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Abstract

Background/Aim: NME/NM23 nucleoside dipho-sphate kinase 1 (NMEL) is a metastasis
suppressor gene, exhibiting reduced expression in metastatic cancers and the ability to suppress
metastatic activity of cancer cells. We previously identified NMEZ1-regulated genes with
prognostic value in human melanoma. This study was conducted in melanoma cell lines aiming to
elucidate the mechanism through which NME regulates one of these genes, aldolase C (ALDOC).

Materials and Methods: ALDOC mRNA and protein expression was measured using gRT-
PCR and immunoblot analyses. Promoter-luciferase constructs and chromatin
immunoprecipitation were employed to measure the impact of NME1 on ALDOC transcription.

Results: NME1 enhanced ALDOC transcription, evidenced by increased expression of ALDOC
pre-mRNA and activity of an ALDOC promoter-luciferase module. NME1 was detected at the
ALDOC promoter, and forced NME1 expression resulted in enhanced occupancy of the promoter
by NMEL, increased presence of epigenetic activation markers (H3K4me3 and H3K27ac), and
recruitment of RNA polymerase II.

Conclusion: This is the first study to indicate that NME1 induces transcription through its direct
binding to the promoter region of a target gene.
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Melanoma that has progressed to metastatic stages is highly lethal, with a dismal 5-year
survival rate of 15-20% in the United States (1). NME/NM23 nucleoside diphosphate kinase
(NDPK) 1 (NME1) (also known as nucleoside diphosphate kinase-A/NDPK-A or Nm23-
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H1) was the first metastasis suppressor gene (MSG) to be identified, exhibiting the ability to
inhibit the metastatic properties of melanoma cells in the absence of significant impacts on
primary tumor growth (2). Moreover, expression of NMEZ1 is associated with better overall
clinical outcome in several cancer types (3). In addition, we have demonstrated that ablation
of the Nme1-NmeZlocus in mice confers strong metastatic activity in a model of ultraviolet
light-induced melanoma, providing /n vivo validation of metastasis suppressor functions for
the Nmel and/or NmeZ2 genes (4). The metastasis-specific suppressor function of NME1 and
other MSGs render them valuable for the discovery of molecular mechanisms that
specifically regulate the metastatic process. Importantly, such mechanisms represent
potential molecular targets for therapy of cancers in their advanced stages.

Early efforts revealed numerous molecular pathways in the cytosol and cell membrane that
are regulated by NMEL1 and could mediate its inhibitory effects on cellular motility and
invasion (5-7). In addition, previous studies have reported that NMEL1 regulates the
expression of a number of genes in melanoma and breast carcinoma cell lines that could
mediate its metastasis suppressor function (8, 9). One of these reports highlighted the
expression of the mRNA encoding lysophosphatidic acid receptor (EDG2) as a target of
NME1-mediated suppression in breast carcinoma cell lines (10). NMEL1 has been shown to
bind and cleave single-stranded DNA /n vitro (11, 12), suggesting potential direct
participation in regulating gene transcription and DNA repair processes within the nucleus
(13). Chromatin immunoprecipitation (ChlP) analyses have revealed binding of NMEL1 to
DNA motifs in the promoter regions of the platelet-derived growth factor-A (PDGFA), TP53
and other genes (14, 15). Moreover, a number of studies have provided evidence that NME1
and NME2 exh.ibit indirect interactions with transcription-regulatory elements, suggesting a
co-regulatory function (16-22). No study to date, however, has clearly demonstrated that
NME proteins regulate transcription of genes via direct interactions with DNA.

Herein, the role of NME1 as a DNA-binding transcription factor was analyzed using the
ALDOC gene as a prototype. NME1 was shown to upregulate the expression of un-spliced,
pre-mRNA levels of ALDOC, as well as to trans-activate the ALDOC promoter. Moreover,
it was demonstrated that NMEL1 is localized to both upstream and proximal promoter regions
of ALDOC , and this binding is increased upon forced expression of NME1 protein. In
parallel, forced NME1-expressing cells elicited an epigenetic signature in the 5’-flanking
region of the ALDOC gene, evidenced by increased trimethylation of the lysine 4 residue on
histone 3 (H3K4me3), acetylation of lysine 27 on histone 3 (H3K27ac), and recruitment of
RNA polymerase Il. The present study provided a novel and comprehensive demonstration
of a transcription factor function for the metastasis suppressor, NMEL1.

Materials and Methods

Cell lines and culture conditions.

WM1158, and WM278 melanoma cell lines (kindly provided by Dr. Meenhard Herlyn,
Wistar Institute, Philadelphia, PA, USA), were cultured in Tu2% media composed of
MCDB:Leibovitz-15 medium (4:1, v/v), 2 mM CaCl2, 2.5 pg/ml insulin (all components of
Tu2% media were from Sigma-Aldrich, St. Louis, MO, USA) and 2% fetal bovine serum
(Life Technologies, Grand Island, NY, USA) and maintained at 37°C in 5% CO,. MDA-
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MB-435s/M14 cells (referred to as M14 in this text) were obtained from Dr. Rina Plattner
(University of Kentucky, Lexington, KY, USA) and maintained in complete DMEM media
containing 4.5 g/l D-glucose, 584 mg/l L-glutamine, and 110 mg/l sodium pyruvate (all
components from Life Technologies) and supplemented with 10% FBS. All cells were
cultured at 37°C in 10% CO,. M14 cells stably expressing NME1 were generated as
previously described (23). Briefly, M14 cells were transfected with pEGFP-N1-NMEL1 or
pPEGFP-N1 plasmids and selected for stable integration using G418 (Life Technologies).
Forced expression of NMEL in WM1158 cells was achieved by transduction with
pSMPUW-IRES-EGFP-NME1 or pSMPUW-IRES-EGFP lentivirus at a multiplicity of
infection (MOI) of 50. Fluorescence activated cell sorting (FACS; FACSAria Flow
Cytometer, BD biosciences, Mountain View, CA, USA) was used to sort GFP-positive cells.
Knockdown of NMEL1 in the WM278 cell line was achieved by transient lentiviral
transduction with Mission Sigma (SHC002, Sigma-Aldrich) shNME1 TRCN0000010062 or
pLKO.1 non-target shRNA at a MOI of 1000.

Quantitative real-time polymerase chain reaction (QRT-PCR).

Total RNA was isolated based on manufacturer instructions using the Qiagen RNeasy Mini
Kit (Qiagen, Valencia, CA, USA). A total of 1 ug of isolated RNA was converted to cDNA
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad,
CA, USA). Analyses were performed on a CFX Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA). PCR was conducted with 40 cycles of: 15 s at 95°C
(denaturation), 30 s at 60°C (primer annealing), and 5 s at 65°C (extension). Relative fold-
changes in expression of genes of interest were determined by the 2 22CT method using
SYBR green gPCR master mix (Applied Biosystems) with normalization to internal control
RPL13a. Specified primer sequences (Table 1) were included in reactions at a final
concentration of 200 nM. Total RNA was collected for each cell line from three independent
replicates.

Immunoblot analysis.

Whole cell lysates of M14, WM1158, and WM278 cells were generated using RIPA lysis
buffer (LOmM Tris-HCI pH 7.5, ImM EDTA, 0.5mM EGTA, 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 140mM NaCl) supplemented with Halt
Protease Inhibitor Cocktail (Thermo Scientific, Rockford, IL, USA). SDS-polyacrylamide
gel electrophoresis (AnyKD Criterion Precast Midi Protein Gel, Bio-Rad) was performed on
5-20 pg of protein lysates as quantified by the BCA assay (Thermo Scientific), followed by
transfer to nitrocellulose membranes (BioRad). Membranes were incubated with specific
antibodies against NME1 (1:2,000, 16h at 4°C; 610247, BD Biosciences, San Jose, CA,
USA) and ALDOC (1:1,000, 48h at 4°C; SC-12065, Santa Cruz Biotechnologies, Santa
Cruz, CA, USA), diluted in 5% non-fat dry milk in Tris buffered saline with 0.1% Tween-20
(TBST). Antibody anti-Histone 3 (1:5,000, 16 h at 4°C; clone D1H12, Cell Signaling,
Danvers, MA, USA) was used to verify equal loading of lysate protein. Three washes with
TBST buffer were performed, followed by 1h incubation at room temperature with one of
the following isotype specific-HRP-conjugated secondary antibodies: ECL-conjugated anti-
mouse IgG for anti-NMEL1 blots (1:20,000; GE Healthcare, Chicago, IL, USA), anti-goat-
1gG-HRP for anti-ALDOC blots (1:10,000; sc-2020, Santa Cruz,) and ECL-conjugated anti-
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rabbit IgG for anti-Histone 3 blots (1:50,000; GE Healthcare). Proteins were detected on
immunoblots by chemiluminescence after addition of Amersham ECL Prime Western Blot
Detection Reagent (GE Healthcare) and exposure to Amersham Hyperfilm ECL (GE
Healthcare).

Promoter-luciferase assay.

M14 cells were transiently transfected with 100 ng of a Renilla luciferase pLightSwitch
promoter plasmid containing the transcriptional regulatory region of ALDOC (880 to
+118) (SwitchGear Genomics, Menlo Park, CA, USA). Additionally, 50 ng of a pcDNA3.1-
based Firefly luciferase plasmid (24) (Addgene, Cambridge, MA, USA), was co-transfected
to serve as a transfection efficiency control. Cells were transfected using Fugene 6
(Promega, Madison, WI, USA) as previously described (25) , with luciferase activity
measured in cell lysates 48 h post-transfection (Dual Luciferase Reporter Assay Kit,
Promega, Madison, WI, USA). The Renillaluciferase promoter signal was normalized to
Firefly luciferase activity, and relative fold-change in relative luminescence units (RLU) was
quantified.

Chromatin immunoprecipitation (ChlIP).

Sheared chromatin for ChIP analysis was generated using the ChIP-IT Express Kit (Active
Motif, Carlsbad, CA, USA). Fifteen micrograms of chromatin were pre-cleared with Protein
G magnetic beads (Cell Signaling) and isotype control antibodies, mouse 1gG (clone G3A1,
Cell Signaling) or rabbit 1gG (clone DA1E, Cell Signaling), for 1 h at 4°C.
Immunoprecipitation with 5 pg of specified antibodies against NME1 (SC-NM301, Santa
Cruz Biotechnologies), Histone 3 lysine 27 acetylation (H3K27ac, clone D5E4, Cell
Signaling), Histone 3 lysine 4 trimethylation (H3K4, Cell Signaling), and RNA Polymerase
Il (Active Motif) was performed overnight at 4°C on an end-to-end rotator. Eluted DNA was
purified using the QiaQuick PCR Purification Kit (Qiagen) prior to gPCR analysis, using
specified primer sequences found in Table I. Quantification was achieved by normalization
to input DNA, and expressed as % input.

Gene expression profiling.

Gene expression data from the GSE46517 dataset published by Kabbarah et a/. was obtained
from the Gene Expression Omnibus (26). Normalized log2 expression for ALDOC was
evaluated in 17 normal skin and benign nevi, 31 primary melanomas, and 73 metastatic
melanoma specimens. Genomic and clinical data from the Skin Cutaneous Melanoma
collection through The Cancer Genome Atlas (TCGA-SKCM) was obtained via cBioPortal
(27-29). Patient identifiers, and normalized log2 mRNA expression of ALDOC were
downloaded from cBioPortal and aligned with corresponding clinical attributes (e.g.
Breslow depth). For Breslow depth correlation to ALDOC expression, primary melanoma
specimens were assigned into one of two groups corresponding to depths of less than or
equal to 4 mm, or greater than 4 mm.
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Statistical analysis.

Results

Unless otherwise stated, statistical analyses were performed using #test in Microsoft Excel v
1809. For RT-gPCR analysis, results represent the mean of three independent experiments,
with experiment analyzed in triplicate. Relative luciferase activity was determined from the
average of 2 independent experiments, with each experiment conducted with triplicate wells.
A representative experiment from two independent experiments is displayed for ChIP
analysis. Analysis of the GSE46517 dataset was performed using SigmaPlot software (Sysat
Software, San Jose, CA, USA) by one-way-analysis of variance (ANOVA) using post-hoc.
Holm-Sidak method. Significance of log2 mRNA expression of ALDOC in the TCGA
dataset was determined by #- test. Resulted p-values <0.05 were considered statistically
significant.

NME1 up-regulated the expression of ALDOC in melanoma cell lines.

gRT-PCR analysis confirmed our prior observation (9) of strong NME1-mediated
upregulation of ALDOC mRNA expression (800-fold, p<0.05) in M14 cells (Figure 1A,
left). Immunoblot analysis demonstrated a NME1-induced increase (4.9-fold) in ALDOC
protein levels (Figure 1A, right). To further corroborate this observation, forced NME1
expression was also conducted in the melanoma cell line WM1158, which exhibits low
endogenous expression of NMEL. Forced NMEL expression was accomplished with a
lentiviral expression vector containing the NME1 cDNA, followed by an IRES motif and a
GFP-coding module. NME1-overexpressing cells (GFP-positive) obtained by fluorescent-
activated cell sorting (FACS) exhibited greatly increased expression of ALDOC mRNA (6-
fold, p<0.05) and protein (3.8-fold) compared to vector-transfected controls (Figure 1B).
Finally, to further confirm the regulatory axis between NME1 and ALDOC, the impact of
silencing NME1 expression was examined in the melanoma cell line WM278, which
expresses NME1 at normal levels. Cells were infected with a lentiviral construct expressing
a shRNA, which effectively silences the NME1 transcript and results in decreased ALDOC
MRNA expression as we have previously shown (9). Treatment with the anti-NME1 shRNA
sequence indeed elicited a significant decrease (62%) in expression of ALDOC protein
(Figure 1C).

Aldolase enzymes are well-known for their function in glycolysis, where they catalyze the
reversible conversion of fructose 1,6 bisphosphate to glyceraldehyde-3-phosphate (G3P) and
dihydroxyacetone (DHAP) (30). The family of aldolases are comprised of 3 different
isotypes (A, B, and C). While each of the isotypes perform the same primary enzymatic
function, they are expressed in a tissue specific manner. Aldolase A (ALDOA) is
ubiquitously expressed and is the most widely studied of the aldolase isozymes, with highest
expression in muscle, while aldolase B (ALDOB) is generally localized to liver, and kidney
cortex tissues (30). ALDOC is expressed primarily in brain and other neural crest-derived
cells, including melanocytes (31). To determine the specificity with which NME1
upregulates expression of ALDOC, gRT-PCR analysis was performed to measure steady-
state concentrations of ALDOA and ALDOB mRNA in M14 and WM1158 cells. No
changes in ALDOA expression were observed in either of the cell lines in response to
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NMEL1 overexpression (Figure 1D). ALDOB mRNA was detected at very low levels in the
vector-transfected control M14 cells and its expression was induced in NME1-
overexpressing M14 cells (12-fold, p<0.05; Figure 1B). However, even after induction by
NME1, ALDOB mRNA expression was much lower in M14 cells than that of ALDOC
mRNA (average Ct values: ALDOC mRNA in control cells, 31.0+0.1; ALDOB mRNA in
control cells, 39.5+0.5 ALDOB mRNA in NME1-overexpressing cells, 37.4+0.2). In the
WM1158 cell line, ALDOB mRNA was not detected in any group (control vec or NME1-
overexpressing). Together, these findings demonstrate that the ALDOC transcript is the
predominant isoform in this cell line. The results highlight the tissue specificity of the
expression of these isozymes and confirm the strong NME1-mediated up-regulation of
ALDOC gene expression.

Recruitment of NME1 to the ALDOC promoter is associated with epigenetic activation and
increased occupancy by RNA polymerase Il

The robust upregulation of ALDOC mRNA expression conferred by NME1 across multiple
melanoma cell lines suggested that this induction might be mediated via ALDOC
transcription enhancement. To this end, gRT-PCR analysis was performed using primers
directed at the intronic region of ALDOC to detect precursor mRNA (pre-mRNA) levels
(Table I). The pre-mRNA reflects the unprocessed RNA that is synthesized from the DNA
template directly, thus providing an indirect index of transcriptional activity. A significant
increase in ALDOC pre-mRNA levels was observed in both the M14 and WM1158-NME1
expressing cells (Figure 2A), strongly suggesting that NME1-dependent induction of
ALDOC occurred at the transcriptional level.

Given the up-regulation of ALDOC expression by NME1 in multiple melanoma cell lines,
and the observed increase in the ALDOC pre-mRNA, we next intended to determine
whether NMEL1 activates the ALDOC promoter. M14 cell line was selected for further
analysis since it had the strongest induction of ALDOC by NME1. A plasmid containing a
region of the ALDOC promoter (—880 to +118) located upstream of the Renilla luciferase
reporter gene was used for the transfection of M14 cells, which were stably transfected with
either empty or NME1 expression vector. Luciferase activity was significantly higher in the
presence of forced NMEL expression (Figure 2B), consistent with NME1-mediated
activation of ALDOC transcription via interactions with the —880 to +118 region of the
ALDOC gene. The observed increased in relative luciferase activity provides evidence that
NMEZ1 activates the ALDOC promoter.

To further assess the impact of NME1 on transcription of the ALDOC gene, chromatin
immunoprecipitation (ChlP) analysis was conducted with three different DNA amplicons
located upstream and downstream of the transcription start site of ALDOC gene (-542 to
—-398, —188 to —4, and +31 to +244). Likely targets of epigenetic modification within the
ALDOC gene were identified prior to the study using the University of California, Santa
Cruz (USCS) genome browser and ChlPseq data from the Encyclopedia of DNA Elements
(ENCODE) project (32-33). ENCODE contains ChlP-seq data from several different cell
types that localizes transcription factor and RNA polymerase binding, as well as histone
marker presentation across the genome (33). The epigenetic profile for the ALDOC gene
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provided by ENCODE was characterized by enrichment of the epigenetic marker of
transcriptional activation, histone 3-lysine27Ac (H3K27ac), within the =630 to —200 region
(Figure 3A) upstream of the transcription start site. In addition, ENCODE identified
enrichment of the activation marker (H3K4Me3) within the 5* UTR of the ALDOC gene.
While ChlIP analysis conducted in control M14 cells failed to detect the H3K27ac
modification, forced NMEZ1 expression resulted in a significant increase of H3K27ac across
all three regions analyzed (Figure 3B), consistent with NMEZ1-mediated activation of the
ALDOC promoter. NMEL1 expression also resulted in significant enrichment of the
transcription activation mark H3K4me3 within the +31 to +244 region of the ALDOC gene
(Figure 3B), consistent with predictions from the ENCODE site. In a similar fashion, NME1
was not detected at the queried locations of the ALDOC gene in vector-transfected M14
cells, but was detected at all three regions when NME1 was overexpressed (Figure 3B).
Finally, RNA polymerase 1l was detected at only low levels in vector-transfected cells across
the three regions studied, while its recruitment was significantly enhanced by NME1
overexpression. Association of RNA polymerase Il with amplicons adjacent to the
transcription start site can be attributed to a lack of precision of the ChIP procedure and has
previously been described (34). Taken together, the ChIP analyses demonstrate that NME1
expression results in the activation of ALDOC promoter, with inducible recruitment of
NMEZ1 to the promoter region strongly suggesting its participation in the activation
mechanism.

ALDOC expression is reduced in metastatic and invasive melanoma.

The Genome Expression Omnibus (GEO) database repository was examined to assess the
potential association between ALDOC expression and melanoma progression. Analysis of
the GSE46517 dataset (26) revealed significantly lower expression of ALDOC mRNA in
metastatic melanoma compared to normal skin and early stages of melanoma (Figure 4A). In
addition to this dataset, ALDOC expression was analyzed in The Cancer Genome Atlas Skin
Cutaneous Melanoma (TCGA-SKCM) (27). The TCGA-SKCM dataset is comprised of
primary and metastatic melanoma samples along with clinical attributes of the samples
collected. Normalized log2 mRNA values were downloaded from the c-BioPortal website
(28, 29). While no significant difference in the expression of ALDOC mRNA was observed
between primary and metastatic melanomas (data not shown), invasive melanomas (Breslow
index >4 mm) indeed exhibited a significant reduction in ALDOC mRNA expression
(Figure 4B). Breslow depth is an independent predictor of melanoma progression and
metastatic potential (35). It should be noted that expression of the NMEL1 transcript was not
a predictor of outcome or stage of melanoma in either the GSE46517 or TCGA-SKCM
databases. This is not surprising, in light of our prior observation that down-regulation of
NMEZ1 protein expression in human metastatic melanoma cell lines results from
destabilization of the NMEL protein itself via cathepsin-mediated degradation in the
lysosomal compartment, and not from alterations in steady-state concentrations of the
NME1 transcript (36). Taken together, these observations strongly suggest that ALDOC
represents a relevant effector of the metastasis suppressor activity of NME1.
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Discussion

Although the ability of NMEL1 to regulate transcriptomic profiles in cancer cells is well-
documented (8, 9), the molecular mechanisms underlying this activity have yet to be fully
elucidated. An early study demonstrated a single-stranded DNA-binding activity of the
NMEZ2 isoform /n vitro (11), as well as the ability to transactivate the ¢c-MYC promoter (37).
Our laboratory subsequently demonstrated the /n vitro DNA-binding activity of the NME1
isoform toward single-stranded DNA motifs found in the PDGFA promoter region (12).
Neither study determined whether these NME isoforms bound to these elements in living
cells, nor whether DNA binding was associated with transcriptional activity of the putative
target genes. Other studies employing ChIP analysis have indeed reported physical
association of NME1 with DNA motifs in a number of genes with potential relevance to
cancer phenotype (14, 15), but none has analyzed the impact of the DNA binding
interactions on transcriptional activity. Another series of reports have identified potential co-
regulator functions of NME1 that do not involve direct DNA binding (16-22). Our current
study provides the novel observations of inducible recruitment of NME1 to the promoter
region of its target gene, ALDOC, and a strong association between occupancy of NME1
and an epigenetically active state at the ALDOC promoter. The interaction of NME1 with
the ALDOC promoter region appears to be direct, in light of its DNA-binding activity /n
vitro, and evidence obtained by ChIP analysis. The latter employs a formaldehyde
crosslinking procedure favoring detection of DNA-protein contacts. No sequence motifs
with homology to previously described NME-binding sequences in the c-MYC and PDGFA
genes could be identified within the queried regions of the ALDOC gene. However, these
regions do contain a multitude of GC-rich sequences likely to harbor single-stranded
structures that could be recognized for NMEL1 binding. The possibility cannot be formally
excluded; however, the procedure detected an indirect interaction of NME1 with the
ALDOC gene via crosslinking to a primary DNA binding protein.

Recruitment of NME1 was associated with activation of ALDOC transcription, most likely
by promoting assembly of a coactivator complex composed of histone acetylases and
methylases that promote epigenetic activation of the locus. Another intriguing possibility is
that the enzymatic functions of NME1 may play key roles in the transcriptional activation
mechanism. For example, the NDPK activity of NMEL1 has been proposed to provide
deoxyribonucleotides to effector molecules as diverse as AMPK and DNA polymerases viaa
“substrate channeling” mechanism (38, 39). The NDPK activity of NMEL1 recognizes
ribonucleoside diphosphates and triphosphates for phosphate exchange as well (40),
suggesting it could also promote RNA polymerase 11 activity by supplying rNTPs as needed.
Alternatively, the 3’-5’ exonuclease activity of NME1 could promote acquisition of a
transcriptionally active conformation for a given DNA motif by physical remodeling of the
site (41). A potential precedent is provided by a key enhancer element in the vascular
smooth muscle a-actin gene, whose activity is dependent upon the equilibrium between
double-stranded DNA binding proteins that stabilize an active conformation and single-
stranded DNA binding proteins that stabilize a transcriptionally-repressive, non-B-form
DNA structure (42).
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The robust up-regulation of ALDOC expression by NMEL1 strongly suggests that ALDOC
contributes to metastasis suppressor activity. Indeed, the metastatic behavior of cancer cells
can be influenced profoundly by alterations in cell metabolism (43, 44). The aldolase family
enzymes (ALDOA, ALDOB, and ALDOC) predominantly function in glycolysis, catalyzing
the reversible conversion of fructose 1,6 bisphosphate to glyceraldehyde-3-phosphate (G3P)
and dihydroxyacetone phosphate (DHAP) (45). This activity has been proposed to promote
the Warburg effect and stem-like properties in cancer cells (46). Elevated ALDOA
expression has been associated with poor overall outcome in colorectal cancer, pancreatic
cancer, and lung squamous cell carcinoma (47-50). In striking contrast, however, both
ALDOB and ALDOC have been shown to suppress metastatic potential in hepatocellular
and oral squamous carcinomas (51-54). Moreover, some studies have suggested that the
suppressor activity of ALDOC is independent of its glycolytic activity, mediated via direct
binding to actin filaments and consequent inhibition of cytoskeletal remodeling and cell
motility (55, 56). Herein, we observed that silencing of ALDOC mRNA expression in M14
melanoma cells with shRNA constructs fails to disrupt the motility-suppressing activity of
NMEZ1 (data not shown). This observation suggests that ALDOC expression may not be
sufficient to mediate the metastasis-suppressor function of NME1, but does not exclude
contributions in the context of an overall NMEZ1-regulated profile of gene expression. We
previously reported that NME1 regulates a signature of gene expression including ALDOC
that collectively has prognostic value in melanoma (9). We herein report that the expression
of ALDOC alone is lower in metastatic melanomas in one publicly available dataset
(GSE46517), and is associated with reduced Breslow depth in melanomas of the TCGA-
SKCM collection. Together, these observations suggest that ALDOC is a mediator of the
metastasis suppressor function of NMEL1.

Overall, the studies outlined herein provide the novel observation that NME1 up-regulates
the transcriptional activity of a target gene, ALDOC. Moreover, the induction was shown to
involve direct interactions of NMEL with the promoter region of ALDOC , as well as
conversion of the gene to an epigenetically-active condition. Future studies will be directed
to addressing the mechanism through which NME1 induces the transcription of ALDOC and
other target genes as a canonical DNA-binding transcription factor, the identification of
NMEZ1 response elements within those target genes, and the discovery of other factors (e.g.
transcription factors and coregulators) with which NMEL1 interacts to regulate transcription.
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Figure 1.

NMEZ1 induces the expression of ALDOC mRNA and protein. (A left) ALDOC mRNA was
measured by gRT-PCR in M14 cells stably transfected with empty expression vector (vec,
unfilled bar) or NME1 expression vector (NMEL1, black filled bar). (A right) Expression of
ALDOC protein was determined by immunoblot analysis in vec and NME1 variants of M14
cells. (B) ALDOC mRNA and protein expression in vec- and NMEZ1-expressing variants of
WM1158 melanoma cells. (C) WM278 cells were infected with lentiviruses expressing a
scrambled shRNA or an shRNA sequence directed to NME1. ALDOC protein expression
was determined by immunoblot analysis as in (A). Asterisks in panels A and B indicate
statistically significant differences (p<0.05) in mMRNA expression compared to the control
vec, as determined by t-test. (D) Impact of NME1 overexpression on ALDOA and ALDOB
MRNAs in M14 (left) and WM1158 (right) cells was determined by qRT- PCR. *p<0.05.
Fold-changes in protein expression are expressed relative to controls and displayed below
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corresponding lanes in all immunoblots. Relative protein expression was determined by
densitometric analysis of immunoreactive bands using ImageJ software. ALDOC, aldolase
C.
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Figure 2.
NMEZ1 induces transcription of the ALDOC gene. (A) Impact of NME1 overexpression on

nascent ALDOC transcripts in M14 (left) and WM1158 (right) cells was determined by gRT-
PCR using primers containing intronic sequences (see Materials and Methods). (B) A
luciferase promoter plasmid containing a —880 to +118 fragment of the ALDOC gene was
used for transient transfection of vec and NME1 variants of M14 cells. Luciferase activity is
expressed relative to that obtained in vec control cells. *p<0.05. ALDOC, aldolase C.
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Figure 3.
Recruitment of NME1 to the ALDOC promoter region is associated with a transcriptionally-

active state. (A) The schematic displays 5’-flanking (=800 to —1) and 5’-untranslated (+1 to
+295) regions of the ALDOC gene. Predicted acetylation of lysine 27 on histone 3
(H3K27Ac) and trimethylation of the lysine 4 residue on histone 3 (H3K4me3) sites are
presented as histograms above the DNA sequence, and were derived from ChlP-seq data
obtained from the ENCODE database using the UCSC genome browser. (B, upper panel)
ChIP analysis was conducted as indicated with non-immune anti-rabbit 1gG (rlgG) or rabbit
antibodies directed to H3K27Ac or H3K4me3. (B, lower panel) ChIP analysis was
conducted with non-immune anti-mouse 1gG (rlgG) or mouse monoclonal antibodies
directed to NME1 or RNA polymerase Il (RNA Pol I1). Immunoprecipitated DNA was
analyzed by quantitative PCR using primer pairs yielding the three amplicons shown (=542
to —389, —188 to -4, or +31 to +244). *p<0.05. ALDOC, aldolase C.
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Figure 4.
ALDOC mRNA expression is reduced in specimens of metastatic melanoma in humans, and

is associated with significantly lower Breslow depth. (A) ALDOC mRNA expression was
compared between biopsies of primary and metastatic melanoma (panel A, GEO dataset
GSE46517). (B) Association of ALDOC mRNA expression with Breslow depth was
measured in melanomas of The Cancer Genome Atlas, Skin and Cutaneous Melanoma
(TCGA-SKCM). *p<0.05. ALDOC, aldolase C.
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