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Nicotinamide adenine dinucleotide (NAD) plays an essen-
tial role in all aspects of human life. NAD levels decrease
as humans age, and supplementation with NAD precur-
sors plays a protective role against aging and associated
disease. Less is known about the effects of decreased
NAD on cellular processes, which is the basis for under-
standing the relationship between cellular NAD levels
and aging-associated disease. In the present study, cel-
lular NAD levels were decreased by overexpression of
CD38, a NAD hydrolase, or by treating cells with FK866,
an inhibitor of nicotinamide phosphoribosyltransferase
(NAMPT). Quantitative proteomics revealed that declin-
ing NAD levels downregulated proteins associated with
primary metabolism and suppressed cell growth in cul-
ture and nude mice. Decreased glutathione synthesis
caused a 4-fold increase in cellular reactive oxygen spe-
cies levels, and more importantly upregulated proteins
related to movement and adhesion. In turn, this signifi-
cantly changed cell morphology and caused cells to
undergo epithelial to mesenchymal transition (EMT). Se-
cretomic analysis also showed that decreased NAD trig-
gered interleukin-6 and transforming growth factor beta
(TGF�) secretion, which activated integrin-�-catenin,
TGF�-MAPK, and inflammation signaling pathways to
sustain the signaling required for EMT. We further re-
vealed that decreased NAD inactivated sirtuin 1, result-
ing in increased signal transducer and activator of tran-
scription 3 (STAT3) acetylation and phosphorylation,
and STAT3 activation. Repletion of nicotinamide or nic-
otinic acid inactivated STAT3 and reversed EMT, as
did STAT3 inhibition. Taken together, these results in-
dicate that decreased NAD activates multiple signaling
pathways to promote EMT and suggests that age-
dependent decreases in NAD may contribute to tu-
mor progression. Consequently, repletion of NAD pre-
cursors has potential benefits for inhibiting cancer
progression. Molecular & Cellular Proteomics 17:
2005–2017, 2018. DOI: 10.1074/mcp.RA118.000882.

Nicotinamide adenine dinucleotide (NAD)1 is essential to
life and participates in all major biological processes (1–3). The
NAD pool consists of NAD, reduced nicotinamide adenine
dinucleotide (NADH), nicotinamide adenine dinucleotide
phosphate (NADP), and reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH). As co-factors for a variety of
oxidoreductase enzymes, NAD(H) mainly functions in biodeg-
radation reactions and energy generation, whereas NADP(H)
functions in fatty acid and cholesterol synthesis. NADPH is
also an essential element in the cellular defense system and
maintains redox homeostasis, in which both glutaredoxin
(GRX) and thioredoxin reductase (TrxR) are acceptors of
NADPH electrons for reduction of disulfide bonds. NAD is syn-
thesized in cells via de novo biosynthesis and salvage path-
ways. Tryptophan is the precursor for de novo NAD synthesis,
in which kynureninase catalyzes hydrolysis of 3-hydroxy-L-
kynurenine to generate 3-hydroxy-anthranilic acid. Nicotina-
mide phosphoribosyltransferase (NAMPT) is the rate-limiting
enzyme in the NAD salvage pathway, which is essential
for maintaining cellular NAD levels (4). Moreover, inhibiting
NAMPT is a therapeutic approach in cancer treatment (5).

Besides its roles in cell metabolism, NAD is a substrate for
various adenosine diphosphate (ADP)-ribosyltransferases in
regulation of cellular signal transduction, including NAD-de-
pendent deacetylases (sirtuins), poly(ADP-ribose) polymerases
(PARPs), mono(ADP-ribosyl)-transferases (ARTs), tRNA 2�-
phosphotransferases, and ADP-ribosylcyclases (CD38 and
CD157). NAD functions as both a cofactor and substrate for
sirtuins to remove acetyl groups from acetyl-lysine residues of
proteins (6–10). Consequently, NAD plays a key role in a
broad range of cellular processes performed by sirtuins (10–
20). NAD is a substrate of PARP for ADP-ribosylation of
nuclear proteins in cellular stress responses (21, 22) that
regulate cell proliferation, death, differentiation, and senes-
cence. All these findings suggest that NAD is essential for
cellular metabolism, mitochondrial function, stress response,
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and genomic integrity. More importantly, recent studies have
shown that NAD levels decline as humans age. Indeed, it was
estimated that NAD levels are �5 ng/mg (protein) in teenagers
but decrease to 3 ng/mg (protein) by the age of 50. Reduced
levels of NAD metabolism are observed in aged rats and mice
(23, 24), whereas increasing NAD levels is an effective ap-
proach for prolonging lifespan (25–28).

Cellular NAD levels are regulated through NAD biosynthe-
sis, NAD metabolism, and NAD-dependent nonredox enzy-
matic reactions. ADP-ribosyl cyclase/cyclic ADP-ribose hy-
drolase 1 (CD38) is a transmembrane glycoprotein mainly
expressed in B cells. It functions as a NAD glycohydrolase as
well as an ADP-ribosyl cyclase that generates cyclic ADP-
ribose to initiate calcium efflux (29, 30). NADase activity of
CD38 is 100-times higher than its ADP-ribosyl cyclase activ-
ity, therefore CD38 is an efficient tool for modulating cellular
NAD levels (31, 32). Increased NAD levels in Parp1�/� or
Cd38�/� mice and mice treated with NAD precursors im-
prove mitochondrial function and protect mice against meta-
bolic damage induced by high-fat diets (24, 33–35). More
importantly, a recent study found that CD38 increases with
age and dictates age-dependent NAD decline (36).

However, the effect of decreased NAD on biological pro-
cesses has not been well characterized, although it is impor-
tant for understanding the relationship between cellular NAD
levels and aging-associated disease. In our previous study
(37), we established a stable cell line that overexpresses
CD38. We found that a 35% decrease in NAD levels in 293T
cells caused significant changes in proteostasis and reactive
oxygen species (ROS) homeostasis, with downregulation of
glycolytic enzymes and antioxidant proteins leading to de-
creased cell proliferation rates and increased cell susceptibil-
ity to oxidative stress. Thus, the purpose of the present study
was to examine the effect of decreased NAD on cellular
processes in other cell lines. Herein, we established stable
CD38-expressing cell lines to comprehensively determine
how cellular NAD levels affect protein expression, cell prolif-
eration, and cellular responses to oxidative stress. Our find-
ings demonstrate that decreased cellular NAD levels cause
cells to undergo epithelial-mesenchymal transition (EMT),
whereas signal transducer and activator of transcription 3
(STAT3) inhibition reversed EMT, indicating that STAT3 is a
vital regulator in NAD-mediated EMT.

EXPERIMENTAL PROCEDURES

Cell Culture and SILAC Labeling—The human lung cancer cell line,
A549, human liver cancer cell, HepG2 and human embryonic kidney
cell line, 293T, were obtained from the cell bank of the Chinese
Academy of Sciences (Shanghai, China). Cells were grown in RPMI
1640 medium or Dulbecco’s Modified Eagle’s Medium (Wisent, Mon-
treal, QC, Canada). The medium was supplemented with 10% FBS
(Wisent) and 1% penicillin/streptomycin (Wisent). For stable isotope
labeling using amino acids (SILAC), cells were washed twice with PBS
(Wisent) before replacing the culture medium with SILAC. A549 cells
were grown in SILAC medium for 7 passages and tested for full
incorporation before proteomic analysis. SILAC RPMI 1640 medium
(Thermo Fisher Scientific, Waltham, MA) was supplemented with 10%
dialyzed-FBS (Wisent), 1% penicillin/streptomycin, 40 mg/L isotope
labeling L-13C6

15N2 lysine�HCl (Thermo Fisher Scientific) and 200
mg/L isotope labeling L-13C6 arginine�HCl (Thermo Fisher Scientific).

Establishment of a Stable CD38 Overexpressing Cell Line—Human
CD38 cDNA was obtained from the U266 cell line. A FLAG tag was
added at the C terminus and DNA sequence encoding amino acids
2–43 deleted from the N terminus. This recombinant human CD38
DNA was then cloned into PLVX-IRES-ZsGreen1 lentiviral transfer
vector. The 293T cell line was transfected with PLVX-IRES-ZsGreen1
or PLVX-CD38-IRES-ZsGreen1 using lentiviral packaging vectors and
polyethylenimine (Sigma, St Louis, MO). Supernatants were har-
vested after 48 h and concentrated with PEG6000. Precipitated len-
tiviral particles were resuspended in PBS. A549 and HepG2 cells were
infected in the presence of 5 �g/ml polybrene (Sigma). Infected cells
were sorted by flow cytometry. A single green fluorescent protein
(GFP)-positive cell was seeded into a single well of a 96-well plate to
select a clone with intense and uniform GFP expression for further
analysis.

NAD and NADH Content Assay—NAD and NADH content were
measured by NAD/NADH assay (BioAssay Systems, Hayward, CA),
according to the manufacturer’s instruction. Briefly, cells were
washed with PBS and 4 � 105 cells counted for each cell line. NAD or
NADH extraction buffer were added, and extracts heated at 60 °C for
5 min. Samples and NAD standards were then reacted with a working
reagent. Absorbance at 565 nm was measured to quantify NAD and
NADH concentrations.

Cell Proliferation Assay Determined by CCK-8—Cells were seeded
in 96-well plates with 2000 cells/well. Cell proliferation rate was
determined by the Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories,
Kumamoto, Japan). CCK-8 reagent was added to treated cells and
incubated at 37 °C for 2 h. Optical density (OD) was measured at 450
nm with a microplate reader (Bio-Rad, Hercules). Relative cell number
was represented as the ratio between absorbance in 450 nm at a
particular hour and 0 h.

Experimental Design and Statistical Rationale—All experiments
were performed at least three times to ensure statistical power �
80%. Proteomic analysis was performed using biological triplicates.
Mock-infected control cells (designated CD38(�) cells) were cultured
in SILAC culture media with 13C6

15N2 lysine and 13C6 arginine. CD38-
transfected cells were cultured in normal RMPI-1640 media and
designated as CD38(�) cells. A Venn diagram was used to evaluate
the number of overlapping proteins identified from proteomic studies
using three biological replicates. Significantly changed proteins were
screened by volcano plot analysis using R (V.3.3.2). Histograms of
SILAC ratios showed protein fold-changes in proteomics data and
demonstrated normal data distribution. Proteins with fold-change � 2
or � 0.5 and p values � 0.05 from t test statistics were considered
significantly changed between CD38(�) and CD38(�) cells. Calcula-
tion of Pearson correlation was performed to ensure reproducibility of
protein quantification.

1 The abbreviations used are: NAD, nicotinamide adenine dinu-
cleotide; CD38, ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase
1; SILAC, stable isotope labeling with amino acids in cell culture;
PRDX1, peroxiredoxin-1; PRDX6, peroxiredoxin-6; JAK1, janus ki-
nase1; STAT3, signal transducer and activator of transcription 3;
TGF�1, transforming growth factor beta-1; TGF�2, transforming
growth factor beta-2; Smad, mothers against decapentaplegic
homolog; MKK6, dual specificity mitogen-activated protein kinase
kinase 6; MKK4, dual specificity mitogen-activated protein kinase
kinase 4; p38, mitogen-activated protein kinase 14; IL6, interleu-
kin-6; NAMPT, nicotinamide phosphoribosyltransferase.
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Sample Preparation—Protein (200 �g) was extracted from CD38(�)
and CD38(�) cells and mixed. Protein disulfides were reduced by
dithiothreitol at 5 mM for 60 min at room temperature. Next, free
cysteine residues were alkylated with iodoacetamide at 12 mM for 45
min in the dark at room temperature. Protein samples were digested
with trypsin for 14 h at 37 °C. Peptides were desalted with Sep-Pak
C18 cartridges (Thermo-Pierce Biotechnology, Rockford, IL). Eluents
were centrifuged by speedvac followed by HPLC separation. Col-
lected eluents were combined into 12 fractions and analyzed by
LC-MS/MS.

LC-MS/MS Analysis—For LC-MS/MS analysis, SILAC labeled pep-
tides were separated by 135 min gradient elution at a flow rate of 0.3
�l/min with a Thermo-Dionex Ultimate 3000 HPLC system that was
directly interfaced with a Thermo Orbitrap Fusion Lumos mass spec-
trometer. The analytical column was a homemade fused silica capil-
lary column (75 �m inner-diameter, 150 mm length; Upchurch, Oak
Harbor, WA) packed with C-18 resin (300 Å, 5 �m; Varian, Lexington,
MA). Mobile phase A consisted of 0.1% formic acid, and mobile
phase B consisted of 100% acetonitrile and 0.1% formic acid. The
Thermo Orbitrap Fusion Lumos mass spectrometer was operated in
the data-dependent acquisition mode using Xcalibur 4.0.27.10 soft-
ware. A single full-scan mass spectrum was done in the Orbitrap
(300–1500 m/z, 120,000 resolution). The spray voltage is 2500 V and
the AGC target is 200,000. This was followed by 3 s data-dependent
MS/MS scans in an ion routing multipole at 30% normalized collision
energy (HCD). The charge state screening of ions was set at 2–7. The
exclusion duration was set at 15 s. Mass window for precursor ion
selection was set at 1.6 m/z. The MS/MS resolution was 30,000. The
MS/MS maximum injection time was 60 ms and the AGC target was
200,000.

Peptide and Protein Identification—Peak lists from LC-MS/MS
analysis were generated with the SEQUESTTM searching algorithm
using Proteome Discoverer software (version 2.1; Thermo Fisher Sci-
entific). Spectra were searched against the UniProt human reference
proteome (release on March 17, 2017, containing 21,042 entries)
using an in-house Proteome Discoverer Searching Algorithm (version
2.1; Thermo Fisher Scientific). The search criteria were: full tryptic
specificity was required; two missed cleavage sites were allowed;
oxidation of methionine, 13C(6)15N(2) at lysine, 13C(6) at arginine,
and acetylation of protein N terminus were set as variable modifica-
tions; carbamidomethylation of cysteine was set as the fixed modifi-
cation; and precursor ion mass tolerance was set at 10 ppm for all MS
and 20 mmu for all MS2 spectra. Peptide false discovery rate (FDR)
was estimated using the percolator function provided by Proteome
Discoverer, with a cutoff score of 1% based on decoy database
searching.

Protein Quantification—Proteome Discoverer Searching Algorithm
was used for protein quantification. Briefly, relative protein expression
ratios were calculated using the peak area of Lys0Arg0 divided by the
peak area of Lys8Arg6. Only peptides assigned to a given protein
group were considered unique. Proteins with two or more unique
peptide matches were regarded as confident identifications and fur-
ther quantified. Differences in protein abundance between sample
and control groups were calculated by averaging unique peptide
ratios for that protein. Quantitative precision was expressed as
protein ratio variability. Proteins with fold-change � 2 or � 0.5 and
p values � 0.05 by t test statistic were considered significantly
changed.

MS proteomic data have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the
PRoteomics IDEntifications (PRIDE) partner repository with the data set
identifiers, PXD010284, PXD010286, PXD009916, and PXD009917.

Detection of Cellular ROS—ROS levels in CD38(�) and CD38(�)
A549 cells were detected using CellROX® Deep Red Reagents (Invit-

rogen, Grand Island, NY), according to the manufacturer’s protocol.
Briefly, cells were seeded into 6-well cell culture plates. CellROX®

Deep Red Reagents were added to a final concentration of 5 �M and
incubated at 37 °C for 30 min. Fluorescence was measured with a BD
FACSAria II Flow Cytometer (BD Biosciences, San Jose, CA).

Detection of Cellular Glutathione (GSH) Levels—Cells were washed
twice with ice-cold PBS and extracted with 80% precooled methanol.
Samples were dried by speedvac and redissolved in 80% methanol
for LC-MS/MS analysis. Quantitative analysis of metabolites ex-
tracted from CD38(�) and CD38(�) A549 cells was performed using
the Q-Exactive Mass Spectrometer. Atlantis HILIC silica columns
(2.1 � 100 mm, 3 �m; Waters, Milford, MA) were used for positive
separation. Metabolites were identified based on retention time on LC
analysis. Accurate mass was measured with � 5 ppm mass accuracy.
TraceFinder was used to identify peaks and extract quantitative
information.

Susceptibility of CD38(�) and CD38(�) A549 Cells to Hydrogen
Peroxide, and Cisplatin—CD38(�) and CD38(�) A549 cells were
seeded into 96-well plates with 4000 cells/well. After 36 h incubation,
cells were treated with hydrogen peroxide (Aladdin, Shanghai, China)
and cisplatin (Selleck, Houston, TX) in triplicate for 24 h. Cell counting
kit-8 (CCK-8) reagent was added to treated cells and incubated at
37 °C for 2 h. Optical density (OD) was measured at 450 nm with a
microplate reader (Bio-Rad). Cell viability was represented as the
percentage of viable cells compared with untreated cells.

Phosphoproteomic Analysis—CD38(�) A549 cells were cultured in
SILAC culture media and CD38(�) A549 cells were cultured in normal
RMPI-1640 media. Cells were harvested and lysed for 30 min on ice
with RIPA lysis buffer (Solarbio, Beijing, China) supplemented with
1% Protease Inhibitor Mixture and phosphatase inhibitor (Thermo
Fisher Scientific). Supernatants were collected after centrifugation
and four-volumes of ice-cold acetone added, followed by overnight
precipitation at �20 °C. The supernatant was discarded after 7600
rpm centrifugation at 4 °C for 10 min, and pellets dissolved in 8 M urea
(in 10 mM HEPES, pH8.0). Protein concentration was determined
using a BCA protein assay kit (Solarbio). Protein (5 mg) was used for
the following experiment. In-solution digestion was performed. Pro-
tein disulfides were reduced by dithiothreitol at 1 mM for 60 min at
room temperature, and free cysteine residues alkylated with iodoac-
etamide at 5 mM for 60 min in the dark at room temperature. Protein
samples were digested with trypsin for 14 h at 37 °C. Peptides were
desalted with Sep-Pak C18 cartridges and fractioned by HPLC sep-
aration. Collected eluents were combined into 12 fractions and dried
by speedvac. Each fraction was dissolved with 10 ml 80% acetonitrile
and 5%TFA. TiO2 beads (SHIMADZU, Kyoto, Japan) were pre-incu-
bated in 2,5-Dihydroxybenzoic acid (Aladdin) in 80% acetonitrile and
1%TFA (5 �l/mg of beads) for 20 min. 2 mg of beads was added to
every fraction and incubated on rotator for 30 min. Beads were
washed twice with 30% acetonitrile and 1%TFA, loaded into C8
STAGE-TIP, and centrifuged at 500g for 5 min. Then, beads were
washed on-tip with 50% acetonitrile and 1%TFA followed by 80%
acetonitrile and 1%TFA. Peptides were eluted with 20 �l 5% am-
monium hydroxide, 20 �l 10% ammonium hydroxide, and 10%
ammonium hydroxide with 25% acetonitrile. Reduced the volume
by speedvac and analyzed by LC-MS/MS. The MS/MS spectra from
LC-MS/MS analysis were processed to generate the peak list and
searched against the UniProt human reference proteome (release on
March 17, 2017, containing 21,042 entries) using an in-house Sequest
HT Algorithm in Proteome Discoverer software (PD, version 1.4;
Thermo Fisher Scientific). The search criteria were: full tryptic speci-
ficity was required; two missed cleavage sites were allowed; oxidation
of methionine, 13C(6)15N(2) at lysine, 13C(6) at arginine, deamidation
at asparagine and glutamine, phosphorylation at serine, threonine and
tyrosine were set as variable modifications; carbamidomethylation of
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cysteine was set as the fixed modification; and precursor ion mass
tolerance was set at 20 ppm for all MS and 20 mmu for all MS2
spectra. Peptide false discovery rate (FDR) was estimated using the
percolator function provided by Proteome Discoverer, with a cutoff
score of 1% based on decoy database searching.

Secretomic Analysis—Cells were cultured in medium supple-
mented with 10% FBS until they reached 70% confluency. Cells were
washed with PBS three times, and then incubated in serum and
phenol red free medium at 37 °C for 12 h. Medium was collected and
centrifuged at 10,000 rpm for 10 min to remove large debris. Super-
natants were collected, and four-volumes of ice-cold acetone added,
followed by overnight precipitation at �20 °C. The supernatant was
discarded after 10,000 rpm centrifugation at 4 °C for 10 min, and
pellets dissolved in 8 M urea. Supernatants were collected after cen-
trifugation at 12,000 rpm for 20 min at 4 °C. Protein concentration
was determined using a BCA protein assay kit (Solarbio). Equal pro-
tein amounts were used for the following experiment. In-solution
digestion was performed. Protein disulfides were reduced by dithio-
threitol at 5 mM for 60 min at room temperature, and free cysteine
residues alkylated with iodoacetamide at 12 mM for 45 min in the dark
at room temperature. Protein samples were digested with trypsin for
14 h at 37 °C. Peptides were desalted with Sep-Pak C18 cartridges,
labeled using TMT reagents (Thermo Fisher Scientific) according to
the manufacturer’s instructions, and fractioned by HPLC separation.
Collected eluents were combined into 12 fractions and analyzed by
LC-MS/MS. The MS/MS spectra from LC-MS/MS analysis were pro-
cessed to generate the peak list and searched against the UniProt
human reference proteome (release on March 17, 2017, containing
21,042 entries) using an in-house Sequest HT Algorithm in Proteome
Discoverer software (PD, version 1.4; Thermo Fisher Scientific). The
search criteria were: full tryptic specificity was required; two missed
cleavage sites were allowed; oxidation of methionine, deamidation at
asparagine and glutamine were set as variable modifications; carb-
amidomethylation of cysteine, TMT6plex at lysine, and TMT6plex at
protein N terminus were set as the fixed modifications; and precursor
ion mass tolerance was set at 20 ppm for all MS and 20 mmu for all
MS2 spectra. Peptide false discovery rate (FDR) was estimated using
the percolator function provided by Proteome Discoverer, with a
cutoff score of 1% based on decoy database searching.

Western Blot Analysis—Cells were harvested and lysed for 30 min
on ice with RIPA lysis buffer (Solarbio) supplemented with 1% Pro-
tease Inhibitor Mixture (Thermo Fisher Scientific). Supernatants were
collected after centrifugation at 12,000 rpm for 20 min at 4 °C. Protein
concentration was determined using a BCA protein assay kit (Solar-
bio). Proteins were separated on 12% SDS-PAGE gels and trans-
ferred onto PVDF transfer membranes. Western blot analysis followed
a standard procedure. Actin antibody was purchased from Abmart
(Shanghai, China) and used as an internal control. FLAG antibody was
purchased from Sigma. Antibodies against �-catenin, E-cadherin,
N-cadherin, Snail1, pStat3 Y705 and S727, and Ac-Stat3 K685 were
purchased from Cell Signaling Technology (Danvers, MA). Cytokeratin
18 antibody was purchased from Millipore (Boston, MA). ZO-1, vi-
mentin, and Stat3 antibodies were obtained from Proteintech (Chi-
cago, IL).

Quantitative Real-time PCR (qPCR)—Total RNA was extracted
from cells using the RNAprep Pure Cell Kit (Tiangen, Beijing, China).
cDNA was synthesized from 3 �g total RNA using the TIANScript RT
kit (Tiangen). Quantitative real-time PCR was performed using the
Roche LightCycler® 480II Detection System with SYBR green (Tian-
gen), according to the manufacturer’s instructions, and �-actin used
as an internal control. Primers were acquired from Primer Bank (http://
pga.mgh.harvard.edu/primerbank/). The primers are listed in supple-
mental Table S1.

Invasion Assay—Invasion assays were performed using 8-�m-pore
transwell chambers (Corning, New York, NY). Briefly, cells were
starved for 24 h before harvest. Cells were trypsinized, washed twice
with PBS, and resuspended in serum-free medium. Next, 1.3 � 105

cells were counted and seeded into transwell chambers, with serum-
containing media added to the lower chamber. Cells were incubated
at 37 °C with 5% CO2. Cells that invaded through Matrigel (Corning)-
coated membrane were trypsinized, and cell counting kit-8 (CCK-8)
reagent added to treated cells and incubated at 37 °C for 3 h. Optical
density (OD) was measured at 450 nm with a microplate reader.

Xenograft Experiments—Animal studies were approved by the
Animal Research Ethics Committee of the Tsinghua University. For
xenograft experiments, 5 � 106 CD38(�) and CD38(�) A549 cells
were trypsinized, washed three times with PBS, and resuspended in
200 �l PBS before injecting subcutaneously into 5-week-old female
nude mice (Vital River Company, Beijing, China). Tumor volumes were
measured at 37 days after injection.

Statistical Methods—GraphPad Prism 5.0 software (La Jolla, CA)
was used for statistical analysis. Significant differences were de-
termined by Student’s t test. p values � 0.05 were considered
significant.

RESULTS

Decreased NAD Levels by CD38 Overexpression or FK866
Treatment Reduces Cell Proliferation Rates—CD38 is an ec-
toenzyme that anchors to the cell membrane. To express
intracellular CD38, the N-terminal helical domain was deleted,
and a FLAG-tagged sequence added to the C terminus to
generate recombinant human CD38 DNA (supplemental Fig.
S1A). Lentiviral particles containing CD38 vector were trans-
fected into A549 and HepG2 cells to produce stable CD38-
overexpressing (CD38(�)) cell lines. CD38 overexpression
was examined by Western blotting and qPCR (Fig. 1A–1C,
supplemental Fig. S2A). CD38 overexpression decreased cel-
lular NAD levels, as determined by NAD assay, with a 25%
decrease in NAD levels achieved in A549 CD38(�) cells (Fig.
1D). Similarly, NADH levels were 40% lower in CD38(�) cells
than control cells (A549 CD38(�)) (Fig. 1E). In HepG2 CD38(�)
cells, the NAD and NADH levels were also decreased com-
pared with HepG2 CD38(�) cells (supplemental Figs. S2B,
S2C). The NAD/NADH ratio was nearly unchanged between
CD38(�) and CD38(�) A549 cells (supplemental Fig. S2D).

Proliferation rates for CD38(�) and CD38(�) cells were
determined by CCK-8 assay (Fig. 1F) and by cell counting
assay (supplemental Fig. S2E), showing that CD38(�) cells
grew more slowly than CD38(�) cells. At 96 h, the number of
CD38(�) cells was �40% less than CD38(�) cells. Subcuta-
neous injection of CD38(�) cells into immunocompromised
mice gave rise to exponentially growing tumors, and control
cells grew to higher volumes compared with CD38(�) cells
(Fig. 1G). Xenograft experiment demonstrated that CD38
overexpression significantly inhibited tumor growth of A549
cells in nude mice, providing further evidence that CD38
overexpression inhibits cell proliferation. Similarly, FK866
treatment decreased cell growth (Fig. 1H).

Next, proteomic analysis was performed in CD38(�) and
CD38(�) cells. Equal amounts of CD38(�) and CD38(�) cell
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FIG. 1. Lowering cellular NAD levels decreases cell growth rate. A, Western blotting confirmed CD38 overexpression in A549 cells. B,
qPCR analysis confirmed overexpressed CD38 mRNA levels in A549 cells (n 	 3). C, Western blotting confirmed CD38 overexpression in
HepG2 cells. D, E, Cellular NAD and NADH levels in CD38(�) and CD38(�) A549 cells (n 	 3). F, Growth curves of CD38(�) and CD38(�) A549
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protein were digested in solution and then fractionated by
HPLC into twelve fractions. Each fraction was analyzed by
nano-LC-MS/MS to identify differentially expressed proteins.
Quantitation values were determined based on SILAC ratios.
Experiments were performed in biological triplicates, with
�6500 proteins identified in each experiment (supplemental
Table S2). The false-positive rate was estimated to be � 1%.
Based on SILAC ratios (� 2 or � 0.5), 973 proteins were
differentially expressed between CD38(�) and CD38(�) A549
cells, with 562 proteins downregulated and 411 upregulated
(supplemental Tables S3 and S4). Venn diagram showed the
number of overlapping proteins identified in proteomic studies
from three biological replicates (Fig. 2A), demonstrating that
our proteomic data are highly reproducible. Volcano plots
revealed significantly changed proteins between CD38(�) and
CD38(�) cells. Blue dots in upper left and upper right sections
represent proteins with fold-change � 0.5 or � 2 and p
values � 0.05 from t test statistics (Fig. 2B). Histograms

revealed fold-changes of proteomic data, which showed nor-
mal Gaussian distributions (Fig. 2C). Pearson correlation was
used to determine protein quantification reproducibility. High
Pearson correlation coefficient indicates high correlation in
fold-change between three independent experiments (Fig.
2C). To understand the biological relevance of differentially
expressed proteins, Gene Ontology (GO) was used to cluster
molecular functions and biological processes. Overall, 562
downregulated proteins were classified into several significant
groups of biological processes according to their molecular
functions, including energy and carbohydrate metabolism,
RNA processing and protein synthesis, DNA repair, chaper-
one, and cell cycle regulation.

Gene list annotations were summarized in a pie chart using
the PANTHER bioinformatics platform (http://www.pantherdb.
org/). More than one-third of downregulated proteins were
associated with cellular metabolism (Fig. 2D), in which half the
proteins participated in primary metabolic processes includ-

cells determined by CCK-8 assay (n 	 3). G, Tumor samples harvested from mice 37 days after injection (n 	 3). Tumor volumes (mm3) were
measured using digital calipers and calculated using the formula: �/6 � length (mm) � width2 (mm). H, Growth curves of untreated- and 10
nM FK866-treated A549 cells determined by CCK-8 assay (n 	 3). Data were analyzed using Student’s t test. *p � 0.05; **p � 0.01; ***p �
0.001. *p � 0.05 was considered statistically significant. All values represent mean from at least three biological replicates 
 S.E.

FIG. 2. Proteomic analysis of CD38(�) and CD38(�) cells. A, Venn diagram showed that proteomic data were highly reproducible. B,
Volcano plots showed significantly changed proteins (labeled in blue) between CD38(�) and CD38(�) A549 cells with fold-change � 2 or �
0.5 and adjusted p value � 0.05 from t test statistics. C, Pearson correlation diagram embedded with a histogram revealed that protein
fold-changes in our proteomic data showed normal distributions. High Pearson correlation coefficient indicates high correlation of protein
fold-changes between three independent experiments. D, Functional classification of downregulated proteins between CD38(�) and CD38(�)
A549 cells by PANTHER (http://www.pantherdb.org). E, SILAC ratios for NAD(P)-dependent enzymes.
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ing carbohydrate metabolic process, cellular amino acid met-
abolic process, lipid metabolic process, nucleobase-contain-
ing compound metabolic process, and protein metabolic
process. Among abundant proteins with a high number of
peptide spectrum matches (� 300), we noticed that the
NAD(P)-dependent enzymes, retinal dehydrogenase (ALDH1A1),
aldehyde dehydrogenase-dimeric NADP-preferring (ALDH3A1),
aldo-keto reductase family 1 member C3 and B10 (AKR1C3/
B10), and fatty acid synthase (FASN) were autonomously
downregulated (Fig. 2E) and participated in co-factor metab-
olism. These results suggest that lowering NAD levels de-
creased primary metabolism as well as cofactor and lipid
synthesis, with an overall resultant effect of decreased prolif-
eration rates in CD38(�) cells.

CD38 Overexpression Increases Cellular ROS Levels and
Susceptibility to Oxidative Stress—Among upregulated pro-
teins, GSH peroxidase expression (GPX1, 4, 8) displayed the
high fold-changes in CD38(�) A549 cells (Fig. 3A), which was
derived from the MS spectra (supplemental Fig. S3A). GPXs
reduce hydrogen peroxide (H2O2) or lipid hydroperoxide to
water and alcohol while generating oxidized GSH (GSSG).
However, our proteomic analysis did not show a significant
change in GSH reductase (GSR) expression between
CD38(�) and CD38(�) cells. Furthermore, two enzymes in-
volved in GSH synthesis, glutamate-cysteine ligase catalytic
subunit (GCLC) and gamma-glutamylcyclotransferase (GGCT),

were downregulated in CD38(�) cells (Fig. 3B), which was
derived from the MS spectra (supplemental Fig. 3B). These
results suggest that lowered NAD decreases cellular GSH
concentration. This was confirmed by metabolomic analysis
showing a 5-fold decrease in GSH levels in CD38(�) cells (Fig.
3C). Cellular ROS levels were measured using a CellROX®

Deep Red kit, which showed that CD38(�) cells exhibited
much stronger fluorescence with a 4-fold increase in ROS
levels (Fig. 3D). Further, we determined the GSH and ROS
levels in untreated- and NAC-treated A549 CD38(�) cells and
found that the GSH levels were unchanged in the NAC-treated
A549 CD38(�) cells but the ROS levels were significantly
decreased in NAC-treated A549 CD38(�) cells, suggesting
that CD38 overexpression caused a defect in GSH synthesis
(supplemental Figs. S3C, S3D).

Downregulation of antioxidant proteins (peroxiredoxin
[PRDX]-1 and PRDX6) and decreased GSH suggests that
CD38 overexpression increases susceptibility to oxidative
stress. CD38(�) and CD38(�) A549 cells were treated with
different concentrations of H2O2 or cisplatin for 24 h to
determine susceptibility to oxidative stress. Dose-depend-
ent effects of H2O2 or cisplatin are represented as percent-
age of viable cells after 24 h treatment, as measured by
CCK-8 assay. The percentage of viable cells was 37 and
47% for CD38(�) and CD38(�) cells, respectively, after
treatment with 800 �M H2O2 for 24 h. The number de-

FIG. 3. CD38 overexpression increases ROS levels and susceptibility to oxidative stress. A, SILAC ratios for three GSH peroxidases.
B, SILAC ratios for GSH synthetic proteins. C, Graphical representation of relative concentrations of GSH in CD38(�) and CD38(�) A549
cells by metabolomic analysis (n 	 3). D, Graphical representation of cellular ROS levels in CD38(�) and CD38(�) A549 cells (n 	 3). E,
Percentage of viable cells between CD38(�) and CD38(�) A549 cells treated with different concentration of H2O2 (n 	 3). F, Percentage
of viable cells between CD38(�) and CD38(�) A549 cells treated with different concentration of cisplatin (n 	 3). Data were analyzed using
Student’s t test. **p � 0.01. *p � 0.05 was considered statistically significant. All values represent mean from at least three biological
replicates 
 S.E.
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creased to 5% when CD38(�) cells were treated with 1000
�M H2O2 for 24 h (Fig. 3E), demonstrating that CD38(�) cells
are extremely sensitive to H2O2 treatment. The percentage
of viable cells was 60 and 70% for CD38(�) and CD38(�)
cells, respectively, after cells were treated with 25 �M cis-
platin for 24 h (Fig. 3F).

Decreased NAD Activates Multiple EMT Associated Path-
ways—Upregulated proteins were summarized by a pie chart
using the PANTHER bioinformatics platform (Fig. 4A). Accord-
ingly, 10% of proteins were associated with cell communica-
tion including integrin signaling, the Wnt pathway, and inflam-
matory process (Figs. 4B–4D). Ingenuity Pathway Analysis
(IPA) identified significantly changed canonical pathways
associated with differentially expressed proteins between
CD38(�) and CD38(�) A549 cells such as integrin signaling,
PI3K/AKT signaling, ERK/MAPK signaling, and ephrin recep-
tor signaling, which suggests that CD38 overexpression
causes cells to undergo EMT (supplemental Fig. S4A). Indeed,
CD38(�) A549 cells exhibited significant morphological
changes compared with CD38(�) cells, showing transfor-
mation of epithelial cells to elongated and spindle-like cells
of a similar shape as EMT intermediates (supplemental Figs.
S5A, S5B). Western blotting with EMT markers confirmed
that CD38 overexpression mediated the EMT phenotype
(Fig. 4E). Overall, CD38(�) cells exhibit significantly higher
expression of the mesenchymal markers, vimentin, N-cad-
herin, and �-catenin, and lower expression of the epithelial
markers, ZO-1, E-cadherin, and cytokeratin 18. Using a cell
invasion assay, CD38(�) cells were found to display higher
migration rates (Fig. 4F). Thus, altogether we show that
CD38 overexpressing cells undergo EMT in A549 cells.

To confirm that lower NAD levels in CD38(�) cells are the
driving force for cells to undergo EMT, we treated A549 cells
with 10 nM FK866 for 72 h. This resulted in increased inva-
siveness, like CD38 overexpression (Fig. 4G). Proteomic anal-
ysis was performed to identify differentially expressed pro-
teins between FK866-treated and untreated A549 cells. We
revealed that differentially expressed proteins associated with
EMT were like those found in CD38 overexpressing cells
(supplemental Figs. S6A). Repletion of nicotinic acid or nico-
tinamide reversed EMT, leading to increased ZO-1 and E-
cadherin expression but lowered �-catenin and N-cadherin
expression. These results suggest that decreased NAD-in-
duced EMT is a reversible process (Fig. 4H, 4I). Proteomic

analysis also confirmed that EMT associated pathways were
upregulated in CD38 overexpressing HepG2 cells (Fig. 4J),
indicating that the NAD-mediated EMT process is a universal
event.

Secretome and Phosphoproteomic Analyses Support Acti-
vation of Multiple EMT-associated Pathways in CD38(�)
Cells—Secretome analysis confirmed that EMT-associated
pathways were activated in CD38(�) A549 cells (supplemen-
tal Table S5). Here, proteins associated with interleukin (IL)-6-,
integrin-, and transforming growth factor beta (TGF�)-signal-
ing pathways were highly secreted compared with CD38(�)
A549 cells (Fig. 5A–5C). Among known extracellular proteins,
both TGF�1 and TGF�2 were 2-fold higher in CD38(�) cells
compared with CD38(�) cells, suggesting that CD38 overex-
pression activates the TGF� pathway in A549 cells. Proteomic
analysis revealed that TGF�-induced protein ig-h3 (TGFBI)
and TGF�-1-induced transcript 1 protein (TGFB1I1) were in-
creased 4-times in CD38(�) cells. Further, phosphoproteomic
analysis showed that TGF�1-induced transcript 1 protein
(TGFB1I1) was increased in CD38(�) cells (supplemental Ta-
ble S6). It is known that TGF� activates the mothers against
decapentaplegic homolog (Smad) signaling pathway, but
both expression and phosphorylation levels of Smad proteins
were not altered in CD38(�) cells, suggesting that a TGF�/
Smad-independent signaling pathway is activated. This was
confirmed by increased phosphorylation of mitogen-activated
protein kinase kinase (MKK)-4, MKK6, and mitogen-activated
protein kinase 14 (p38).

Secretome analysis also revealed that CD38(�) A549 cells
release higher levels of laminin, matrix metallopeptidase 2
(MMP2), and thrombospondin 1 (THBS1), which are ligands
for integrins. Combined with proteomic results showing that
integrin �-2, -3, -5, -V, integrin �-1, -5, and �-catenin were all
upregulated in CD38(�) cells, we concluded that CD38 over-
expression also activates the integrin pathway. Secretome
analysis further detected higher IL6 in the medium of CD38(�)
cells, whereas phosphoproteomic analysis showed that
STAT3 S727 phosphorylation was increased (supplemental
Fig. S7A). Combined with proteomic results showing upregu-
lated JAK1 in CD38(�) cells, we concluded that CD38 over-
expression also activates inflammatory pathways. To deter-
mine whether secreted proteins from CD38(�) A549 cells
promote the EMT process, we collected cell culture medium
and used it for culturing CD38(�) A549 cells. After two-days

FIG. 4. Lowering cellular NAD levels activates multiple EMT-associated pathways and causes cells to undergo EMT. A, Functional
classification of upregulated proteins between CD38(�) and CD38(�) A549 cells by PANTHER (http://www.pantherdb.org). B, SILAC ratios of
upregulated proteins related to the integrin signaling pathway. C, SILAC ratios of upregulated proteins related to the Wnt signaling pathway.
D, SILAC ratios of upregulated proteins related to the inflammation signaling pathway. E, Western blotting of expression levels of �-catenin,
vimentin, cytokeratin-18, E-cadherin, N-cadherin, ZO-1, and �-actin in CD38(�) and CD38(�) A549 cells. F, Migration rates of CD38(�) and
CD38(�) A549 cells determined by cell invasion assay (n 	 4). G, Migration rates of untreated-, and 10 nM FK866-treated cells determined by
cell invasion assay (n 	 3). H, I, Western blotting of expression levels of �-catenin, E-cadherin, N-cadherin, ZO-1, and �-actin in untreated-
and nicotinic acid (500 �M)- or nicotinamide (1 mM)-treated CD38(�) cells. J, Ratios of upregulated proteins related to the EMT process in
CD38(�) and CD38(�) HepG2 cells. *p � 0.05 was considered statistically significant. All values represent mean from at least three biological
replicates 
 S.E.
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of culture, cells were collected and probed by Western blot
analysis. We found upregulated Snail1 and �-catenin and
activated STAT3 (Fig. 5D), demonstrating that secreted pro-
teins from CD38(�) cells cause cells to undergo the EMT
process. Pathways activated by CD38 overexpression are
shown in Fig. 5E.

Inhibition of STAT3 Reverses EMT in CD38(�) Cells—Se-
cretome and proteomic analyses suggested that CD38 over-

expression activates the IL6-JAK1-STAT pathway. To further
confirm STAT3 pathway activation, we performed phospho-
proteomic analysis. Phosphorylation of the S727 residue of
STAT3 was increased in CD38(�) A549 cells, which was
further validated by Western blotting. The increase in Y705
phosphorylation of STAT3 was also validated by Western
blotting. Phosphorylation of S727 promotes STAT3 transcrip-
tional activity (38, 39), whereas phosphorylation of Y705 in-

FIG. 5. Secretomic analysis reveals that CD38(�) cells have an EMT-phenotype. A–C, Ratios of secreted proteins associated with the
EMT process. D, Western blotting of expression levels of �-catenin, Snail1, Stat3 pY705, and �-actin in CD38(�) and CD38(�) cell
medium-treated CD38(�) cells. E, Schematic diagram showing activated pathways in CD38(�) A549 cells.
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duces STAT3 dimerization, nuclear translocation, and subse-
quent DNA binding (40, 41). Further, K685 acetylation is
important for STAT3 dimerization, which leads to subsequent
nuclear translocation and transcriptional regulation (42, 43). In
the present study, we found increased acetylation of the
STAT3 K685 residue (Fig. 6A). STAT3 is a vital downstream
target of TGF�-, integrin-, and inflammatory pathways, which
induce Snail expression (44, 45). Indeed, SNAI1 and SNAI2
mRNA levels were increased in CD38(�) A549 cells and in-
creased Snail1 protein expression levels were validated by
Western blotting (Fig. 6B). Inhibition of STAT3 with cryptotan-
shinone, S3I-201, and stattic in CD38(�) A549 cells reversed
EMT, resulting in increased ZO-1 and decreased vimentin and
�-catenin expression (Fig. 6C). More strikingly, nicotinic acid
or nicotinamide supplementation of cell culture medium re-
sulted in decreased phosphorylation of S727 and Y705 in
STAT3, suggesting that intracellular NAD levels mediate the
STAT3 activation state (Fig. 6D, 6E). Moreover, supplementa-
tion with nicotinic acid and SRT1720, a SIRT1 activator, de-
creased STAT3 K685 acetylation (Fig. 6F), indicating that
SIRT1 plays a role in NAD-mediated STAT3 activation.

DISCUSSION

Cellular NAD levels decline with age, whereas supplemen-
tation with NAD precursors exert a protective role to slow

down aging and prevent metabolic and neurodegenerative
disease. NAD homeostasis is maintained by both NAD syn-
thetic and consumption pathways. NAD is largely consumed
via nonredox NAD-dependent enzymes such as PARPs, ADP-
ribose transferases, NADase, and sirtuins, which use NAD
and generate nicotinamide, whereas NAMPT is the rate-lim-
iting enzyme to convert nicotinamide back to NAD. Previous
studies have established that CD38 can be used for tuning
cellular NAD levels and studying NAD function without inter-
fering with major cellular processes (31, 32). As demon-
strated, increased NAD in Cd38�/� mice improves mito-
chondrial function and protects mice against metabolic
damage induced by a high-fat diet (24, 34, 35).

As we showed in a previous study, CD38 overexpression in
293T cells downregulates all glycolytic enzymes and slows
cell proliferation (37). Thus, we examined the effect of CD38
overexpression on cellular processes in A549 and HepG2
cells. CD38 overexpression in A549 and HepG2 cells was
confirmed by Western blotting and qPCR. Consequently, NAD
and NADH level were decreased by 25 and 40%, respectively,
in CD38(�) A549 cells (Fig. 1D, 1E). A SILAC-based quanti-
tative proteomic study was performed to identify differentially
expressed proteins in CD38(�) and CD38(�) cells. Unlike the
results observed in 293T cells, in which CD38 overexpression
downregulates glycolytic enzymes and decreases cell prolif-

FIG. 6. STAT3 is a vital regulator in the NAD-mediated EMT process. A, Western blotting of expression levels of Stat3 pS727, Stat3
pY705, Stat3 AcK685, Stat3, and �-actin in CD38(�) and CD38(�) A549 cells. B, mRNA and protein expression levels of SNAI1 and SNAI2
in CD38(�) and CD38(�) A549 cells (n 	 3). C, Western blotting of �-catenin, vimentin, ZO-1, Stat3 pY705, and �-actin expression levels in
untreated- and cryptotanshinone (15 �M, 48 h)-, S3I-201 (150 �M, 48 h)-, and stattic (1.5 �M, 48 h)-treated CD38(�) cells. D, E, Western blotting
of Stat3 pS727, Stat3 pY705, Stat3, and �-actin expression levels in untreated- and nicotinic acid (500 �M, 48 h)- or nicotinamide (1 mM,
48 h)-treated CD38(�) cells. F, Western blotting of Stat3 AcK685, Stat3, and �-actin expression levels in untreated- and nicotinic acid (500 �M,
48 h)- or SRT1720 (10 �M, 8h)-treated CD38(�) cells. **p � 0.01. *p � 0.05 was considered statistically significant. All values represent mean
from at least three biological replicates 
 S.E.
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eration, CD38 overexpression did not alter expression of gly-
colytic enzymes in A549 cells. Instead, proteins that parti-
cipated in co-factor metabolism were downregulated in
CD38(�) cells, suggesting that lowered cellular NAD levels
decrease primary metabolism, and lead to a decreased pro-
liferation rate in CD38(�) cells and xenograft experiments.
This also suggests that decreased NAD promotes cell-spe-
cific responses. Moreover, GPXs were upregulated whereas
proteins involved in GSH biosynthesis were downregulated,
resulting in decreased GSH and elevated ROS levels in
CD38(�) cells. Consequently, downregulation of antioxidant
proteins, PRDX1 and PRDX6, and decreased GSH increased
susceptibility to oxidative stress in CD38(�) cells.

More strikingly, a combination of proteomic, secretomic,
and phosphoproteomic analyses identified activation of mul-
tiple pathways related to EMT in CD38(�) cells. Accordingly,
cells were transformed from a cobblestone-shaped epithelial
population to an elongated and spindle-like morphology, like
EMT intermediates. The EMT phenotype was further con-
firmed by Western blotting and cell invasion assays (Fig. 4E,
4F). Vimentin was 2-fold downregulated in CD38(�) 293T cells
compared with CD38(�) cells, whereas its expression was
upregulated in CD38(�) A549 cells. As a major intermediate
filament protein, vimentin is ubiquitously and highly expressed
in epithelial cancer cells, and regulates accelerated tumor
growth, invasion, poor prognosis, and drug resistance (46–
48). Decreased NAD-mediated EMT was observed in multiple
cell lines, including A549 and HepG2. As EMT promotes tu-
mor cell metastasis, our results suggest that decreased NAD
contributes to tumor progression in addition to its roles in
maintaining mitochondrial integrity. Secretion of IL6, integrin,
and TGF� can induce EMT in nearby cells, indicating that
decreased NAD also mediates the complex interactions
between cells and their adjacent microenvironment. More
importantly, treatment with NAD precursors reverses EMT in
CD38(�) cells. This further confirms that nicotinamide and nic-
otinic acid inhibit cancer metastasis in xenograft models (49).

STAT3 is a downstream target of TGF�-, integrin-, and
inflammatory pathways, which induce Snail expression (38,
39). STAT3 inhibition reversed EMT by downregulating vimen-
tin and �-catenin, and upregulating ZO-1 expression (Fig. 6C).
Treating CD38(�) cells with NAD precursors decreased phos-
phorylation of the S727 and Y705 residues in STAT3, indicat-
ing that increased NAD inactivates transcriptional activity of
STAT3 (40–43). SIRT1, a NAD-dependent deacetylase, inac-
tivates STAT3 (50). Here, we demonstrate that decreased
NAD decreases SIRT1 activity and increases STAT3 acetyla-
tion. Supplementation with nicotinic acid or treatment with
SRT1720, a SIRT1 activator, decreased acetylation of STAT3
K685, which inactivated STAT3. Taken together, we demon-
strate that STAT3 plays a vital role in NAD-mediated EMT.

In summary, we demonstrate that decreased NAD activates
multiple EMT-associated pathways to enhance cell invasive-
ness, in which STAT3 is a vital regulator. Moreover, supple-

mentation with NAD precursors reverses EMT by inactivating
STAT3 activity and providing a potential strategy to halt can-
cer cell progression.
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