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ABSTRACT
Chronic obstructive pulmonary disease (COPD) is a severe public health threat world-wide. Cigarette smoke
(CS)-induced airway epithelial cell death is a major pathway of pathogenesis in emphysema, a subtype of COPD.
Protein arginine methyltransferase 6 (PRMT6) is a type I PRMT that catalyzes mono- and di-methylation on
arginine residues within histone and non-histone proteins to modulate a variety of life processes, such as
apoptosis. However, its role in CS-induced lung epithelial death has not been fully elucidated. Here we report
that PRMT6 was decreased in mouse lung tissues from a cigarette smoke extract (CSE)-mediated experimental
emphysematous model and in CSE treated or cigarette smoke exposed lung epithelial cells. Depletion of PRMT6
increased the protein levels of phosphatase PTEN and PI3K regulatory subunit p85 but decreased a downstream
kinase PDK1, resulting in AKT dephosphorylation and thereafter, lung epithelial cell death. Knockout of PRMT6
inhibited epithelial survival and promoted CSE-mediated epithelial cell death, while ectopic expression of
PRMT6 protein partially reversed epithelial cell death via PI3K/AKT-mediated cell survival signaling in CSE
cellular models. These findings demonstrate that PRMT6 plays a crucial role in CS-induced bronchial epithelial
cell death that may be a potential therapeutic target against the airway cell death in CS-induced COPD.

INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is the
fourth leading cause of death world-wide, which is
defined as a common disorder of progressive airflow
limitation with diverse respiratory symptoms [1]. The
major etiological risk factors triggering COPD
pathogenesis are long-term exposure of the cigarette
smoke (CS) and biomass fuel smoke to the airway and/or
alveolus [1]. Cigarette smoke contains a concoction of
toxic chemicals with a median aerodynamic diameter of
0.45 μm [2]. The smoking particles settle on the surface
of the lung epithelial cells in bronchioles and respiratory
airways, causing persistent oxidative stress and
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inflammatory responses, exacerbating the destruction of
lung parenchyma and airway remodeling, accelerating
irreversible lung function decline, and leading to
airflow limitation and chronic respiratory symptoms
associated with COPD [1, 3]. Importantly, CS-induced
inflammation, featured with substantial lung epithelial
cell death, initiates and participates in the progression of
COPD. CS has been reported to induce various types of
cell death in COPD, including apoptosis, necroptosis, and
ferroptosis [4, 5]. Several signaling pathways have been
involved in the CS-induced lung epithelial cell death.
However, the molecular mechanisms of CS-induced
airway epithelial cell death in the pathogenesis of COPD
remain to be investigated.
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Protein arginine methyltransferases (PRMTs) are a
group of enzymes that catalyze the addition of methyl
group(s) to nitrogen atoms of guanidinium side chains
within arginine residues of proteins that have been
exclusively involved in a range of biological processes
[6, 7, 8, 9]. PRMT6 is a type I PRMT, which primarily
locates in the nucleus and catalyzes asymmetric dimethylation on histone H3 Arginine 2 residue
(H3R2me2a) [10]. PRMT6-mediated histone H3R2
methylation (H3R2me2a) generally results in transcriptional repression, possibly via impairment of the
transcription activating effect of H3 Lysine 4
trimethylation (H3K4me3) [11, 12]. In addition to its
epigenetic function, PRMT6 can also methylate nonhistone proteins to modulate a variety of life processes,
including protein-protein interactions and gene
transcription. PRMT6 methylates p53, p21, and p16,
involving in regulation of cell proliferation, cell-cycle
arrest, senescence, and apoptosis [13, 14, 15]. PRMT6
knockout mice do not show any particular characteristic
phenotypic features; however, its ablation negatively
regulates p53, and a gain-of-function mouse model
showed that PRMT6 co-activates NF-κB [13, 16].
Strikingly, PRMT6 is an important regulatory factor for
cell fate decision. In early zebrafish development, loss
function of PRMT6 results in early epiboly defects
and apoptosis through activating p38/JNK signaling
[17]. PRMT6 protein is aberrantly overexpressed in
several cancers including breast, prostate, and lung
cancer, and its high level predicts better prognosis [14,
18, 19]. PRMT6 catalyzes CRAF methylation to
decrease its RAS binding and alter its downstream
MEK/ERK signaling to inhibit the cancer stemness
activities of hepatocellular carcinoma [20]. Collectively,
these studies implicate the involvement of PRMT6 in
the fate decision of multiple cells, but its exact role and
underlying mechanisms in the CS-induced airway
epithelial cell death remain unclear.
PI3K/AKT signaling pathway is a major player in
diverse pathological settings, that include cell death and
survival, proliferation, angiogenesis, immune cell
activation,
and
neurological
disorders
[21].
Phosphorylation at both Thr308 and Ser473 are required
for full activation of AKT [22]. PI3K p110 catalytic
subunit
(PI3Kp110)
recruits
downstream
3Phosphoinositide Dependent Protein Kinase 1 (PDK1)
to phosphorylate AKT at Thr308 and Mechanistic
Target of Rapamycin Kinase 2 (mTORC2) to catalyze
Ser473 phosphorylation [23]. On the other hand, several
phosphatases have been involved in the regulation of
AKT phosphorylation, including Phosphatase And
Tensin Homolog (PTEN), PH Domain And Leucine
Rich Repeat Protein Phosphatase 1, 2 (PHLPP1, 2),
Protein phosphatase 2A catalytic (PPP2AC) and Inositol
Polyphosphate-4-Phosphatase Type II B (INPP4b)
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[24–27]. Thus, stringent regulation of AKT
phosphorylation is essential for cell death and survival
at physiological scenarios. AKT was reported to be
repressed by cigarette smoke-related cellular and animal
models [28]. Contradictorily, the inhibitory factor
PTEN is believed to be downregulated to cause
inflammation via AKT pathway [29, 30]. How
PI3K/AKT signals are schematically reprogrammed in
cigarette smoke-induced pathophysiological settings
needs further dissection.
Our study provides new mechanistic insights showing
how CS inhibits PRMT6 to downregulate PI3K/AKT
signaling leading to lung epithelial cell death, that
provides a potential therapeutic target for COPD.

RESULTS
PRMT6 is downregulated in the lung tissue of
cigarette smoke treated mice
To explore the role of PRMT6 in cigarette smoke
mediated emphysema, we first established an
experimental mouse emphysema model by intraperitoneal injection of CSE (Figure 1A, upper panel).
Mouse lung histological results show that CSE
treatment successfully induced emphysema (Figure 1A,
lower panels). Results from MLI and DI analysis
evidenced severe morphological destruction of lung
tissues in CSE-treated mice (Figure 1B). We then
carried out immuno-histochemical (IHC) staining and
observed that PRMT6 protein was significantly reduced
in the airway epithelia of cigarette smoke-treated mice
in comparison with control animals (Figure 1C). Low
expression of PRMT6 protein was observed in epithelial
cells at both bronchioles and alveoli. Consistent with
the results of IHC, immunoblotting results verified the
reduced expression of PRMT6 in CSE-induced
emphysema lung tissue homogenates (Figure 1D). In
all, these results indicate that intraperitoneal injection of
CSE successfully induced lung emphysema and PRMT6
protein was downregulated in CSE-induced emphysema
mouse lung tissues.
Cigarette smoke reduces the mRNA and protein
expression of PRMT6 in airway epithelial cells
Given the substantial low expression of PRMT6 in
CSE-induced emphysema mouse lung tissues, we
evaluated the expression of PRMT6 in human bronchial
epithelial cells. We first examined PRMT6 expression
in BEAS-2B cell lines. PRMT6 protein levels were
decreased after CSE treatment in both a concentration
and time-dependent manner (Figure 2A, 2B). CSE
treatment for 4h at a concentration of 4% was enough to
reduce PRMT6 at protein level. Similarly, in primary
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human small airway epithelial cells treated with CSE
expression of PRMT6 was significantly decreased by
concentration (Figure 2C), and time (Figure 2D)
courses. We next exposed BEAS-2B cells that were
grown on transwell inserts as monolayers then taken to
air-liquid interface, to assess direct CS or air exposure.
Direct CS exposure severely reduced the protein
expression of PRMT6 in BEAS-2B cells (Figure 2E).
We observed similar results in HSAECs, cigarette
smoke exposure reduced PRMT6 protein expression as
well (Figure 2F). To understand if CSE impairs PRMT6
expression at transcriptional level, we isolated RNA
from CSE-treated BEAS-2B and HSAECs cells and
conducted quantitative RT-PCR (qRT-PCR). Results
from qRT-PCR showed that CSE reduced PRMT6
mRNA levels in both concentration and time courses in
BEAS-2B cells (Figure 2G). The similar result was also
found in HSAECs treated with CSE (Figure 2H). These
data indicate that CS reduced PRMT6 protein levels at

lung epithelial cells possibly via inhibition of PRMT6
mRNA expression.
Genetic depletion of PRMT6 results in AKT
dephosphorylation via impairment of PI3K/AKT
signaling
Since PRMT6 is a protein arginine methyltransferase,
we presumed that PRMT6 interacts with and posttranslationally modifies important molecules that are
crucial in leading lung epithelial cell death. Data bank
search revealed that PRMT6 interacts with AKT3 (an
isoform of AKT) in a recent mass-spectrometric study
[31]. Results from immunoprecipitation studies showed
that endogenous PRMT6 did associate with AKT3
(Figure 3A, left two panels). We further co-transfected
PRMT6-FLAG and AKT3-V5 plasmids into BEAS-2B
cell, results also showed that PRMT6 and AKT3
interacted with each other (Figure 3A, right two panels).

Figure 1. Cigarette smoke down-regulates PRMT6 in mice lung tissues. (A) Balb/C mice were treated with CSE by intraperitoneal
injection for three times in 1 month as described in materials and methods. Lung tissues were stained with H&E, and the emphysematous
change of lung tissue was presented in CSE treated group as compared to control mice. (B) Mean linear intercept (MLI) and the
destructive index (DI) were measured and plotted to show the histological destruction in lung tissues. (C) Representative staining of
PRMT6 in airway epithelia and alveoli with immunohistochemistry (IHC) analysis. (D) Immunoblots of PRMT6 protein in mice lung tissue
with GAPDH used as a loading control. Relative protein expression was measured by Image J and shown as mean ± SD. “*” denotes
p < .05, based on Student t-test.
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Unexpectedly, PRMT6 did not change arginine
methylation status in AKT3 (data not shown). To
linearize the potential biological significance of
PRMT6/AKT interaction, we established stable
PRMT6-knockout (PRMT6-/-) cell lines in BEAS-2B
cells using CRISPR/Cas9 knockout techniques.

Immunoblotting results showed that PRMT6 protein
was completely depleted in PRMT6-/- cells (Figure 3B).
Interestingly, KO of PRMT6 substantially inhibited
AKT phosphorylation both in pAKTThr305 and
pAKTSer472 but did not influence the individual AKT
isoform at protein level (Figure 3B) in BEAS-2B

Figure 2. Cigarette smoke reduces the mRNA and protein expression of PRMT6 in airway epithelial cells. (A, B) BEAS-2B cells
were treated with CSE in a range of concentrations (A) and time points (B) as indicated. Cell lysates were subjected to immunoblotting for
PRMT6 and GAPDH. The densitometric results were plotted in the right panels. (C, D) Human primary small airway epithelial cells (HSAECs)
were treated with CSE in different concentrations (C) for 0, 2, 4, 8h (D). Immunoblotting was performed to examine PRMT6 expression. Right
panels showed the densitometric results of the blots. (E) BEAS-2B cells were exposed to cigarette smoke. Cell lysates were analyzed with
PRMT6 and GAPDH via immunoblotting. RA: room air; CS: cigarette smoke. The densitometry results of the blots were plotted in the right
panel. (F) HSAECs cells were exposed with room air (RA) or cigarette smoke (CS). Cell lysate were obtained and analyzed with PRMT6 and
GAPDH immunoblotting. Right panels were the plotted densitometric results. (G) Total RNA was extracted from control and CSE-treated
BEAS-2B cells (2%, 4%,6% for 6h, and 6% for 0, 2h, 4h, 6h). PRMT6 and GAPDH mRNA levels were determined with qRT-PCR. (H) HSAECs were
treated with 8% CSE for 2h, 4h and 8h. Total RNA was extracted and applied to qRT-PCR to detect PRMT6 and GAPDH mRNA level. Relative
PRMT6 mRNA level was plotted. Values represent mean ± SD and “*” denotes p < .05. Results were representative of at least n=3
experiments.
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cells. These studies suggest that a protein arginine
methyltransferase PRMT6 indirectly impairs AKT
phosphorylation.
PI3 kinase and downstream signal transduction
cascade determines phosphorylation levels of AKT. To
better understand PRMT6-mediated molecular
pathways in BEAS-2B cells, we conducted an analysis
of PI3K/AKT signaling pathways to characterize
PRMT6-regulated AKT signaling. Proteins involved in
PI3K/AKT signaling pathway were subjected to
immunoblotting analysis in PRMT6 -/- BEAS-2B cells.
Depletion of PRMT6 did not obviously affect
PI3Kp110 at protein level, but it decreased downstream kinases mTOR and PDK1 at protein level
(Figure 3C). On the other hand, the protein levels of
phosphatase PTEN were identified to be substantially
increased in PRMT6 deleted cells with respect to WT
control cells, an increase of the negative regulatory
subunit p85 of PI3K was also noted (Figure 3D, lower
panels). Deletion of PRMT6 decreased protein levels
of phosphatase PHLPP2 (Figure 3D). Besides, ectopic
expression of PRMT6 in BEAS-2B cells reduced PI3K
negative regulator p85(PI3Kp85) and PTEN protein
levels (Figure 3E). In all, these data suggested that
PRMT6 indirectly affect AKT phosphorylation by
impairing signal transduction between PI3K and AKT
via phosphatase PTEN and PI3Kp85.
CSE downregulates PI3K/AKT signal transduction
in lung epithelial cells
We then studied whether CSE impairs AKT
phosphorylation status. As expected, CSE treatment
decreased AKT phosphorylation at both sites of
Thr305 and Ser472 without obvious effect on the total
AKT protein level in BEAS-2B cells (Figure 4A). We
observed similar results in HSAECs cells (Figure 4B).
in vitro cigarette smoke exposure reduced pAKT level
in HSAECs as well (Figure 4C). In addition, PRMT6
ablation accelerated the reduction of AKT
phosphorylation under CSE treatment (Figure 4D).
Since CSE reduced AKT phosphorylation, we were
intrigued to determine if CSE treatment impairs
PI3K/AKT signaling in airway epithelial cells. Results
from immunoblotting analysis showed that CSE
decreased the protein levels of PI3K p110 catalytic
unit and downstream kinases mTOR and PDK1
(Figure 5A) in BEAS-2B cells. CSE also decreased the
protein levels of phosphatase PPP2AC, INPP4b,
PTEN, as well as PI3Kp85, the negative regulator of
PI3K kinase (Figure 5B). We observed similar results
in CSE-treated human small airway epithelial cells
(Figure 5C, 5D) and cigarette smoke exposed HSAECs
cells (Figure 5E, 5F). Overall, results from these
experiments indicated that CSE treatment down-
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regulates most of the molecules in PI3K/ AKT signal
transduction.
CSE suppresses AKT phosphorylation via PRMT6/
PTEN signal transduction
To dissect the role of PRMT6 in CSE-mediated
inhibition on PI3K/AKT signaling transduction, we
treated WT and PRMT6-/- BEAS-2B cells with CSE at
different time points. Immunoblotting results showed
that ablation of PRMT6 didn’t influence the CSEdecreased protein levels of PHLPP1, PHLPP2, INPP4b
and PI3Kp110 (Figure 6A). Notably among the
molecules observed, KO of PRMT6 rescued CSEmediated downregulation of PTEN as well as PI3Kp85
as compared with that in WT BEAS-2B cells, but
accelerated CSE-mediated decrease of PDK1 (Figure
6B–6E). PTEN and PI3Kp85 are reported as key
negative regulators in AKT phosphorylation. PDK1 is a
kinase to specifically promote serine 472 phosphorylation of AKT. Since PRMT6 is a negative regulator of
gene transcription, we measured the mRNA levels of
the genes in CSE treated PRMT6-/- cells. qRT-PCR
results showed that CSE did not impair PTEN mRNA
expression (Figure 6F), but reduced PDK1 mRNA
expression (Figure 6G), and increased the mRNA
expression of PI3Kp85 subunit (PIK3R1 and PIK3R2)
(Figure 6H, 6I). Interestingly, PRMT6 deficiency itself
didn’t influence the mRNA level of PTEN (Figure 6F),
but decreased the PDK1 mRNA level (Figure 6G) and
increased the mRNA level of PI3Kp85 subunit, PIK3R1
(Figure 6H). PTEN was depleted with DsiRNA oligos
as shown in #2 and #3 PTEN-siRNA after 72hrs of
transfection (Figure 6J). Silence of PTEN partly
reversed pAKTThr305 and pAKTSer472 level in CSE
treated BEAS-2B cell and in CSE treated PRMT6-/cells (Figure 6K, 6L). PTEN was unstable and
underwent protein degradation as the depletion of
PRMT6 slowed down this process (Figure 6M).
Overall, these data suggested that CSE inhibits PRMT6,
furthermore, decreased PRMT6 in-turn affects PTEN,
PDK1, and PI3Kp85 subunit to lead to lower AKT
phosphorylation.
PRMT6 overexpression protected CSE-driven lung
epithelial cell death
Epithelial cell death is a pivotal factor in cigarette
smoke-induced airway diseases. CSE decreased cell
viability in both concentration and times courses
(Figure 7A, 7B). To understand the effect of PRMT6
on cell viability in cigarette smoke exposure, we
treated PRMT6-/- cells with CSE at different time
points. Deletion of PRMT6 itself reduced cell
proliferation (Figure 7C). Furthermore, CSE
remarkably decreased cell viability in PRMT6-/- cells
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compared to WT cells (Figure 7D). Results from LDH
assay confirmed that CSE treatment induced more
toxic effect in PRMT6 deficient cells (Figure 7E).
Furthermore, ectopic overexpression of PRMT6
increased cell viability under CSE treatment (Figure
7F) and reduced CSE-mediated toxicity in the cells
(Figure 7G). These results indicate that PRMT6 could
functionally improve the ability of epithelial cells to
resist on CSE toxicity and alleviate CSE-induced
epithelial cell death.

DISCUSSION
Our central findings in this study are that, (i) cigarette
smoke decreased PRMT6 in cellular and mouse models;
(ii) knockout of PRMT6 reduced AKT phosphorylation;
(iii) CSE-reduced PRMT6 expression aggravated AKT
dephosphorylation via multiple channels in PI3K/AKT
signaling; and (iv) PRMT6 deficiency enhanced CSE
toxicity in lung epithelial cells (Figure 8). Chronic
airway inflammation, tissue destruction, and small

Figure 3. Genetic depletion of PRMT6 results in AKT dephosphorylation via impairment of PI3K-AKT signaling. (A) BEAS-2B cell
lysates were immunoprecipitated with PRMT6 or AKT3 antibody, and the immunoprecipitates were analyzed with AKT3 and PRMT6
immunoblotting as indicated (left two panels). pcDNA3.1D-PRMT6-FLAG and pcDNA3.1D-AKT3-V5 plasmids were co-transfected into BEAS-2B
cells. After 48h of transfection, cell lysates were immunoprecipitated with FLAG or V5 antibody, and the immunoprecipitants were analyzed
with V5 and FLAG immunoblotting as indicated (right two panels). (B) PRMT6 CRISPR/Cas9 KO plasmid and HDR plasmid were applied to
establish stable PRMT6 gene knockout BEAS-2B cell line. The knockout efficiency was determined by immunoblotting. The cell lysates of wild
-/Thr305
Ser472
type (WT) and PRMT6 stable knockout BEAS-2B cell (PRMT6 ) were applied for pAKT
, pAKT
, AKT isoforms 1, 2, 3 and PRMT6
Thr305
Ser472
immunoblotting (left panel). Plotted densitometry results of the pAKT
and pAKT
in WT and PRMT6 knockout group were presented
-/(right panel). (C, D), Cell lysates of WT and PRMT6 BEAS-2B cells were collected and immunoblotted with indicated antibodies. At the right
panel of each figure, the plotted densitometry results were presented. (E) pcDNA3.1D-His-V5 control plasmid (Vector) and pcDNA3.1DPRMT6-V5 plasmids were delivered into BEAS-2B cells via electroporation. After 48h, the cell lysates were collected and immunoblotted with
indicated antibodies. The plotted densitometry of PI3Kp85, PDK1, PTEN and PRMT6 were presented (middle and right panel). Values
represent mean ± SD and “*” denotes p < 0.05. Results were representative of at least n=3 experiments.
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airway reduction/lesion are the main pathological
features of COPD1. Cigarette smoking (CS) is regarded
as the most important risk factor for airway
inflammation, emphysema, and COPD development [3].
CS induces cell death, increases excessive generation of
reactive oxygen species (ROS) and release of
inflammatory mediators, and lastly contributes to
impaired tissue repair [32]. Furthermore, long-term CS
exposure augmented these pathological changes [33].
An overwhelming fact is that the diversified molecular
mechanisms of CSE-mediated respiratory pathogenesis

and the chemical composition in cigarette smoke may
complicate the situation even more. In this study, we
added a new paradigm for identification that a histonemodifying enzyme PRMT6 plays a crucial role in CSEmediated cell death in cellular and rodent models.
Several articles reported that PRMT6 aberrantly
increased in many cancers like breast, prostate, gastric
and lung cancer [14, 18, 19, 34]. Viral infection and
LPS also upregulated the protein levels of PRMT6 [35,
36]. However, PRMT6 protein levels are reduced in
both CSE cellular and rodent models possibly via gene

Figure 4. CSE downregulates PI3K/AKT signal transduction in lung epithelial cells. (A) BEAS-2B cells were treated with 6% CSE for 0,
2, 4, 6h. Cell lysates were immunoblotted with phosphorylated AKT and total AKT. The densitometry results of the blots were presented in
the lower panel. (B) HSAECs cells were treated with 8% CSE in a range of concentrations as indicated for 0, 2, 4, 8h. Phosphorylated AKT and
AKT3 were immunoblotted. The densitometry of the blots was presented in its lower panel. (C) HSAECs were applied to room air or cigarette
Thr305
Ser472
smoke exposure. RA: room air; CS: cigarette smoke. Cell lysates were immunoblotted with pAKT
, pAKT
, AKT3 and GAPDH
-/antibodies. The densitometry results of the blots were presented in the lower panel. (D) Both WT and PRMT6 BEAS-2B cells were treated
Thr305
Ser472
with CSE at different time courses. Cell lysates were subjected to immunoblotting with pAKT
, pAKT
, AKT3, PRMT6, and GAPDH.
Results were shown as mean ± SD and representative of n=3 experiments. Statistical significance was indicated as *: p < .05.
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Figure 5. CSE suppresses PI3K/AKT cascade in epithelial cells. (A, B) BEAS-2B cells were treated with CSE at various time points
as indicated. Cells lysates were analyzed with mTOR, PI3Kp110, PDK1, INPP4b, PI3Kp85, PTEN, PPP2AC, PRMT6, and GAPDH
immunoblotting. The densitometry of the blots was presented in the lower panel. (C, D) HSAECs cells were treated with CSE at a course
of time as indicated. Cells lysates were analyzed with mTOR, PI3Kp110, PDK1, INPP4b, PI3Kp85, PTEN, PPP2AC, PRMT6, and GAPDH
immunoblotting. The densitometric results were plotted in the lower panels. (E, F) HSAECs cells were exposed to room air or cigarette
smoke. Cells lysates were collected and analyzed with indicated antibodies immunoblotting. RA: room air; CS: cigarette smoke. The
densitometric blots were showed in the lower panel of each figure. Results were representative of n=3 experiments. Statistical
significance was indicated as *: p < .05.
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Figure 6. CSE suppresses AKT phosphorylation via PRMT6/PTEN signal transduction. (A, B) WT and PRMT6-/- BEAS-2B cells were
treated with CSE at 2, 4, 6h. Western blotting was performed to detect the protein level of PHLPP1, PHLPP2, INPP4b, PI3Kp110, PI3Kp85,

www.aging-us.com

24309

AGING

PDK1, PTEN, PRMT6 and GAPDH. (C–E) The plotted densitometry results of PI3Kp85, PDK1 and PTEN protein expression were presented. (F–I)
-/WT and PRMT6 BEAS-2B cells were treated with CSE for 2, 4, 6h. qRT-PCR was performed to detect the mRNA level of PTEN, PDK1, PIK3R1
and PIK3R2. Results of qRT-PCR were shown as mean ± SD and representative of n=3 experiments. (J) Scramble siRNA and three kinds of
double strands PTEN-siRNA were transfected into BEAS-2B separately. PTEN expression was detected by western blotting after transfection
of PTEN-siRNA for 72hrs. Plotted PTEN protein level was presented in the right panel. (K, L) PTEN expression was silenced by DsiRNA in wild
type and PRMT6 KO BEAS-2B cells. Western blotting was used to assay the AKT phosphorylation level. Representative blots of PTEN and
-/PRMT6 were shown. (M) Cycloheximide (CHX, 100ug/ml) was applied to WT and PRMT6 BEAS-2B cells for 0, 4, 8, 12h. Densitometric results
of PTEN and PRMT6 blots were plotted (lower panel). Results were representative of n=3 experiments. Statistics were measured by 1-way
and 2-way ANOVA, *: p < 0.05.

transcription. PRMT6 was also reported to be decreased
in cigarette smokers and in cigarette smoking
COPD patients [37]. These findings confirmed the
reduction of PRMT6 in COPD and revealed the
potential effect of PRMT6 in the pathogenic
development of CS-induced COPD.
Our previous observations suggest that PRMT6 plays a
protective role in CSE-induced lung damage in mouse
models [37]. Besides, PRMT6 might alleviate CSE-

induced apoptosis and inflammation in human umbilical
vein endothelial cells (HUVECs) by regulating histone
methylation [38]. In this study, we identify that PRMT6
modulates a major cell survival and death molecule
AKT to cause cell death. Transcriptome analysis of
mammary epithelial cells in bigenic NIC-PRMT1Tg
and NIC-PRMT6Tg mice revealed deregulated
PI3K/AKT pathway, PCR also validated higher mRNA
expression of PI3K regulatory subunit 3 (PIK3R3) [39].
Although PRMT6 interacts with AKT, it interestingly

Figure 7. PRMT6 overexpressed epithelia are protected from CSE driven cell death. (A, B) BEAS-2B cells were treated with
4

-/-

various concentrations of CSE at indicated time points. Cell viability was measured with MTT assay. (C) 5×10 cells of WT or PRMT6 cell
were cultured for a variety of time points, then stained by trypan blue and counted by TC10 automatic cell counter. (D) The trypan blue
stained cells were counted by TC10 automatic cell counter. The percentage of live cells relative to control group after CSE treatment in WT
-/-/and PRMT6 groups were presented. (E) LDH assay was used to determine cell death induced by CSE treatment in WT and PRMT6 groups.
Relative LDH activity indicated the epithelial cell death rate were plotted. (F) 3 μg of pcDNA3.1D-PRMT6-V5 plasmid and control plasmid
were transfected into BEAS-2B cells via electroporation. After 48h, the vector and PRMT6 overexpressed BEAS-2B cells were treated with
CSE at various time points. The percentage of live cells were counted and compared with control. (G) Relative LDH activity under CSE
treatment in vector and PRMT6-V5 overexpressed group were determined with LDH assay. Results were shown as mean ± SD and
representative of n≥3 experiments. Statistics were measured by 1-way and 2-way ANOVA or Student t test, *p < .05 indicated the statistical
significance.
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does not directly alter the methylation status of AKT.
Instead, PRMT6 regulates PDK1 and PI3Kp85 at gene
transcription level, and PTEN at protein level. The
depletion of PRMT6 increased PTEN stability.
Consistent with our findings, a recent study reported
that PRMT6 methylate PTEN at Arg159 to repress AKT
signaling, and Arg159 mutation within PTEN
contributes to cancer development. However, we
identified that CSE downregulates both expression of
PRMT6 and phosphorylation level of AKT. Among the
multiple channels that regulate AKT phosphorylation,
PTEN has been reported to be important in the
pathogenesis of COPD in a SNAP study [40].
Consistent with this report, our results suggest PTEN
may contribute to AKT dephosphorylation, which leads
to epithelial cell death in experimental CSE-mediated
emphysema. Though CSE downregulates PTEN as well,
downregulation of PRMT6 may slow down CSEmediated decrease of PTEN.
Accumulated evidence suggested that histone modifiers
are associated with the pathogenesis of COPD and COPD
exacerbation [37, 41–46]. Complete loss of NADdependent protein deacetylase sirtuin-1(Sirt1) in airway

epithelium leads to early development of emphysematous
change in mice lungs [46]. Reduction of histone
deacetylase 2 (HDAC2) activity and expression in
peripheral lung and alveolar macrophages results in
amplification of the inflammatory response in COPD
[47]. Coactivator- associated arginine methyltransferase1 (CARM1) haploinsufficiency impairs the function of
alveolar epithelial cells, inducing alveolar senescence to
promote premature lung aging [43, 44]. Cigarette smoke,
as the biggest risk factor of COPD development, may
elicit exclusive histone posttranslational modification to
impair lung cell dysfunction, cell senescence, and cell
death at different time points and dose [4, 43, 44, 48–51].
However, the role of individual histone modifiers in
cigarette smoke-induced pathogenesis of COPD may be
distinct and needs to be further dissected. Individual
histone modifiers may contribute to COPD pathogenesis
with distinct mechanisms. For example, CS promotes
HDAC6 phosphorylation to disrupt lung endothelial
barrier integrity possibly via AKT inactivation [52]. In
the present study, we add another paradigm that CSEinduced epithelial death via PRMT6/AKT signaling. The
work of understanding the individual histone modifiers in
the COPD pathogenesis is ongoing.

Figure 8. PRMT6-pAKT axis is crucial in CSE-induced epithelia death. Cigarette smoke reduces PRMT6 at both mRNA and protein
levels. Decreased PRMT6 promotes PI3Kp85 expression and increases the protein stability of PTEN. Changes of PI3Kp85 and PTEN, as well as
decreased PDK1, reduce the total phosphorylation level of AKT. Lower level of AKT phosphorylation in turn promotes cigarette smokeinduced lung epithelial cell death.
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MATERIALS AND METHODS
Cell culture and reagents
The human bronchial airway epithelial cells (BEAS-2B)
and the primary human small airway epithelial cells
(HSAECs) were purchased from the American Type
Culture Collection (ATCC). BEAS-2B cells were
maintained with HITES medium (500 mL DMEM/F12,
2.5 mg insulin, 2.5 mg transferrin, 2.5 mg sodium
selenite, 2.5 mg transferrin, 10 μM hydrocortisone, 10
μM β-estradiol, 10 mM HEPES and 2 mM L-glutamine)
containing 10% fetal bovine serum (FBS) as previously
described [53]. The HSAEC cells were maintained with
medium containing 500 mL Airway Cell Basal
Medium, 500 µg/mL HSA, 0.6 µM Linoleic Acid, 0.6
µg/mL Lecithin, 6 mM L-Glutamine, 0.4% Extract P,
1.0 µM Epinephrine, 5 µg/mL Transferrin, 10 nM T3, 1
µg/mL Hydrocortisone, rh EGF 5 ng/mL, and 5 µg/mL
rh Insulin (Bronchial Epithelial Growth Kit, Cat#:
ATCC PCS-300-040). The V5 antibody (Cat#: 460705), pcDNA3.1D-His-V5-TOPO cloning kit (Cat#:
K490001) and Escherichia coli Top10 competent cells
(Cat#: C404006) were from Invitrogen (St. Louis, MO,
USA). Antibodies for PRMT6 (Cat#:1461s),
AKT1(Cat#: 2938s), AKT2 (Cat#:3063s), AKT3
(Cat#:14982s), mTOR (Cat#:2983s), INPP4b (Cat#:
8450s), PI3Kp85 (Cat#:4257s), and PDK1 (Cat#:
3062s) were from Cell Signaling (Danvers, MA, USA).
pAKTThr305 (Cat#: sc-271966), pAKTSer472 (Cat#: sc81433), PTEN (Cat#: sc-79974), and PI3Kp110 (Cat#:
sc-8010) were from Santa Cruz Biotechnology (Dallas,
TX, USA). PHLPP2 (Cat#: A300-661A) antibodies
were from Bethyl Laboratories (Montgomery, TX,
USA). β-actin (Cat#: A3853) and Flag (Cat#: F1804)
antibodies were from Sigma (Carlsbad, CA, USA).
Antibodies for PHLPP1 (Cat#: 22789-AP) and GAPDH
(Cat#: 60004-1-Ig) were from Proteintech Group
(Rosemont, IL, USA). Immobilized protein A/G
Agarose beads (Cat#: 20421) were from Pierce
(Rockford, IL, USA). All other reagents were of the
highest grade available commercially.
CSE solution preparation and CS exposure
The aqueous CSE was prepared according to a previously
described method with a slight modification [54]. Briefly,
10 mL of serum-free sterile DMEM medium was drawn
into a 60-mL plastic syringe. Subsequently, 40 mL of one
puff of cigarette smoke (filtered 3R4F cigarettes; the
Kentucky Tobacco Research and Development Center at
the University of Kentucky, Lexington, KY, USA) was
drawn into the syringe and mixed with the medium by
vigorous shaking for 30s. One cigarette was used for each
10 mL of medium, and 11 puffs were taken from one
cigarette. The CSE solution, filtered through an aseptic
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0.22-μm filter, was considered as 100%. The aqueous
CSE was diluted in culture medium before use, and the
CSE solution was prepared by same person with same
method and was used within 30 min after preparation in
all experiments. For animal experiments, smoke from
cigarette was passed through sterile PBS (2 mL per
cigarette) using a vacuum pump to prepare the CSE. The
CSE mixture was then filtered with a 0.22 μm filter to
exclude bacteria and particles.
In vitro smoke exposure
BEAS-2B cells or HSAECs grown on transwell inserts
were exposed to cigarette smoke or room air using a
Vitrocell exposure chamber (Vitrocell Systems,
Germany), which was used to deliver apical gaseous
smoke or air to cells at air-liquid interface. BEAS-2B or
HSAECs cells were exposed to 4 cigarette exposures in
32 minutes using an International Organization for
Standardization (ISO) protocol. Cell lysates were
prepared for western blot analysis.
Animals experiments
The animal protocol was approved by the Animal Care
and Use Committee of the Second Xiangya Hospital of
Central-South University. Twenty adult Balb/c mice
(21~23 g of weight at ages of 10 weeks) were randomly
divided into two groups: control group and CSE group.
The CSE group was injected intraperitoneally with 0.3
mL of CSE per mouse on day 0, 11 and 21 as
previously described [37], while control mice received
PBS only. During the 4-week period of the experiment,
all mice were inhabited same special pathogen free
(SPF) living environment. On day 28 the mice were
sacrificed and lung tissues were processed for
histological and immunoblotting analysis.
Morphological assessment and Immunohistochemistry
Mice lungs were fixed with 10% neutral formalin
and 3.5-µm thick paraffin sections were cut. Sections
were stained with hematoxylin and eosin (H&E).
Emphysematous
changes
were
assessed
by
measurement of both the mean linear intercept (MLI)
and the destructive index (DI) as previously described
[55]. Immunostaining was performed using the two-step
staining kit (cat#: PV-6002, ZSGB-Bio, Beijing, China).
After antigen retrieval in citrate buffer (pH 6.0)
for 2 min in an autoclave, 0.3% hydrogen peroxide
was applied to the samples for 15 min and then, the
sections were incubated with goat serum for 10 min
(cat#: 50197Z, Thermo Fisher Scientific, Waltham,
MA, USA). The samples were incubated with PRMT6
rabbit polyclonal antibody (dilution, 1:100; Cat#:
15395-1-AP, Proteintech Group, IL, USA) at 4° C
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overnight. Samples were then incubated with goat antirabbit IgG antibody conjugated with peroxidase
(dilution, 1:200; Cat#: A0545; Sigma-Aldrich; Merck
Millipore, MO, USA) for 10 min at room temperature.
The DAB Detection kit (cat#: ZLI-9017, ZSGB-Bio,
Beijing, China) was used for staining. Counterstaining
with hematoxylin was performed, and the sections were
dehydrated in ethanol prior to mounting. Images were
acquired by Motic BA210T microscope (Motic,
Hongkong, China).

μg) in SDS-loading dye were subjected to SDS-PAGE
and the proteins were transferred to a nitrocellulose
membrane. Membranes were blocked with 5% non-fat
milk for 1h at room temperature and incubated
overnight with the primary antibody (1: 1000) at 4° C.
After washing with Tris-buffered saline containing
0.1% Tween 20 (TBS-T) for 3 times, the membranes
were incubated with HRP-conjugated secondary
antibody (1: 5000-1: 10000). Proteins were visualized
using ECL reagents and images were acquired with a
Kodak in vivo detection system (Kodak, USA).

CRISPR/Cas9 PRMT6 knock-out cell line
PRMT6 CRISPR/Cas9 knockout (KO) plasmids and
guiding RNA were designed and constructed by Santa
Cruz Biotechnology Inc. BEAS-2B cells were cotransfected with PRMT6 CRISPR/Cas9 KO plasmid
(Cat#: sc-403433) and HDR plasmid (Cat#: sc-403433HDR) using UltraCruz Transfection Reagent (Cat#: sc395739). PRMT6 stable KO cells were selected by
puromycin (Cat#: P9620, Sigma, Carlsbad, CA, USA)
at a concentration of 1 μg / mL for 10 days following
the instruction from the manufacturer. Single colonies
were picked up and PRMT6 KO was confirmed by
immunoblotting.
Plasmid and DsiRNA transfection
All plasmids were introduced into BEAS-2B cells by
electroporation, using a nuclear transfection apparatus
(Amaxa Biosystems, Gaithersburg, MD, USA) with a
preset program T-013 as previously described [53].
Dicer-substrate short interfering RNAs (DsiRNA)
against PTEN, including PTEN-DsiRNA-1, PTENDsiRNA -2, PTEN-DsiRNA -3 and scrambled-DsiRNA
were purchased from Integrated DNA Technology
(IDT). PRMT6 in pcDNA3.1-C-(k)DYK plasmid (clone
ID: OHu17468) and AKT3 (clone ID:OHu21214D)
were purchased from Genescript (Piscataway, NJ,
USA), and was subcloned to pcDNA3.1D/V5-His
expression vector (Invitrogen, cat#: K4900-40) by PCR.
One μg of expression plasmids or 20 pmol DsiRNA
constructs were delivered into one million cells in 100
μL of transfection buffer (20 mM HEPES in PBS
buffer) by electroporation. After electroporation, the
cells were cultured with 2 mL of conditional HITES
medium in 6-well plates for 24-72 h for further analyses.
Immunoblotting and immunoprecipitation
Cells in a 6-well plate were washed with cold PBS and
collected in cold 0.1 mL of cell lysis buffer A (1×PBS,
0.5% Triton X-100, and protease inhibitor). Sonication
was used to fully break the cells in the lysis buffer, and
the cell lysate was cleared with centrifugation at 10,000
g for 10 min at 4° C. Equal amount of cell lysates (20
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For immunoprecipitation, BEAS-2B cells were lysed
with an IP lysis buffer (1×PBS, 0.5% Tween 20, and
protease inhibitors) as described above. Equal amounts
of cell lysates (containing 1 mg of total protein) were
incubated with specific primary antibodies overnight at
4° C, followed by additional incubation with 35 μL of
protein A/G-agarose beads for 2h. The immunoprecipitants were washed 3 times with 0.5 % Tween 20
in ice-cold phosphate-buffered saline and analyzed by
immunoblotting.
The quantitative reverse transcription polymerase
chain reaction (qRT-PCR)
Total cellular RNA was isolated from BEAS-2B cell
lines using a RNeasy Mini Kit (Cat#: 74104) purchased
from QIAGEN. High-capacity RNA-to-DNA kit (Cat#:
4387406, Applied Biosystems) was applied to
synthesize cDNA from 1 μg of total RNA in the reverse
transcription reaction. qRT-PCR was performed in a
Bio-Rad CFX96 Real-Time PCR system with a cycling
program (50° C for 2 min, 95° C for 2 min, followed by
39 cycles of 95° C for 15 sed, 55° C for 15sec, and
72° C for 1 min). The primers used in qRT-PCR were
listed below: PRMT6 forward: 5′-CAAGACACG
GACGTTTCAG-3′ and reverse: 5′-CCTGGTCTCCC
ACTTTGTA -3′, PDK1 forward: 5′-CCAGTCCAGC
GTGGTGTTATG-3′ and reverse: 5′-CCGGTTTAAG
GTCCCTGTGAATG-3′, PIK3R1 forward: 5′-GTGGA
CCTCATCAATCACTAC-3′ and reverse: 5′-CCAGC
CACTCGTTGATTT-3′, PIK3R2 forward: 5′-CTCTA
CCCTGTGTCCAAATAC-3′ and reverse: 5′-CTTGTC
GATCTCTCTGTTGTC-3′, PTEN forward: 5′-CCAC
CACAGCTAGAACTTATC-3′ and reverse: 5′-GACT
CAGTGGTGTCAGAATATC -3′, GAPDH forward: 5′GTATGACAACAGCCTCAAGAT-3′ and reverse: 5′GTCCTTCCACGATACCAAAG-3′. The relative mRNA
level of interest gene was presented as compare to
GAPDH mRNA [56].
Cell viability and proliferation assay
The viability of BEAS-2B cells was measured using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide (MTT) assay. BEAS-2B cells were inoculated
at a density of 5,000 cells per well in a 96-well plate
and cultured for 24h. Cells were cultured with 10 μL
MTT solution (5 mg / mL, Cat#: V13154, Life
technologies, USA) at 37° C for 4h, then 200 μL of
dimethyl sulfoxide was added to dissolve the crystals.
Absorbance at 560 nm was read on a SpectraMax M2
microplate reader (Molecular Devices, CA, USA). As a
complementary approach, cells were stained with trypan
blue, total and alive cell numbers were measured with a
TC10 automatic cell counter (Bio-Rad, CA, USA).
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Lactate dehydrogenase (LDH) assay

1.

Cell death was detected by LDH assay. LDH activity in
the culture media of the control cells and the CSEtreated cells was determined using LDH kit (Cat.
#MK401, Takara, Japan) according to the
manufacturer's instructions. Light absorption was
measured at wavelength of 490 nm using a SpectraMax
M2 microplate reader (Molecular Devices, CA, USA).
The relative LDH activity indicated the epithelial cell
death and the data were plotted in a bar graph.
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