

Lactic acid colorimetric assay

Lactate was determined using a colorimetric enzymatic assay, procedure 675 Sigma Assay
(Lactate reagent). The reagent was added to the samples and incubated for 8 min at 37
degrees. Lactate was quantified at 490 nm on the uQuant microplate reader (Bio-tek
instruments, Inc). Experimental media for this assay was DMEM high glucose media
[glucose 4500mg/L] containing 1% FBS, 4 mM L-glutamine, and penicillin/streptomycin
(100 U/0.1 mg/ml) (minus phenol red).

Lactic acid HPLC

Determination of lactate was also acquired using a Shimadzu HPLC system equipped with
an SPD-20A UV detector (set at 210 nm), and a workstation containing EZSTART version
7.4 software and an SS420X instrument interface docked to a Waters autosampler Model
717 Plus (Shimadzu Scientific Instruments, Columbia, MD, USA; Waters, Milford, MA,
USA). The flow rate was isocratic, being controlled by a Waters Model 510 pump at 0.6 mL/
min. The mobile phase contained 5 mM sulfuric acid and the column used was an Aminex
HPX-87H 300x7.8 mm with 9 um particle size (Bio-Rad, Hercules, CA, USA). The run time
was 16 min and injection volume was 25 ul. Samples were prepared by placing 35 uL cell
supernatant into 200 pL of 5 mM sulfuric acid, immediately stored at —80°C. Prior to
analysis, samples were thawed and 125 pL was added to 275 L of 5 mM sulfuric acid.
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Glucose consumption

Imaging

Briefly, glucose was quantified as previously described, (20) using an enzymatic assay using
glucose oxidase (20U/mL) and a chromogenic solution, then quantified at 490 nm on the
Synergy/HTX multi-mode reader (Bio-tek Instruments, Inc). Experimental media for this
assay was DMEM high glucose media [glucose 4500 mg/L] containing 5% FBS, 4 mM L-
glutamine, and penicillin/streptomycin (100 U/0.1 mg/ml) (minus phenol red).

Alexa Fluor® 488 phalloidin and Hoechst® 33342 nucleic acid stain were used to demarcate
the cell nucleus and cytoskeleton F-actin, where protein expression of LDHA and p-actin
was determined using immunocytochemistry. Briefly, cells were fixed in 4%
paraformaldehyde/permeabilized in 0.2% Triton X 100 in phosphate buffered saline (PBS)
and incubated anti-human anti-LDHA or B-actin antibodies, produced in rabbit for 24 h at
4°C in a casein blocking buffer. Samples were washed in PBS, then incubated with anti-
rabbit Alexa Fluor® 488 or 555 conjugate for 2 h at RT. Samples were imaged using a
fluorescent/inverted microscope, CCD camera and data acquisition using ToupTek View;
ToupTek Photonics Co (Zhejiang, P.R.China).

Data analysis

Results

Statistical analysis was performed using Graph Pad Prism (version 3.0; Graph Pad Software
Inc. San Diego, CA, USA) with significance of difference between the groups assessed
using a Student’s #test. (OriginLab, Northampton, MA, USA).

Silencing of LDHA involved establishing a preliminary puromycin kill curve with
growth/sub culturing of KD and vector control colonies. It was determined that V-165 was
the most effective lentiviral particle to induce a stable silencing of LDHA. Figure 2A
(\V-165), 2B (V-591) shows attenuated protein expression by immunocytochemistry using
rabbit-anti human LDHA, then goat anti-rabbit Alexa Fluor® 555 (Right) with
morphological F-actin imaging using phalloidin Alex Fluor® 488, then nuclear
counterstained with Hoechst dye (Left). These findings confirm a reduction in LDHA
protein which is further validated by Western blot using p-actin as a loading control (Figure
3). RT-PCR was then used to confirm transcript knockdown (Figure 4A), which was
normalized to B-actin as the housekeeping gene, where protein levels are displayed in Figure
4B. Lactic acid released by vector controls and KD clones (V-165 and V-591) was
unaffected (Figure 5A) despite the significant reduction in the LDHA protein. In order to
validate these effects, dual detection methods involved cross-confirmation of the lactate
colorimetric assay validated by HPLC (Figure 5B). The data show absolutely no change in
the production of lactic acid (despite the large drop in LDHA) of the most effective clone
V-165. Next, we evaluate multiple parameters on vector controls vs. KDs (Figure 6). All
data was normalized to Vector control 1, and there was no change in lactic acid produced,
glucose consumed, ATP produced or viable cell count. These findings were not expected,
and warrant further explanation. A whole-transcriptome analysis was run on MDA-MB-231
cells to establish the transcript presence for all isoforms of LDH (Figure 7). These findings
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show a dominant presence of both LDHA and B. The high concentration of LDHB is likely
the reason why silencing LDHA was insufficient in espousing changes in metabolism of
glucose, production of lactic acid or somatic ATP.

Discussion

The high glycolytic flux in tumor cells is carried out by a number of enzymes including
LDH, glucose transporter types 1/3, hexokinases and pyruvate kinase type M. The findings
in this study demonstrate that stable long-term knockdown of LDHA has no effect on
production of lactic acid, glycolysis, or energy production in MDA-MB-231 cells. While this
was not expected, whole-transcriptome analysis provided the reason for such effect, being
that a high expression of the LDHB gene, would likely to carry out the major functions
associated with the loss of LDHA.

There are meager studies on the role of LDHB in TNBC, however LDH isozymes in
particular LDHB have been implicated as influential controlling elements in aggressive
breast tumors, (21) including TNBC where its attenuation renders mitotic arrest /n vitro and
arrested tumor growth in in vivo (22, 23). Heightened expression of LDHB may contribute
to tumor acidity, and growth (24) known to occur in parallel to activated RTK-PI3K-AKT-
mTOR signaling (25) and is observed in various types of cancer including bladder (26)
merkel cell carcinoma (27) lung cancer (28) glioma (29) or maxillary sinus squamous cell
carcinoma, most reporting its association with poor survival rates (30).

From the existing data, it was not predicted that we should see absolutely no change in any
metabolic parameter tested by a near complete silencing of LDHA, however this could
account for similar observation in our previous work in which we identified PGG as a potent
LDHA inhibitor, having no influence on the production of lactic acid itself (18). Future
studies must be carried out to determine the effects of a double knockdown of LDHA/B to
find out specifically how this protein (all isoforms) controls pivotal events in metabolism
and production of acid.
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Figure 1. Conversion of pyruvate to lactic acid
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Figure 2. A. Stable knockdown of LDHA in puromycin resistant MDA-MB-231 cells by lentiviral
particles V-165. The images show F-actin/nuclear counterstained with Hoechst dye (Left) and
LDHA protein expression by immunocytochemistry in fixed permeabilized cells (Right). Top
(Control) Bottom (KD). B. Stable knockdown of LDHA in puromycin resistant MDA-MB-231
cells by lentiviral particles VV-591. The images show F-actin/nuclear counterstain with Hoechst
dye (Left) and LDHA protein expression by immunocytochemistry in fixed permeabilized cells
(Right). Top (Control) Bottom (KD)
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Figure 3. Western blot confirmation of stable LDHA knockdown in puromycin resistant MDA-
MB-231 cells by lentiviral particles V-165 and V-591. The blot includes p-actin loading controls
(45 kD) and LDHA (37 kD) bands
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Figure 4. A. gPCR confirmation of stable LDHA knockdown in puromycin resistant MDA-
MB-231 cells by lentiviral particles V-165 vs. Vector control using g-actin housekeeping gene as a
control. The data show fold change (KD1/V1), and p-value=0.0136 (n=3). B. Equal distribution of
B-actin protein expression in vector controls vs. lentiviral particles VV-165, with morphology
shown for samples (left) and B-actin (right): validation of p-actin housekeeping gene used for

gPCR
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Figure 5. A. Lactic Acid produced by Vector controls vs. LDH-A KDs. The data represents lactic
acid produced per cell for vector controls (V1, V2) and knockdowns (KD1, KD2) and are
presented as the Mean%S.E.M., n=4. Significance of difference between vector controls and
Knockdowns was determined by students’t-test, N.S. (no significant differences were found). B.
HPLC determination of lactic acid. The data (Top) are presented as average peak area (211 nM)
for vector controls vs. V-165 KD clone and are expressed as the Mean+S.E.M., n=4. Statistical
difference between the groups were determined by a student’s t-test, N.S at p<0.05. Peaks are
presented (Bottom) in Vector vs. V-165 KD clone
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Figure 6. Metabolic variation in vector controls (V1,V2) vs. stable KD (V-165 and V-591). The
data is presented as viable cell count, lactic acid produced, somatic ATP produced and glucose
consumed (% control normalized to V1). Statistical difference between the vector controls vs.

KD were analyzed by a Student’s t-test, (n=4) p<0.05. N.S
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LDHA Homo sapiens lactate dehydrogenase A (LDHA), transcript variant 1, mRNA [NM_005566]
LDHALBB Homo sapiens lactate dehydrogenase A-like 6B (LDHAL6B), mRNA [NM_033195]
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LDHB Homo sapiens lactate dehydrogenase B (LDHB), transcript variant 1, mRNA [NM_002300]
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LDHD Homo sapiens lactate dehydrogenase D (LDHD), transcript variant 1, mRNA [NM_153486]

Figure 7. Whole-transcriptome analysis for LDH transcripts in MDA-MB-231 cells. The data is
presented as number, gene symbol, and description of mMRNA
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