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Metabolism controls cellular phenotype and fate. In this
report, we demonstrate that nicotinamide N-methyltransferase
(NNMT), a metabolic enzyme that regulates developmental
stem cell transitions and tumor progression, is highly expressed
in human idiopathic pulmonary fibrosis (IPF) lungs, and is
induced by the pro-fibrotic cytokine, transforming growth
factor-β1 (TGF-β1) in lung fibroblasts. NNMT silencing re-
duces the expression of extracellular matrix proteins, both
constitutively and in response to TGF-β1. Furthermore, NNMT
controls the phenotypic transition from homeostatic, pro-
regenerative lipofibroblasts to pro-fibrotic myofibroblasts.
This effect of NNMT is mediated, in part, by the down-
regulation of lipogenic transcription factors, TCF21 and
PPARγ, and the induction of a less proliferative but more
differentiated myofibroblast phenotype. NNMT confers an
apoptosis-resistant phenotype to myofibroblasts that is asso-
ciated with the downregulation of pro-apoptotic members of
the Bcl-2 family, including Bim and PUMA. Together, these
studies indicate a critical role for NNMT in the metabolic
reprogramming of fibroblasts to a pro-fibrotic and apoptosis-
resistant phenotype and support the concept that targeting
this enzyme may promote regenerative responses in chronic
fibrotic disorders such as IPF.

The homeostatic maintenance of tissue structure and
function is dependent on specialized stem cell niches in adult
organs (1). These stem cell niches in mammalian tissues/or-
gans almost uniformly consist of epithelial and endothelial
stem cells in proximity with niche-supporting fibroblasts
(2–4). In the human adult lung, alveolar epithelial stem cells
are supported by a unique population of mesenchymal cells
referred to as lipofibroblasts (5–7). During injury repair re-
sponses, lipofibroblasts may transition into a pathological, pro-
fibrotic mesenchymal phenotype known as myofibroblasts (8).
Previous studies by our group have shown that myofibroblasts
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differentiate in response to the pro-fibrotic cytokine, trans-
forming growth factor-β1 (TGF-β1), and acquire an
anti-apoptotic phenotype (9, 10). However, although the
phenotypic plasticity of this population is well appreciated
(11), the mechanisms for this metabolic reprogramming are
incompletely understood.

Nicotinamide N-methyltransferase (NNMT) is an enzyme
that is highly expressed in the liver and catalyzes the
N-methylation of nicotinamide and other pyridine xenobiotic
compounds (12). By utilizing the universal methyl donor
S-adenosyl-L-methionine (SAM) in this reaction, NNMT
functions as a “methyl sink” in many tissues (13). In early
development, consumption of SAM by NNMT makes it un-
available for histone methylation, thus altering the epigenetic
landscape in human embryonic stem cells (14). NNMT
expression is upregulated in many cancers, specifically in
cancer aggressiveness or progression (15). In some cancers,
NNMT induces resistance to apoptosis via the mitochondrial
pathway (16) and mediates epithelial–mesenchymal transition
(17). This aggressive cancer phenotype may be related to the
tumor-supporting role of the stroma (18). Interestingly,
fibrosis within the surrounding stroma may not increase the
risk of cancer development but may contribute to disease
progression (19). The synergistic relationship between fibrosis
and cancer development/progression and their potential
metabolic underpinnings deserves further study.

In this report, we demonstrate that NNMT is upregu-
lated in human fibrotic disorders, specifically idiopathic
pulmonary fibrosis (IPF), and is induced by TGF-β1 in
human lung fibroblasts. Our studies indicate that NNMT
functions as a critical switch from a homeostatic fibroblast
population (lipofibroblasts) to fibrogenic myofibroblasts
that acquire an apoptosis-resistant phenotype. NNMT
silencing in human lung fibroblasts promotes lipogenic
differentiation, abrogates myofibroblast fate commitment in
response to TGF-β1, and lowers the threshold for fibroblast
apoptosis. Based on the premise that fibrosis resolution
involves both myofibroblast-to-lipogenic de-differentiation
(20, 21) and myofibroblast apoptosis (22, 23), this study
identifies dual/synergistic roles of NNMT in promoting
recalcitrant, non-resolving fibrosis.
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NNMT regulates lung fibroblast phenotype and apoptosis
Results

NNMT expression is upregulated in myofibroblasts of IPF lung
tissues and is induced by TGF-β1

IPF is a prototypical progressive fibrotic lung disease that
carries high mortality and morbidity (24, 25). We assessed
whether NNMT was differentially expressed within stromal
cells of human IPF subjects using publicly available databases
(IPF Cell Atlas; http://www.ipfcellatlas.com). In multiple
datasets from different groups, we found that gene expression
of NNMT was upregulated in mesenchymal/stromal cells, an
effect that was more pronounced in the myofibroblast popu-
lation (Fig. 1, A–D). We also analyzed the expression levels
of NNMT in a transcriptomic dataset of lung tissues from
IPF (n = 102) and control (n = 103) (GSE150910) (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150910) (26);
higher expression of NNMT in this dataset (Fig. 1E) was
associated with upregulated gene expression of α-SMA,
Col1a1, and FN1 in IPF (Fig. S1, A–C). Immunofluorescence
staining of control and IPF lung tissues demonstrated higher
expression of NNMT that was localized primarily to interstitial
stromal cells in IPF lungs (Fig. S1D).

To determine if NNMT is spatially expressed within
fibroblastic foci of IPF lung tissues, we performed Digital
Spatial Profiling (DSP) for RNA on control and IPF lungs by
analyzing Regions of Interest (ROIs) defined by the expres-
sion of the myofibroblast marker, α-SMA, within morpho-
logical structures representing fibroblastic foci (Fig. S1, E
and F). These ROIs confirmed higher expression of canon-
ical pro-fibrotic maker genes, α-SMA, Col1a1, and FN1
(Fig. S1, G–I), while also revealing enrichment of NNMT
mRNA within these regions of active tissue remodeling
(Fig. 1F).

TGF-β1 is a pro-fibrotic cytokine that has been implicated
in most, if not all, human fibrotic disorders (27). We
examined whether the expression of NNMT is altered in
response to TGF-β1 stimulation of human lung fibroblasts
(IMR-90); TGF-β1 induced a >15-fold upregulation of
NNMT mRNA at 24 h by Affymetrix-based transcriptomic
analysis (Fig. 1G). This was confirmed by real-time PCR in a
time-course study that showed peak expression of NNMT
mRNA at 16 h after TGF-β1 treatment (Fig. 1H). TGF-β1
induced NNMT upregulation at the protein level was sus-
tained up to 48 h (Fig. 1, I and J); interestingly, under these
serum-free conditions, we also detected a slower rate of
NNMT induction in untreated cells (Fig. 1, K and L). Flow
cytometry analysis of fibroblasts from control and IPF sub-
jects stained with APC-labelled NNMT and FITC-labelled
α-SMA antibodies showed that, at baseline, NNMT
co-positivity with α-SMA is significantly higher in IPF
patient-derived fibroblasts compared to control, indicating a
correlation of NNMT and α-SMA in myofibroblasts (Fig. 1,
M and N). Together, these data support the elevated
expression of NNMT in human IPF lung tissues with a
preferential increase in the myofibroblast population;
furthermore, NNMT is upregulated at both the mRNA and
protein levels in a time-dependent manner by TGF-β1.
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NNMT promotes extracellular matrix production, suppresses
cellular proliferation, and activates pro-fibrotic metabolic
pathways in lung fibroblasts

NNMT may serve as a metabolic hub in controlling pro-
fibrotic cellular phenotypes (18). We determined the effects
of NNMT silencing on extracellular matrix (ECM) production
in human lung fibroblasts. Under baseline conditions (i.e.,
in the absence of TGF-β1 stimulation), NNMT silencing
decreased constitutive levels of Col1a1 but paradoxically
increased FN in IMR-90 fibroblasts (Fig. 2, A–D). Interestingly,
we observed an increase in the expression of key metabolic
enzymes that mediate anti-fibrotic effects, the NAD+-
dependent deacetylase, sirtuin-3 (SIRT3) (28) and ATP
citrate lyase (ACLY) (29, 30); both SIRT3 and ACLY were
upregulated when NNMT was silenced (Fig. 2, A, E, and F).

A fundamental principle that governs cellular differentiation
is the coordinated suppression of proliferation (31, 32). NNMT
knockdown significantly upregulated proliferating cell nuclear
antigen and Cyclin D1, markers associated with cell cycle
progression (Fig. 2, A, G, and H). To confirm these findings in
primary IPF lung fibroblasts, we conducted similar NNMT
silencing studies with these disease-associated cells. NNMT
knockdown, although relatively less efficient in these cells,
resulted in a parallel and significant downregulation of the
pro-fibrotic markers, Col1a1, and connective tissue growth
factor, while ACLY is upregulated (Fig. S2, A–E). Together,
these data demonstrate that NNMT controls a switch from a
less differentiated, proliferative to a more differentiated, pro-
fibrotic fibroblast phenotype.

To elucidate whether NNMT regulates TGF-β1-mediated
myofibroblast differentiation and pro-fibrotic metabolic
reprogramming, we explored effects of TGF-β1 in NNMT
silenced/control human lung fibroblasts. RNA-seq analysis of
NNMT-deficient fibroblasts showed reduced mRNA levels of
TGF-β1-induced ACTA2, Col1a1, and FN1 (Fig. 2, I–L).
NNMT silencing inhibited α-SMA expression (Fig. 3, A–C)
and upregulated SIRT3 (Fig. 3, A and D) under basal condi-
tions and in response to TGF-β1 stimulation when compared
to non-targeting siRNA treated cells. In contrast, the effects of
NNMT knockdown on ACLY expression were more robustly
appreciated in TGF-β1-stimulated cells (Fig. 3, A and E), while
a super-induction of ACLY was observed in NNMT knock-
down cells in response to TGF-β1 (Fig. 3, A and E). In sum-
mary, NNMT functions as a critical mediator of pro-fibrotic
metabolic reprograming in human lung fibroblasts.

NNMT regulates lipofibroblast–myofibroblast phenotype
transition

There is increasing recognition of the plasticity of mesen-
chymal cell populations, including cells within the alveolar
niche (21, 33). The lipofibroblast is thought to be a critical
lung-resident population that provides a niche to alveolar
epithelial stem cells and maintains lung homeostasis (4).
Lipofibroblasts are characterized by high expression of the
transcription factors, peroxisome proliferator-activated re-
ceptor-gamma (PPARγ) and transcription factor 21 (TCF21)

http://www.ipfcellatlas.com
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Figure 1. NNMT expression is elevated in myofibroblasts of IPF lung tissues and TGF-β1 stimulated human lung fibroblasts. A–C, expression of
NNMT transcript in myofibroblasts of control and IPF/ILD lungs in single-cell RNA-seq analysis obtained from different datasets (A) Kaminski/Rosas, (B)
Banovich/Kropski, and (C) Lafyatis groups from IPF Cell Atlas. D, UMAP plot showing NNMT transcript expression in different mesenchymal cells of control
and IPF lungs in single cell RNA-seq analysis obtained from Banovich-Kropski dataset of IPF Cell Atlas. E, violin plot showing NNMT mRNA in Gene Expression
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NNMT regulates lung fibroblast phenotype and apoptosis
(34), and enzymes involved in fatty acid synthesis, transport,
and storage: acetyl CoA-carboxylase (ACAC), and Perilin2
(Plin2), respectively. To determine if the transcript levels of
these lipofibroblast-associated genes were deficient in IPF, we
first queried the publicly available dataset comparing control
and IPF lung tissues (GSE150910). Expression levels of
lipofibroblast-associated genes were significantly decreased in
IPF lung tissues (Fig. 4, A–D).

DSP analysis for RNA expression on ROIs of control and
IPF lungs showed diminished expression of lipofibroblast
specific markers PPARγ in IPF (Fig. S2F) while also revealing
enrichment of NNMT mRNA within these regions of active
tissue remodeling (Fig. 1G). These data, along with the data
indicating higher levels of myofibroblast markers (Fig. S1, A–
C), support a potential shift in the lung-resident fibroblast
population from a lipofibroblast to myofibroblast phenotype.

Next, we explored whether NNMT may regulate this
phenotypic shift. At the mRNA level, TGF-β1 suppressed pro-
lipogenic transcription factors, PPARγ and TCF21, while
NNMTknockdownmediated the opposite effects (Figs. 2I and4,
E and F); interestingly, although Plin2 mRNA was upregulated
by NNMT silencing, this appeared to be further augmented
rather than reversed by TGF-β1 (Fig. 4G). The effects of TGF-β1
and NNMT silencing on PPARγ and TCF21 were confirmed at
protein levels (Fig. 4, H–K). The observation that NNMT
silencing is insufficient to completely reverse the TGF-β1 effect
on this transition raises the possibility of additional NNMT-
independent mechanisms by which TGF-β1 suppresses lipo-
genic differentiation. Flow cytometry analysis of control and IPF
patient’s fibroblasts stained with APC-labelled NNMT and
FITC-labelled PPARγ antibodies showed that, at baseline,
NNMT significantly and inversely correlates with PPARγ in
patient-derived fibroblasts compared to control, indicating an
NNMT mediated negatively regulation of lipogenic differenti-
ation (Fig. 4, L andM). Together, these data indicate that TGF-
β1 and NNMT, independently and coordinately, mediate
lipofibroblast-to-myofibroblast phenotypic transition.

NNMT induces apoptosis resistance and mitigates the anti-
apoptotic effects of TGF-β1 in lung fibroblasts

Our group and others have shown that TGF-β1mediates anti-
apoptotic effects in lung fibroblasts (10, 35, 36). We sought to
determine whether the metabolic and phenotypic shift from
lipofibroblasts to myofibroblasts mediated by NNMT is asso-
ciated with apoptosis resistance and, if so, the specific contri-
bution ofNNMT. RNAi-mediated silencing ofNNMTappeared
to convert the anti-apoptotic effect ofTGF-β1 to a pro-apoptotic
Affymetrix data (GSE150910) of control donor and IPF human lungs. Data pres
mRNA expression of NNMT in Digital Spatial Profiling (DSP) representing six R
representing one individual. The data are presented as means ± s.e.m., ***p =
human fibroblasts treated with vehicle or TGF-β1 (2.5 ng/ml) for 24 h. Data pres
NNMT mRNA in human fibroblasts treated with or without TGF-β1 (2.5 ng/ml) f
One-way ANOVA. I and J, Western blot and quantitative analysis of NNMT prot
presented as means ± s.e.m., n = 3, ***p = 0.0006 (Student’s t test). K, Western
in TGF-β1 (2.5 ng/ml) treatment of human fibroblasts (IMR-90). L, quantitative
(K). Data presented as means ± s.e.m., n = 2, One-way ANOVA.M, flow cytometr
FITC-labelled α-SMA is shown. Cells were first gated for FSC and SSC followed b
B2 quadrant positive for both NNMT-APC and α-SMA-FITC are shown. Results
subjects each. Data presented as means ± s.e.m., n = 3, ***p = 0.0062 (Stude
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phenotype, as suggested by light microscopy (Fig. 5, A and B).
We validated this effect of NNMT silencing by monitoring
expression levels of activated (cleaved) caspase-3 (Fig. 5, C and
D) and cleavedPARP (Fig. 5,C andE). Flow cytometry analysis of
AnnexinV/Propidium iodide staining for apoptosis showed that
the TGF-β1 mediated anti-apoptotic effect is completely
reversed by NNMT silencing (Figs. 5F and S3). To further
characterize the effects of NNMT in controlling the apoptosis
threshold, we transfected IMR-90 fibroblasts with an NNMT
cDNA plasmid and then stimulated cells −/+ TGF-β1. The
apoptotic response (measured by Annexin V/Propidium iodide
staining and FACS) was suppressed with either NNMT over-
expression or TGF-β1; however, the combination did not pro-
duce an additive effect (Figs. 5G and S4). These data indicate that
the apoptosis-resistant phenotype associated with
lipofibroblast–myofibroblast transition is largely dependent on
NNMT.
NNMT induces the expression of Bcl-2 family member proteins
in human lung fibroblasts

Our recent studies support a role for Bcl-2 family proteins in
the apoptosis-resistant phenotype of myofibroblasts (28, 37).
First, we analyzed the expression levels of pro-apoptotic mem-
bers of the Bcl-2 family in the existing transcriptomic dataset of
IPF lung tissues (GSE150910; IPF, n = 102 and control, n = 103);
Bim, Bad, and PUMA were significantly downregulated in IPF
lung tissues compared with control (Fig. 6, A–C).

We further investigated the mRNA expression levels of pro-
apoptotic Bcl-2 family genes in NNMT-silenced fibroblasts
treated −/+ TGF-β1. TGF-β1 induced downregulation of Bim
and PUMA were completely abrogated by NNMT silencing
(Figs. 2I and 6, D and E), and this effect was confirmed at the
protein level (Fig. 6, F–I). We also confirmed NNMT-
mediated regulation of pro-apoptotic proteins in IMR-90 fi-
broblasts and human IPF lung fibroblasts. NNMT silencing
induced higher expression of pro-apoptotic Bcl-2 family pro-
teins, Bim and PUMA, both in IMR-90 and IPF lung fibro-
blasts (Fig. S5). Together, these data support a critical role for
NNMT in mediating anti-apoptotic effects by suppressing the
expression of pro-apoptotic Bcl-2 family proteins; and this
mediates, at least in part, the anti-apoptotic effects of TGF-β1
in human lung fibroblasts (Fig. 6J).
Discussion

Fibroblasts are the primary cells involved in ECM synthesis,
deposition, and remodeling in health and disease (20, 38).
ented as means ± s.e.m., n = 102 to 103, ****p < 0.0001 (Student’s t test). F,
egions of Interest (ROIs) from control donor and individual with IPF; n = 6,
0.0005 (Student’s t test). G, NNMT mRNA in Gene Expression Microarray of
ented as means ± s.e.m., n = 3, *p = 0.0171 (Student’s t test). H, expression of
or indicated time points up to 48 h. Data presented as means ± s.e.m., n = 3,
ein in human fibroblasts treated with TGF-β1 (0 or 2.5 ng/ml) for 48 h. Data
blot demonstrating expression of NNMT and α-SMA at indicated time points
analysis of NNMT protein at indicated timepoints of TGF-β1 treatment from
ic analysis of control and IPF fibroblasts stained with APC-labelled NNMT and
y NNMT-APC and α-SMA-FITC. N, the percentage of cell populations gated in
represent data from n = 3 representing fibroblasts of three donor and IPF
nt’s t test).



Figure 2. NNMT regulates extracellular matrix production, cellular proliferation, and metabolic pathways in lung fibroblasts. A–H, Western blot and
quantitative analysis of protein expression of NNMT, Col1a1, FN, SIRT3, ACLY, PCNA, and Cyclin D1 in IMR-90 fibroblasts transfected with non-targeting (NT)
or NNMT siRNA (100 nM) for 72 h. Data presented as means ± s.e.m., n = 3, *p < 0.05 (Student’s t test). I–L, fold change in mRNAs of NNMT, ACTA2, Col1a1,
FN1, and ACLY in RNA-seq analysis of human fibroblasts transfected with non-targeting or NNMT siRNA (100 nM) followed by treatment with TGF-β1 (0 or
2.5 ng/ml) for 48 h. Data presented as means ± s.e.m., n = 3, One-way ANOVA.

NNMT regulates lung fibroblast phenotype and apoptosis
Fibroblasts possess remarkable plasticity, and their phenotypic
transitions may determine regenerative versus fibrogenic
responses to lung injury and repair (4, 39). A pathological
hallmark of human fibrotic disorders is the persistence of
apoptosis-resistant myofibroblasts in injured tissues (23, 25).
The persistence and accumulation of these fibrogenic cells
have been proposed to be related to either impaired de-
differentiation (21, 31, 40) or acquired resistance to
apoptosis (36, 41). In this report, we identify a metabolic
enzyme that controls both fibroblast phenotype
J. Biol. Chem. (2023) 299(8) 105027 5



Figure 3. NNMT modulates TGF-β1 induced extracellular matrix production and pro-fibrotic metabolic pathways in human lung fibroblasts. A–E,
Western blot and quantitative analysis of protein expression of NNMT, α-SMA, SIRT3, and ACLY in human lung fibroblasts transfected with non-targeting or
NNMT siRNA (100 nM) followed by treatment with TGF-β1 (0 or 2.5 ng/ml) for 48 h. Data presented as means ± s.e.m., n = 3, One-way ANOVA.

NNMT regulates lung fibroblast phenotype and apoptosis
(differentiation > proliferation) and fate (apoptosis resistance
> apoptosis susceptibility). Specifically, our studies implicate
NNMT as a critical regulator of lipofibroblast-to-
myofibroblast transition and apoptosis resistance mediated
by altered expression Bcl-2 family proteins (Fig. 6J). Impor-
tantly, NNMT is highly expressed in fibrotic tissues such as in
IPF and in cancers that portend a more aggressive and pro-
gressive course, suggesting that this metabolic enzyme may
represent a target for therapeutic strategies to retard or even
resolve the progressive nature of these morbid conditions.

The importance of metabolic intermediates and bio-
energetic states that determine cellular phenotypes and fate is
increasingly recognized (42–44). Lipofibroblasts support the
alveolar stem cell niche (6, 7), and their presence may be
critical to the regenerative capacity of the lung. Previous
studies from our group implicated mitochondrial biogenesis,
aerobic glycolysis, and glutaminolysis in myofibroblast differ-
entiation, contractility, and apoptosis resistance (11, 45, 46).
However, the role of a metabolic enzyme that mediates both
myofibroblast differentiation/activation while also suppressing
lipogenic differentiation has not, to our knowledge, been
previously demonstrated. Our studies clearly demonstrate the
NNMT constitutively inhibits TCF21 and PPARγ, master
transcription factors of the lipogenic fate of fibroblasts (34).
Interestingly, while the anti-diabetic drug, metformin, induces
lipogenic differentiation of myofibroblasts to reverse fibrosis
(8), it may also restore apoptosis susceptibility to myofibro-
blasts (47). Whether these dual actions of metformin and
NNMT inhibition may function through common metabolic
pathways deserves further study, as well as the potential syn-
ergy of these interventions.
6 J. Biol. Chem. (2023) 299(8) 105027
Our studies demonstrate the coordinate transition of (myo)
fibroblasts to a pro-regenerative lipofibroblast phenotype
while, at the same time, restoring apoptosis susceptibility when
NNMT is silenced; NNMT downregulation also abrogates the
anti-apoptotic signaling effects of TGF-β1. This enhanced
apoptotic “plasticity” is facilitated by the upregulation of pro-
apoptotic Bcl-2 family proteins, Bim and PUMA. Our group
recently demonstrated that exogenous delivery of SIRT3,
otherwise downregulated in IPF, to the lungs of aged mice
alleviates fibrosis by inducing apoptosis in myofibroblasts via
induction and activation of FoxO3a (28). Apoptosis suscepti-
bility of myofibroblasts is also restored when the H2O2-
generating enzyme, NADPH oxidase 4 (NOX4), is inhibited
(48); the finding that NNMT silencing did not appear to in-
fluence NOX4 induction in lung fibroblasts (data not shown)
suggests that these TGF-β1 inducible genes may function in
parallel pathways to mediate apoptosis resistance.

While our studies support an epigenetic-phenotypic shift
from myo- to lipofibroblast differentiation by the induction of
TCF21 and PPARγ, further studies are required to interrogate
the precise mechanisms for transcriptional regulation when
NNMT is silenced. While the predominant effect may be
depletion of SAM and histone de-methylation in some tissues
(18), in others it may be related to altered bioenergetics such as
NAD+ depletion (49).

The current study presents evidence for a critical role for
NNMT in mediating myofibroblast differentiation and
apoptosis resistance, hallmarks of the fibrogenic phenotype of
tissue-resident fibroblasts. Based on the known homeostatic
role of lipofibroblasts in supporting the alveolar epithelial stem
cell niche in the lung (6), the potential to modulate fibroblast



Figure 4. NNMT regulates lipofibroblast-myofibroblast phenotypic transition. A–D, violin plots showing mRNA of PPARγ, TCF21, Acetyl-CoA-
Carboxylase (ACAC), and Perilin2 in Gene Expression Affymetrix data (GSE150910) of lungs of control donor and IPF patients. Data presented as
means ± s.e.m., n = 102 to 103, *p < 0.005 (Student’s t test). E-G, mRNA of PPARγ, TCF21, and Perilin2 in RNA-seq analysis of human fibroblasts transfected
with non-targeting or NNMT siRNA (100 nM) followed by treatment with TGF-β1 (0 or 2.5 ng/ml) for 48 h. Data presented as means ± s.e.m., n = 3, One-way
ANOVA. H–K, Western blot and quantitative analysis of NNMT, PPARγ, and TCF21 in whole cell lysates of IMR-90 fibroblasts transfected with NT or NNMT
siRNA (100 nM) for 72 h followed by treatment with vehicle or TGF-β1 (2.5 ng/ml) for 36 h. Data presented as means ± s.e.m., n = 3, One-way ANOVA. L, flow
cytometric analysis of control and IPF fibroblasts stained with APC-labelled NNMT and FITC-labelled PPARγ. Cells were first gated for FSC and SSC followed
by NNMT-APC and PPARγ -FITC. M, plots show the percentage of population positive for NNMT-APC (grouped quadrant B2) and PPARγ-FITC (grouped
quadrant B4) from (L). Results represent data from n = 3 representing fibroblasts of three donor and IPF subjects each. Data presented as means ± s.e.m., n =
3, ***P = <0.0002 (Student’s t test).

NNMT regulates lung fibroblast phenotype and apoptosis
function from a pro-fibrotic to pro-regenerative phenotype
could prove beneficial in progressive fibrotic disorders.
Furthermore, our findings are consistent with recent studies
supporting NNMT as a master regulator of cancer-associated
fibroblasts (18). Thus, therapeutic strategies to downregulate/
inhibit NNMT may prove beneficial for progressive diseases
J. Biol. Chem. (2023) 299(8) 105027 7



Figure 5. NNMT induces apoptosis resistance and abrogates anti-apoptotic effects of TGF-β1 in lung fibroblasts. A, Western blot showing NNMT
protein in IMR-90 fibroblasts transfected with NT or NNMT siRNA (100 nM) for 72 h followed by treatment with vehicle or TGF-β1 (2.5 ng/ml) for 36 h. B,
representative phase contrast images of IMR-90 fibroblasts transfected with NT or NNMT siRNA (100 nM) for 72 h followed by treatment with vehicle or TGF-
β1 (2.5 ng/ml) for 36 h. Scale bar 50 μm. C–E, Western blot and quantitative analysis of cleaved caspase-3, and cleaved PARP in whole cell lysates of IMR-90
fibroblasts transfected with NT or NNMT siRNA (100 nM) for 72 h followed by treatment with vehicle or TGF-β1 (2.5 ng/ml) for 48 h. Data presented as
means ± s.e.m., n = 3, One-way ANOVA. Please note that the β-actin loading control in Figure 5C is the same as shown for Figure 3A since the same gel was
probed for different proteins (as indicated on the two figures). F, quantitation of the apoptotic cells stained with Annexin V and Propidium Iodide after
transfection with NT or NNMT siRNA (100 nM) for 72 h followed by treatment with vehicle or TGF-β1 (2.5 ng/ml) for 36 h. Data presented as means ± s.e.m.,
n = 3, One-way ANOVA. G, quantitation of the apoptotic cells stained with Annexin V and Propidium Iodide after transfection with control or NNMT
overexpression vector for 48 h followed by treatment with vehicle or TGF-β1 (2.5 ng/ml) for 36 h. Data presented as means ± s.e.m., n = 3, One-way ANOVA.

NNMT regulates lung fibroblast phenotype and apoptosis
associated with activated stroma, including progressive fibrotic
disorders and aggressive forms of cancer.
Experimental procedures

Reagents

Porcine platelet-derived TGF-β1 was purchased from R&D
Systems (Minneapolis, MN, USA). Control (pCMV-3-C-HA,
Cat# CV013) and human NNMT over-expressing vectors
(pCMV-3-C-NNMT-HA, Cat# HG16767-CY) were purchased
from Sino Biological Inc Sources, use and dilutions of anti-
bodies used for the study are provided in Table S1. All kits
used in this study have been listed in Table S2.
Human lungs and immunofluorescence staining

The studies of healthy and IPF patient samples were
approved by the Tulane University Institutional Review Board.
8 J. Biol. Chem. (2023) 299(8) 105027
Lung sections were processed and immunofluorescence
studies were performed as described previously described (22,
47). Images were acquired using a Nikon A1 laser confocal
microscope.
Flow cytometry

To assess percentages of apoptotic cells within individual
samples, cells were trypsinized and counted by staining and
acquisition as per the manufacturer’s instructions (Apoptosis
kit, Life Technologies, Catalogue# V13242). For studies
involving the co-positivity of NNMT and α-SMA, cells were
trypsinized and counted by the trypan blue dye exclusion
method. Cells were washed with PBS supplemented with 0.5%
BSA followed by incubation with fluorochrome-tagged anti-
bodies at 4 �C for 30 min. The antibody panel was as follows:
anti-NNMT-APC (AssayPro, Catalogue# 32655-05161)
and anti-α-SMA-FITC (Sigma, Catalogue# F37777) or



Figure 6. NNMT regulates the expression of Bcl-2 family member proteins in human lung fibroblasts. A–C, violin plots showing mRNA of Bim, BAD,
and PUMA in Gene Expression Affymetrix data (GSE150910) of lungs of control donor and IPF patients. Data presented as means ± s.e.m., n = 102 to 103,
*p < 0.05 (Student’s t test). D and E, mRNA of Bim and PUMA in RNA-seq analysis of human fibroblasts transfected with non-targeting or NNMT siRNA
(100 nM) followed by treatment with TGF-β1 (0 or 2.5 ng/ml) for 48 h. Data presented as means ± s.e.m., n = 3, One-way ANOVA. F–I, Western blot and
quantitative analysis of expression of NNMT, Bim, and PUMA in whole cell lysates of human donor lung fibroblasts transfected with NT or NNMT siRNA
(100 nM) for 72 h followed by treatment with vehicle or TGF-β1 (2.5 ng/ml) for 36 h. Data presented as means ± s.e.m., n = 3, One-way ANOVA. J, schematic
diagram showing that NNMT regulates lipofibroblast–myofibroblast plasticity and susceptibility to apoptosis.
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PPARγ-FITC (Proteintech, Catalogue# CL488-60127). All cells
were subsequently washed with PBS/0.5% BSA and resus-
pended in 1X PBS and acquired on Beckman Coulter Gallios.

Cell culture

Primary lung fibroblasts were isolated and cultured from
lung explants of human subjects undergoing lung trans-
plantation with IPF or failed donors (controls), as previously
described (48). All studies were approved by the University of
Alabama at Birmingham, Birmingham, Alabama, USA. Human
fetal lung fibroblasts (Institute of Medical Research; IMR-90)
cells were purchased from Coriell Cell Repositories. All cells
were cultured as described earlier (50).

Digital Spatial Profiling

The GeoMx Human Whole Transcriptome assay (Nano-
string, Inc) was performed to measure mRNA expression
levels on formalin-fixed and paraffin-embedded tissues. We
J. Biol. Chem. (2023) 299(8) 105027 9
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analyzed six Regions of Interest (ROIs) α-SMA positive signals
in lung tissue specimens from IPF patients and six ROIs from
control lung tissue. This assay was performed on 5 μm slide
using a DNA barcoding technology for mRNA detection via a
UV photocleavable linker. Individual tissue sections were
labeled with a cocktail of three fluorescently labeled
morphology markers: a Pan-keratin antibody with a green-
fluorescent dye, a CD31 antibody with a red fluorescent dye, α-
SMA with a yellow-fluorescent dye, and DAPI to detect nuclei.
ROIs were selected based on fluorescence imaging. We utilized
the commercial service of NanoString Technologies, Inc
(2020) for GeoMx Digital Spatial Profiling studies. Normali-
zation of all raw data was done with a negative probe and
housekeeper genes.

Western blotting

Cell lysates were prepared in RIPA buffer and Lysates were
quantitated using a Micro BCA Protein assay kit (Pierce) ac-
cording to instructions. Samples were subjected to SDS-PAGE
under reducing conditions and western immunoblotting was
performed as previously described (22). Densitometric ana-
lyses were performed using ImageJ software (http://imagej.nih.
gov/ij/).

Real-time PCR and transcriptomic studies

Total RNA from cells was isolated using the RNeasy Mini
Kit (Qiagen), and reverse transcribed to cDNA using Bio-Rad
iScript cDNA synthesis kit (catalog no. 1708890; Bio-Rad)
according to the manufacturer’s protocol. Real-time PCR
procedure and analysis was performed as described previously
Real-time PCR and analysis were performed as described
previously (22, 50). Primer sequences used in this study have
been provided in Table S3. Transcriptomic studies (Affymetrix
U133A chip) on TGF-β1treated IMR-90 cells were as reported
previously (GSE17518). RNA-seq processing of NNMT
siRNA −/+ TGF-β1 samples were performed and analyzed at
Louisiana Cancer Research Center, New Orleans, Louisiana.

RNA interference

Fibroblasts were transfected with 50 to 100 nM targeting or
non-targeting siRNA using Lipofectamine-RNaiMAX in Opti-
MEMmedium (both from Life Technologies), according to the
manufacturer’s instructions. Briefly, cells (2.5 × 105/well) in 6-
well plates were incubated in Opti-MEM medium containing
specific or scrambled siRNA (0.1 μM) for 72 h. After incuba-
tion with siRNA, the cell culture medium was changed to
antibiotic-free DMEM medium supplemented and treated as
described in figure legends. The details of NNMT siRNA used
in this study have been described in Table S3.

In vitro overexpression of NNMT

Cells were grown to 70% confluency and 1 to 2 μg of
plasmid were transfected per well of six well plate using
FuGENE6 Transfection Reagent (Catalogue Number:E2693)
10 J. Biol. Chem. (2023) 299(8) 105027
from Promega Corporation, as per manufacturer’s in-
structions. For NNMT overexpression, control (pCMV-3-C-
HA-NCV, Sino biological Inc Cat# CV013) or NNMT-HA
carrying plasmid (pCMV-3-C-NNMT-HA, Sino biological
Inc Cat# HG16767-CY) were used.

TGF-β1 treatment of human fibroblasts

At approximately 70% confluency, fibroblasts were serum
starved for 24 h, followed by treatment with 2.5 ng/ml of
TGF-β1 in serum-free media for indicated time points.

Statistical analysis and reproducibility

Data are expressed as mean ± s.e.m. Statistical analyses were
performed using one-or two-tailed unpaired t test or one-way
ANOVA to evaluate differences between groups. Analyses
were performed using GraphPad Prism software (version
8.4.2), and precise p-values are provided. Values of n are
provided for each data set with the appropriate statistical
methods, representing two or more independent sets of data
that showed similar results. Western blot quantification was
performed using either ImageQuant TL or ImageJ software
(version 1.53a). Graphical drawings were prepared using
Adobe Illustrator (version 2020).

Sample sizes

No statistical methods were used to pre-determine sample
sizes, but our sample sizes are similar to those reported in
previous publications (22, 48, 50).

Data distribution

Data distribution was assumed to be normal, but this was
not formally tested.

Blinding

Data collection and analysis were not performed blind to the
conditions of the experiment.

Data exclusion

No data exclusions from analyses were made.

Study approval

All experiments were conducted in accordance with
approved protocols by Tulane University Institutional Animal
Care and Use Committee (IACUC).

Accession code

Microarray data have been deposited in the Gene
Expression Omnibus with accession code number GSE17518.

Data availability

The authors declare that the main data supporting the
findings of this study are available within the article and its
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Supplementary information files. Extra data are available from
the corresponding author upon request.
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