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Abstract: Reactive oxygen species (ROS) are elevated in the heart in response to hemodynamic and
metabolic stress, and promote hypertrophic signaling. ROS also mediate the formation of lipid
peroxidation-derived aldehydes that may promote myocardial hypertrophy. One lipid peroxidation
byproduct, 4-Hydroxy-trans-2-nonenal (HNE), is a reactive aldehyde that covalently modifies proteins
thereby altering their function. HNE adducts directly inhibit the activity of LKB1, a serine/threonine
kinase involved in regulating cellular growth in part through its interaction with the AMP-activated
protein kinase (AMPK), but whether this drives myocardial growth is unclear. We tested the
hypothesis that HNE promotes myocardial protein synthesis, and if this effect is associated with
impaired LKB1-AMPK signaling. In adult rat ventricular cardiomyocytes exposure to HNE (10 puM for 1
hour) caused HNE-LKB1 adduct formation and inhibited LKB1 activity. HNE inhibited the downstream
kinase AMPK, increased hypertrophic mTOR-P70S6K-RPS6 signaling, and stimulated protein synthesis
by 27.1 £3.5%. HNE also stimulated Erk1/2 signaling, which contributed to RPS6 activation but was
not required for HNE-stimulated protein synthesis. HNE-stimulated RPS6 phosphorylation was
completely blocked using the mTOR inhibitor rapamycin. To evaluate if LKB1 inhibition by itself could
promote the hypertrophic signaling changes observed with HNE, LKB1 was depleted in ARVMs using
siRNA. LKB1 knockdown did not replicate the effect of HNE on hypertrophic signaling or affect HNE-
stimulated RPS6 phosphorylation. Thus, in adult cardiac myocytes HNE stimulates protein synthesis by
activation of mMTORC1-P70S6K-RPS6 signaling most likely mediated by direct inhibition of AMPK.
Because HNE in the myocardium is commonly increased by stimuli that cause pathologic hypertrophy,
these findings suggest that therapies that prevent activation of mTORC1-P70S6K-RPS6 signaling may
be of therapeutic value.



Cover letter

Dear Sir/Madam:

We appreciate the very helpful reviews and the opportunity to submit a revised
manuscript. We have performed several additional experiments to address all of the
issues raised by both reviewers. In particular, we have tested the role of protein
degradation, clarified the role of LKB1 by using siRNA knock down, evaluated the role
of HNE-stimulated ROS, used a second MEK inhibitor, and clarified important points
about HNE stoichiometry in the assay. The studies with LKB1 siRNA were particularly
informative, and led to the surprising finding that although HNE adduction inhibited
LKB1, this was not the cause of decreased AMPK activity or RPS6 activation. Altogether,
we think that this paper now provides new insight regarding the mechanism by which
HNE promotes cardiac myocyte hypertrophy.

Sincerely,

Wilson S. Colucci



Detailed Response to Reviewers

Manuscript ID#: FRBM-D-14-00780
To the editor and reviewers:

We appreciate the thoughtful reviews. We have conducted several additional experiments to address the
issues raised and have revised the manuscript accordingly.

Based on our new findings and their interpretations we’ve changed the title of the manuscript to the
following:

Lipid peroxidation product 4-Hydroxy-trans-2-nonenal (HNE) causes protein synthesis in cardiac
myocytes via activated mTORC1-P70S6K-RPS6 signaling

Reviewer #1

1. Protein synthesis was measured as the incorporation of 3H-leucine 24h post-treatment. In this setting
an increase in 3H-leucine-proteins could also relate to the accumulation of these proteins due to reduced
protein degradation. Since HNE has been reported to inhibit proteasomal activity this needs to be
checked.

We agree that [*H]-leucine incorporation may also reflect effects on protein degradation. We have
therefore conducted a separate [°H]-leucine washout experiment to evaluate whether HNE protein
degradation. This experiment showed no effect of HNE on protein degradation, and is now included in
the revised manuscript (Figure 1B) and the results are thoroughly evaluated in the Discussion section.

2/3. An experiment that shows that HNE inhibition of AMPK is mediated by LKB1 is missing. While
LKBL1 is inhibited by HNE and we infer that will lead to reduced AMPK phosphorylation (this should be
measured) and activity (assessed in the manuscript), other explanations should be considered. Does
AMPK form adducts with HNE? Is it possible that AMPK is inhibited by direct reaction with HNE?
Similarly, there is no experiment showing that the increased RPS6 phosphorylation is due to reduced
LKB1-AMPK signaling.

The reviewer raises an important question regarding the role of LKB1 in mediating HNE-induced
AMPK inhibition, and whether impaired LKB1-AMPK signaling by itself is sufficient to mediate
increased RPS6 phosphorylation. To address this question, we knocked down LKB1 expression using
SiRNA to decrease LKB1 protein ~68%. In spite of the marked decrease in LKB1 expression, we saw no
changes in baseline RPS6 phosphorylation (i.e., no increase). In addition, HNE-stimulation of RPS6
phosphorylation was not affected by LKB1 knock down. These new data suggests that, contrary to our
initial thesis, LKB1 is not required for HNE-mediated hypertrophic signaling. These results have been
included in the revised manuscript as Figure 7, and the new data and their implications are included in
the Discussion section. In light of the new LKB1 knock-down data, we conclude that inhibition of
AMPK is not due to decreased LKB1 activity, and most likely is due to a direct inhibition of AMPK by
HNE, as the reviewer suggested. This possibility is consistent with a recent report that HNE adducts on
AMPK (Shearn CT et al., J. Biol. Chem. 2014;289:15449-62). The Discussion has been revised to
reflect these points. Since HNE stimulation of RPS6 is blocked by rapamycin (Figure 6), we further



conclude that HNE stimulates RPS6 by inhibiting AMPK, thereby leading to activation of mTORC1
(Figure 8). These new data and the related considerations are discussed in the revised Discussion.

4. HNE has been shown to lead to mitochondrial dysfunction in cardiomyocytes, which could increase
H202 production. Is it possible that the effect observed is related to H202 signaling?

This is a very interesting point. To address this possibility, we evaluated the potential effects of HNE-
stimulated ROS production by pretreating ARVMs with the catalase/SOD mimetic MNTMPyYP (50 uM,
30 minutes) prior to HNE stimulation. HNE-stimulated Erk phosphorylation was unaffected by
MnTMPYP pretreatment. MNnTMPYP blocked a-adrenergic receptor-stimulated Erk activation, which is
mediated by ROS, suggesting that the MnTMPyP treatment was effective.
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Likewise, HNE-stimulated RPS6 phosphorylation was not affected by MnTMPyYP. Thus, it appears that
the hypertrophic effects of HNE are not mediated by ROS.
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5. Kinase inhibitors are known to be unspecific depending on the concentration used. In fact, U0126 is
not a MEK inhibitor instead inhibits it phosphorylation and activation. The use of more than one
inhibitor or a different approach would be advisable to study the role of MEK.

This is a valid point. In addition to utilizing U0126 we conducted experiments with PD98059, another
MEK inhibitor with a different mechanism of action from U0126. PD98059 (20 uM) blocked HNE-

stimulated Erk1/2 phosphorylation (below). We now comment on the effect of PD98059 in the revised
Discussion.
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Reviewer #2:

Major points:

1. Since HNE is an electrophilic lipid, it acts by covalent adduct formation (which has a negligible
off-rate). Therefore, its cellular effects are dependent upon the amount of lipid added per cell, rather
than the concentration (which is more appropriate for a ligand-receptor interaction which has an on and
off rate). The authors have expressed the dose of HNE as micromolar. In order for other laboratories to
accurately reproduce the effects of this study, it is critical that the authors include a detailed section of
the treatment conditions, which include cell number, treatment volumes, treatment conditions (media +/-
serum or buffer, etc.). It is acceptable to express the treatment as micromolar HNE, but at least in the
methods it is necessary to illustrate in this particular system how micromolar HNE correlates to fmol
HNE/cell.

This is an important point, thank you for the suggestion. We have added to Methods a section entitled
“Culturing conditions of HNE-treated cardiomyocytes” in which we outline the cell density, cell culture
dishes and the volumes of media used. We also provide information about the dilution and use of the
HNE, and clarify that HNE was added directly to media (which is serum free throughout the cell
preparation and culturing).

2. Inthe beginning of the discussion, the authors highlight the major findings of the study. This
would be perfect to extract and include as a separate "Highlights" section for the paper.

This is a great idea. This paragraph been removed from the Discussion section and is now a part of the
“Highlights” section for the paper.

Minor points:

1. Inthe supplemental figure, the y-axis labels indicate "arbitrary units." However, it appears that the
data are expressed as a ratio which is normalized to "fold increase vs 0 micromolar”. Please check this
and edit as necessary. This also seems to apply to Figures 2, 3, 4, and 5.

The reviewer is correct. The y-axis has been relabeled for all of the indicated figures to reflect how the
data has been normalized to a value relative to the control/vehicle samples.



*Highlights (for review)

Highlights

Our major findings are that 1) HNE increases protein synthesis in cardiac myocytes at a low concentration
of 10 uM, 2) HNE inhibits LKB1-AMPK signaling which may promote hypertrophic signaling through
the downstream mTORC1-P70S6K-RPS6 cascade, 3) HNE stimulates Erk1/2, 4) Erk1/2 doesn’t mediate
HNE-stimulated protein synthesis, 5) mTORC1 is necessary for HNE-stimulated activation of RPS6, and
6) LKBL1 inhibition by itself is not sufficient to induce hypertrophic mMTORC1-P70S6K-RPS6 signaling.
These data demonstrate HNE causes protein synthesis and suggests it may directly inhibit AMPK to

mediate downstream hypertrophic signaling via mTORC1-P70S6K-RPS6 signaling in cardiac myocytes.
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1. Introduction

Left ventricular hypertrophy (LVH) is a fundamental mechanism of pathological cardiac remodeling that
has important implications for both cardiac function and patient outcomes [1]. LVH is due primarily to
the increased mass of individual cardiomyocytes as a result of increased protein synthesis, a process
regulated by multiple signaling pathways [2]. LVH is associated with increased production of reactive
oxygen species (ROS) which play a role in regulating myocardial growth via oxidative post-translational
modification (OPTM) of key signaling proteins [3]. In addition to the direct effects of OPTMs, ROS may
also act on lipid membranes to generate peroxidation-derived reactive aldehydes that can have important
biologic effects [4, 5]. One such reactive aldehyde species generated by lipid peroxidation is 4-hydroxy-
trans-2-nonenal (HNE) which can covalently modify proteins via the Michael addition reaction on Cys,
His, Lys, and Arg amino acids or through Schiff base formation of Lys or Arg amino acids [6, 7]. HNE
and other reactive aldehydes are increased in the plasma of patients with heart failure [8] and myocardial
HNE-protein adducts are seen in myocardium from patients with heart failure [9]. Likewise, we found
increased myocardial HNE-protein adducts and pathologic remodeling in mouse models of systolic [10]
and diastolic heart failure [11] and in both cases HNE adducts and cardiac hypertrophy were ameliorated
by an antioxidant intervention.

These observations raise the possibility that HNE is involved in pathologic remodeling by means of
protein adducts that promote cardiomyocyte growth signaling. HNE is known to inhibit the LKB1-AMPK
signaling cascade [12], a pathway that opposes myocyte hypertrophy [13]. LKB1 is a Ser/Thr kinase that
activates the AMP-activated protein kinase (AMPK), a key energy sensor that inhibits cellular functions
that consume energy including growth [14]. Active AMPK regulates cellular growth in part via
phosphorylation of the Tuberous Sclerosis Complex 2 (TSC2) protein [15], which when associated with
TSC1 functions as a GTPase-activating protein (GAP) to prevent activation of the Ras homolog enriched
in brain (Rheb) GTPase [16]. GTP-bound Rheb stimulates activity of the mammalian target of Rapamycin
(mTOR) [17], which in complex with four additional proteins comprises the rapamycin-sensitive mTOR

complex 1 (mTORC1) [18]. Activated mTORCL increases phosphorylation of the 4E-binding protein 1

2



(4E-BP1) which becomes dissociated from the eukaryotic initiation factor 4E (elF4E), thereby permitting
cap-dependent protein translation to proceed [19]. Furthermore mTORC1 phosphorylates and activates
p70S6 kinase (p70S6K) which in turn phosphorylates the ribosomal protein S6 (RPS6), a component of
the 40S ribosomal protein which regulates the initiation of protein translation (see review [20]).

The role of HNE in mediating pathologic hypertrophy was proposed recently by Dolinsky et al., who
showed HNE-LKB1 adducts were associated with decreased LKB1 and AMPK activities in hearts of the
spontaneously hypertensive rat (SHR) [21]. This thesis was supported by their observations that HNE
treatment caused pro-hypertrophic signaling changes in cultured neonatal cardiac myocytes. While these
observations suggest that HNE-LKB1 adducts could play an important role in the pathogenesis of
myocardial hypertrophy, several questions remain. First, it is not known whether HNE-mediated
inhibition of LKB1-AMPK signaling leads to increased protein synthesis. Second, it is possible that
pathways other than LKB1-AMPK (e.g., MAPK) mediate or contribute to the overall effects of HNE on
growth. Third, since these studies were performed in neonatal myocytes, it is not clear whether HNE
exerts a similar growth-promoting effect in adult myocytes which utilize different growth signaling
pathways than neonatal cells [22]. Accordingly, the goal of this study was to test the hypothesis that
HNE-LKB1 adduction increases protein synthesis in adult rat cardiac myocytes, and if so, to delineate the

signaling pathway(s) that mediate this effect.

2. Materials and methods
2.1 Chemicals and materials
4-hydroxynonenal (HNE) was obtained from EMD Millipore (Billerica, MA, USA). The MEK1/2
inhibitor U0126 (9903) was purchased from Cell Signaling Technology and the mTORCL1 inhibitor
Rapamycin (R-5000) was obtained from LC Laboratories (Woburn, MA). The [*H]-leucine and the [y-
%2P]-ATP were purchased from Perkin Elmer (Boston, MA). All other materials were purchased from

Thermo Fisher Scientific (Waltham, MA, USA) unless otherwise specified.



2.2 Isolation and culturing of adult rat ventricular myocytes (ARVMs)

The animal protocol was approved by the Institutional Animal Care and Use Committee at Boston
University School of Medicine. ARVMs were isolated from male Sprague-Dawley rats (Harlan
Laboratories, 175-225 grams) as previously described [23-26] and cultured in serum-free media. Briefly,
the hearts were rapidly excised and perfused with 37 °C Ca®* free Krebs-Henseleit Buffer through the
aorta using retrograde Langendorff perfusion. The heart was digested with recirculating collagenase
(Worthington) and hyaluronidase (Sigma) and then filtered through 100 pm nylon mesh gauze,
centrifuged (500 rpm, 3 min) and the cardiomyocyte pellet was gently layered on a bovine serum albumin
gradient. The pellet containing viable cardiomyocytes was resuspended and plated on laminin coated
dishes in DMEM low glucose media (Invitrogen, 12320-032) supplemented with 0.2% BSA, 2 mM
Carnitine, 5 mM Creatine, 5 mM Taurine, 2.5 M Hepes, and 0.1% penicillin-streptomycin for 1 hr to
allow for cardiomyocytes to adhere to the laminin coated plates. The media was then replaced and the

cells were used for experimentation the following day.

2.3 Culturing conditions of HNE-treated cardiomyocytes

Cardiomyocytes were plated at a density of 50 to 75 cells/mm? in 6-well plates, 35mm, or 60mm dishes.
The following volumes of media were used for each plate: 6-well — 2 mL media/well; 35mm — 2 mL
media/dish; 60mm — 3 mL media/dish. The HNE stock was diluted in ddH,O to a working concentration
of 10 mM, mixed thoroughly, and then added to the media at a 1:1000 dilution to achieve a final
concentration of 10 uM in the media. For each experiment the vehicle treatment indicates the same
volume of 100% ethanol was diluted in ddH,O and added to the media at the same dilution as the HNE
solution. In all of these experiments the media used for cardiomyocyte isolation and culturing was serum-

free.

2.4 [°H]-leucine incorporation assay



ARVMs were treated as noted in the figure legends and incubated with [*H]-leucine (PerkinElmer Life
Sciences) at a concentration of 1 uCi/mL of media. After 24 hrs the cells were rinsed twice in ice-cold
PBS and the proteins were precipitated using ice-cold 5% TCA for 1 hr at 4 °C. Next the cells were rinsed
twice using ice-cold Milli-Q filtered water, all residual water was aspirated, and then the cells were
solubilized using 0.4 M NaOH for 1 hr at room temperature. The cellular extracts were collected, mixed
with liquid scintillation cocktail, and the incorporated radioactivity was measured using a liquid

scintillation counter.

2.5 [°H]-leucine protein degradation assay

ARVMs were pre-loaded with [°H]-leucine at a concentration of 1 pCi/mL of media. After 24 hrs of
loading the media was collected, the cells rinsed, and the same volume of media without [*H]-leucine was
added back to the cells. The collected media at this point represents the initial time point for the
experiment (time = 0 hr). ARVMs were then stimulated with HNE (10 uM) or vehicle and after 1 hr of
treatment the media was collected and replaced with fresh media without HNE or vehicle. The collected
media at this time point represents 1 hour post-experimentation (time = 1 hr). After 23 hrs the media was
again collected and the experiment was terminated. The collected media at this point represents the final
measurement after 24 hrs (time = 24 hrs). The collected media was mixed with liquid scintillation cocktail

and the [®H]-leucine content was measured using a liquid scintillation counter.

2.6 Antibodies

Antibodies recognizing phosphorylated mTOR (Ser2448), P70S6K (Thr421/Ser424), ribosomal protein
S6 (RPS6) (Ser235/236), Akt (Serd473), Erk (Thr202/Tyr204) and antibodies recognizing total LKB1,
acetyl-CoA carboxylase (ACC), mTOR, p70S6K, Akt, and Erk were all purchased from Cell Signaling
Technology. Rabbit polyclonal antibody recognizing phosphorylated ACC (Ser79) was purchased from
Millipore. The antibodies recognizing AMPKa2 (C-20) and LKB1 (M-18) were purchased from Santa

Cruz Biotechnology. The goat polyclonal antibody recognizing HNE (ab46544) and the mouse
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monoclonal antibody recognizing glyceraldehyde 3-phosphate dehydrogenase (GAPDH, ab8245) were

both from Abcam. Secondary antibodies coupled to IR 680 or 800 dye were from Li-Cor.

2.7 Western blot analysis

Cells were rinsed with cold PBS and lysed with 1X lysis buffer (Cell Signaling Technology) containing
20 mM Tris-HCI (pH=7.5), 150 mM NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM B-glycerophosphate, 1 mM NasVO,, 1 ug/mL leupeptin, and 100 mM PMSF. The
lysates were cleared by centrifugation at 13,000 rpm for 10 min. Proteins (25-50 ug) were separated by
SDS-PAGE using polyacrylamide gels and transferred to nitrocellulose membranes. Immunoblotted

proteins were visualized using the Li-Cor Odyssey IR imager.

2.8 LKBL1 kinase assay

Protein G beads (GE Healthcare) were washed three times with PBS and conjugated to the LKB1
antibody (M-18) for 1 hour at 4 °C. 500 ug protein of each sample was added to 40 pL of the antibody-
bead complex, brought up to an equal volume using Homogenization Buffer (62.5 mM Tris-HCI, 5 mM
EDTA, 5 mM EGTA) and rotated end on end overnight at 4 °C. The immunopreciptated proteins were
washed twice with Homogenization Buffer and twice with Kinase Wash Buffer (40 mM Hepes, 80 mM
NaCl, 0.8 mM EDTA, 5 mM MgCl,, 800 uM DTT, 8% Glycerol). The purified proteins were incubated
with kinase assay buffer containing the LKBtide synthetic substrate (300 uM, EMD Millipore), HEPES
(40 mM), DTT (800 pM), NaCl (80 mM), EDTA (800 puM), Glycerol (8%), ATP (200 uM), and P¥*-
radioactively labeled ATP. After incubation at 37 °C for 20 minutes, the reaction mixture was spotted on
Whatman P81 papers, washed four times in 19.5 mM phosphoric acid, and radioactivity was measured by

liquid scintillation counting.

2.9 AMPK kinase assay



Protein G beads were washed three times with PBS and conjugated to the AMPKa2 antibody for 1 hour at
4 °C. 500 ug protein of each sample was added to 40 pL of the antibody-bead complex, brought up to an
equal volume using Homogenization Buffer and rotated end on end overnight at 4 °C. The
immunopreciptated proteins were washed three times with Homogenization Buffer. The purified proteins
were incubated with kinase assay buffer containing the SAMS synthetic peptide (200 uM, EMD
Millipore), DTT (960 uM), ATP (200 uM), and P*-radioactively labeled ATP. After incubation at 37 °C
for 10 minutes, the reaction mixture was spotted on Whatman P81 papers, washed four times in 19.5 mM

phosphoric acid, and radioactivity was measured by liquid scintillation counting.

2.10 siRNA knockdown of LKB1

The siRNA constructs used in these experiments were purchased from Dharmacon (SiGENOME SMART
Pool — Control Non-Targeting siRNA and STK11 siRNA). Freshly cultured ARVMs were transfected
with 25 pmol siRNA per p35 tissue culture dish using the Lipofectamine RNAIMAX Reagent
(Invitrogen) as described by the manufacturer. 72 hours post-transfection the cells were treated as

described in the figure legends.

2.11 Statistical analysis

Statistics were performed with a two-tailed unpaired Student’s t test or ANOVA for multiple
comparisons, where appropriate. All data shown represent the results obtained from independent
experiments conducted in duplicate or triplicate (as noted in the figure legends) with standard error of the

mean (mean +SEM). Values of p < 0.05 were considered statistically significant.

3. Results
3.1 HNE induces protein synthesis in cultured cardiomyocytes
While prior studies have used HNE concentrations of 40 uM [21] and higher [27] in cardiac myocytes,

our previous work has shown that an HNE concentration as low as 10 uM inhibits LKB1 activity through
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the formation of HNE-adducts [28]. Therefore, cultured adult rat ventricular cardiac myocytes (ARVMs)
were treated with 10 uM HNE for 1 hour or Norepinephrine (NE) as a positive control, and the cells were
incubated with [*H]-leucine for 24 hours. Under these conditions HNE treatment increased [°H]-leucine
incorporation by 27.1 + 3.5% (S.E.) (Figure 1A), thus suggesting that HNE stimulates protein synthesis in
adult cardiac myocytes. As HNE has been shown to stimulate autophagy and protein degradation [29, 30],
we next sought to examine if HNE treatment in ARVMs alters protein degradation. ARVMSs pre-loaded
with [*H]-leucine were assayed for the release of [*H]-leucine containing proteins 24 hours after HNE
treatment. HNE stimulation had no effect on the release of degraded peptides containing [*H]-leucine
(Figure 1B). These data strongly suggest the observed increase in HNE-stimulated [3H]-leucine

incorporation is due to enhanced protein synthesis.

3.2 HNE causes pro-hypertrophic signaling in the LKB1-AMPK signaling axis

We next investigated the role of the LKB1-AMPK axis in mediating HNE-induced pro-hypertrophic
signaling changes. HNE treatment (10 uM, 1 hour) caused HNE-LKB1 adducts (Figure 2A) and in cells
treated with HNE there was a concomitant 24.9 + 12.2% (S.E.) decrease in LKB1 activity (Figure 2B).
AMPK, a major substrate for LKB1 in the heart, inhibits myocardial protein synthesis when active [31].
HNE treatment decreased the activity of the AMPK alpha2 isoform by 50.3 + 5.4% (S.E.) (Figure 2C).
Likewise, HNE decreased phosphorylation of acetyl-CoA carboxylase (ACC) (Figure 2D), a downstream
substrate of AMPK that regulates lipogenesis via the carboxylation of acetyl-CoA to malonyl-CoA,
supporting the observed decrease in AMPK activity. AMPK promotes energetic homeostasis by
regulating several metabolic processes, including cell growth, through actions on the mTORC1 — p70S6K
—Ribosomal Protein S6 (RPS6) signaling axis. HNE increased the phosphorylation of mTOR, P70S6K,
and RPS6 proteins (Figure 3A - C). Thus, HNE inhibited LKB1 and AMPK activities, which were

associated with downstream pro-hypertrophic signaling changes via mTORCL1, P70S6K, and RPS6.

3.3 HNE stimulates Erk1/2



While inhibition of LKB1-AMPK signaling, per se, could explain increased protein synthesis, HNE may
form adducts with other potential targets that are known to be involved in growth signaling in cardiac
myocytes. For example HNE can inhibit Phosphatase and Tensin Homolog (PTEN) [32], which
hydrolyzes phosphatidylinositol 3,4,5,-triphosphate to prevent phosphorylation and activation of Akt by
upstream kinases [33]. Considering that Akt inhibits AMPK in the heart [34] and regulates MTORC1 via
phosphorylation of Proline Rich Akt Substrate of 40 kDa (PRAS40) [35], activation of Akt could regulate
the observed signaling changes. Furthermore HNE induces Erk1/2 activation in both pulmonary epithelial
and endothelial cells [36, 37], which could promote protein synthesis independent of LKB1-AMPK-
mTORC1 signaling. In ARVMs HNE had no effect on Akt phosphorylation at Ser-473 (Figure 4A),
suggesting Akt is not active. However, HNE increased the phosphorylation of Erk1/2 by 82.5 + 11.7%
(S.E.) (Figure 4B). The MEK1/2 inhibitor U0126 decreased basal Erk1/2 phosphorylation, and abolished
the effect of HNE on Erk1/2 phosphorylation (Figure 4C), thus confirming that HNE stimulates Erk1/2

via an action at or above the level of MEK1/2 in the pathway.

3.4 Erk1/2 signaling is not required for HNE-stimulated protein synthesis

In cardiomyocytes hypertrophic stimuli such as phenylephrine activate RPS6, an effect that is dependent
on both MEK-Erk1/2 and mTOR signaling [38, 39]. Furthermore, the RPS6 phosphorylation sites
examined (Ser235/236) are activated by MAPK signaling in addition to mTORC1 [40]. Therefore, we
next sought to determine if HNE-mediated phosphorylation of RPS6 at Ser235/236 was dependent on the
MEK-Erk1/2 signaling cascade. The MEK inhibitor U0126 attenuated HNE-stimulated RPS6
phosphorylation (Figure 5A), suggesting that Erk1/2 signaling is not the primary cause of RPS6 activation
yet may mediate the degree of RPS6 phosphorylation. To determine whether Erk1/2 contributes to HNE-
stimulated protein synthesis, we examined protein synthesis in the presence of U0126 and found that
HNE-stimulated protein synthesis was unaffected by MEK inhibition (Figure 5B). Together these data
suggest that activation of Erk1/2 by HNE partially regulates RPS6 phosphorylation, but doesn’t mediate

protein synthesis.



3.5 mTORC1 is required for the activation of RPS6 by HNE

We next examined the contribution of mTORC1 signaling in HNE-mediated RPS6 activation using the
specific inhibitor rapamycin. Rapamycin pretreatment decreased basal RPS6 phosphorylation and
abolished the HNE-stimulated RPS6 increase (Figure 6), thereby implicating mTORC1 as a necessary

regulator of HNE-stimulated RPS6 activation.

3.6 LKBI knockdown doesn’t recapitulate hypertrophic signaling caused by HNE

Having observed that HNE inhibits LKB1 and promotes hypertrophic signaling through the mTORC1-
P70S6K-RPS6 signaling cascade, we next sought to determine if specific inhibition of LKB1 would cause
the same signaling changes in ARVMs. Using an SiRNA targeted to LKB1, we observed an
approximately 68% decrease in LKB1 protein expression 72 hours after sSiRNA exposure (Figure 7). With
LKB1 knockdown we observed no changes in baseline RPS6 phosphorylation, which suggests LKB1
inhibition is not sufficient to promote hypertrophic signaling through this pathway. Furthermore, ARVMs
depleted of LKB1 have a similar degree of HNE-mediated RPS6 phosphorylation (Ctrl siRNA: 3.53 £
0.63 S.E.M., LKB1 siRNA: 2.99 + 0.58 S.E.M., n=3) suggesting HNE-inhibition of the remaining LKB1

protein fails to promote RPS6 phosphorylation.

4. Discussion

The goal of this study was to determine whether HNE causes increased protein synthesis in adult cardiac
myocytes, and if so, to delineate the signaling pathways associated. Prior work in neonatal cardiac
myocytes has shown that HNE inhibits LKB1-AMPK signaling which was associated with increased pro-
hypertrophic signaling via mTOR and P70S6K [21]. However, it remained to be determined whether
these signaling effects lead to increased protein synthesis, which cannot be assumed given the potentially
diverse signaling actions of HNE-adduction. Our findings clearly demonstrate that even a limited duration

of exposure (1 hour) to a relatively low concentration (10 uM) of HNE causes protein synthesis in
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ARVMs. The magnitude of the HNE-stimulated protein synthesis is smaller than that of a-AR
stimulation (HNE: 27.1 + 3.5% (S.E.), NE: 70.2 + 12.8%, Figure 1). However, the conditions of these
studies were selected to minimize toxic and pro-apoptotic effects, and likely underestimate the maximal
effect of HNE. A dose response curve of HNE treatment suggests that 20 UM may elicit a larger effect on
RPS6 phosphorylation, yet higher doses (30 or 40 puM) impair HNE-stimulated RPS6 activation
(Supplementary Figure 1A). Increasing amounts of HNE (> 10 uM) enhance Erk1/2 phosphorylation,
suggesting a transition from a hypertrophic to a stress related signaling response at doses of 30 UM or
higher (Supplementary Figure 1B). While we are not aware of others reports demonstrating HNE-
stimulated proteins synthesis, HNE has been shown to elicit a mitogenic response in other cell types such
as rat aortic smooth muscle cells [41].

HNE can stimulate autophagy and modulate protein degradation [29, 30], which could be a confounding
factor in our experimental approach to assess HNE-stimulated protein synthesis utilizing [*H]-leucine
incorporation. In order to verify the increased [*H]-leucine incorporation with HNE treatment was due to
novel protein synthesis, as opposed to decreased protein degradation, we conducted a [*H]-leucine
washout experiment in order to measure the amount of degraded proteins that were secreted. We observed
the same HNE treatment conditions that elicited [*H]-leucine incorporation had no effect on the rate of
[*H]-leucine washout, which further strengthens our conclusion that HNE promotes protein synthesis in
ARVMs. In prior studies examining the effects of HNE on proteasome-mediated protein degradation the
dose of HNE was important in determining how HNE altered protein degradation. Lower doses of HNE
(10 uM) could stimulate proteasomal degradation [42] but at higher concentrations HNE (> 0.1 mM)
inhibits the proteasome itself [43]. The low concentration of HNE used in our study was able to stimulate
protein synthesis in ARVMs without altering protein degradation. Perhaps at higher doses of HNE which
no longer stimulate RPS6 (40 uM, Supplementary Figure 1A) the presence of excess HNE-modified
proteins could lead to increased proteasomal activity.

We next sought to determine if HNE promotes hypertrophic signaling in ARVMs through the inhibition

of LKB1-AMPK signaling. Hypertrophic stimuli are known to elicit differential signaling responses in
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adult and neonatal ventricular cardiomyocytes [22], which is why we decided to confirm the earlier
finding in the adult cardiomyocyte. In agreement with the prior study, the formation of HNE-LKB1
adducts was associated with inhibited LKB1 and AMPK Kkinase activities. The decrease in kinase activity
of these proteins was associated with hypertrophic signaling changes through the mTORC1-P70S6K-
RPS6 signaling cascade, which demonstrates that the same HNE-mediated pro-hypertrophic signaling
changes observed in the neonatal cardiomyocyte persist into the adult cell.

To investigate if other hypertrophic signaling cascades were altered by HNE we examined the
phosphorylation status of Akt, which has been shown to modulate mMTORCL independently of LKB1-
AMPK signaling [35]. As was previously observed in neonatal cardiomyocytes, we found no change in
Akt phosphorylation with HNE treatment, suggesting Akt is not active. We also examined the activation
of Erk1/2, as we have previously shown that MAPK signaling is hypertrophic in cardiomyocytes
stimulated by a-adrenergic receptor agonists [26]. HNE increased Erk1/2 phosphorylation, and this effect
was dependent on the upstream kinase MEK. While our work and other studies have shown that HNE
stimulates Erk1/2 activity [36, 37], there are also reports that HNE can form inhibitory adducts of Erk1/2
[44] that decrease Erk1/2 phosphorylation and downstream EIk-1 signaling [45]. The inhibitory effect of
HNE on Erk1/2 signaling occurs in the liver and primary hepatocytes using the same HNE dose in this
study, demonstrating that disparate tissue-specific signaling changes can occur under otherwise
comparable conditions.

Having observed that HNE stimulates Erk1/2 signaling, we next investigated if Erk1/2 signaling
contributed to hypertrophic RPS6 phosphorylation and protein synthesis, as both the MAPK and
mMTORCL cascades converge on RPS6 via phosphorylation of Ser235/236 [40]. Inhibition of Erk1/2 using
U0126 attenuated, but did not prevent HNE-stimulated RPS6 phosphorylation, suggesting HNE-
stimulated Erk1/2 signaling partially contributes to the activation of RPS6. In order to address whether
this effect is specific to Erk1/2 signaling we utilized another MEK inhibitor, PD98059. Treatment with
PD98059 also decreased HNE-stimulated Erk1/2 phosphorylation (data not shown). Since inhibition of

Erk1/2 signaling impaired stimulation of RPS6, we sought to determine whether the activation of Erk1/2
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by HNE contributes to protein synthesis. We found Erk1/2 activation was not required for HNE-
stimulated protein synthesis, which suggests the AMPK-mTORC1 signaling axis is the primary mediator
of RPS6 activation and subsequent protein synthesis.

Having evaluated the contribution of MEK-Erk1/2 signaling in RPS6 activation and protein synthesis, we
next determined the role of mMTORC1 using the specific inhibitor rapamycin. We observed that rapamycin
treatment completely blocked HNE-stimulated RPS6 phosphorylation. This observation is in agreement
with other work in cardiomyocytes examining protein synthesis using the hypertrophic stimulus
phenylephrine, as others have found rapamycin inhibited mMTORC1 and downstream RPS6
phosphorylation to partially suppress protein synthesis [39]. Our data suggests that hypertrophic signaling
induced by HNE occurs via similar mechanisms, although with HNE treatment RPS6 activation is
dependent on mTORC1 which is likely impacted by upstream inhibition of AMPK signaling.

We observed that HNE caused HNE-LKB1 adducts and inhibited LKB1 function. Considering HNE may
be modulating a number of other signaling cascades, we sought to test whether inhibition of LKB1 by
itself is sufficient to promote hypertrophic signaling through the mTORC1-P70S6K-RPS6 cascade. Using
an siRNA targeted to LKB1, we observed a significant decrease in LKB1 expression. In ARVMs depleted
of LKB1 we observed no changes in RPS6 phosphorylation, which suggests LKB1 inhibition doesn’t
promote hypertrophic signaling through this pathway. Furthermore LKB1-depleted ARVMs treated with
HNE had comparable RPS6 phosphorylation. If LKB1 did in fact mediate hypertrophic signaling by HNE
through this pathway, we would have expected to see augmented RPS6 phosphorylation with LKB1
knockdown.

Based on these findings we conclude that LKB1 inhibition by itself is not sufficient to promote
hypertrophic signaling, and that HNE must be acting either through the inhibition of AMPK or the
activation of mTORCL. It has recently been reported that AMPK is a direct target of HNE adduction [46],
which if true in ARVMs would agree with the hypertrophic signaling changes we observed in ARVMs

depleted of LKB1. While we can’t rule out the possibility that HNE may be stimulating mTORCI
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independently of AMPK, the observation that HNE is capable of directly targeting AMPK leads us to
propose that HNE promotes hypertrophic signaling via an inhibitory modification of AMPK.

Taken together these findings provide a comprehensive model for HNE-stimulated myocardial protein
synthesis (Figure 8). We found HNE inhibits both LKB1 and AMPK activities which is associated with
downstream hypertrophic mTORC1-p70S6K-RPS6 activation and increased protein synthesis. HNE also
activates MEK-Erk1/2 signaling which doesn’t contribute to the observed protein synthesis. We found
that mMTORC1 was necessary for the pro-hypertrophic activation of RPS6 by HNE. The inhibition of
LKBI didn’t mediate the expected hypertrophic signaling changes, which suggests that HNE may directly
inhibit AMPK to promote hypertrophic signaling in ARVMs. Overall, this study demonstrates oxidant-
derived lipid peroxidation byproducts promote myocardial protein synthesis and describes the signaling
mechanisms involved, which has important implications in the treatment of pathological cardiac

hypertrophy.

Figure Legends

Figure 1. HNE increases protein synthesis in ARVMs. (A) ARVMs were treated with vehicle or 10
UM HNE for 1 hour, after which the media was removed and replaced with fresh media containing [°H]-
leucine. As a positive control, another set of cells were pretreated with Propranolol (2 uM, 30 minutes)
and then stimulated with 1 uM Norepinephrine (NE) for 24 hours. After 24 hours the cells were collected
and assayed for incorporation of the labeled leucine by liquid scintillation counting (n=6). (B) To
examine protein degradation ARVMs were loaded with [*H]-leucine. After 24 hrs of loading the media
was collected, replaced, and cells stimulated with HNE (10 pM) or vehicle (time=0 hr). After 1 hr of
treatment the media was collected and replaced with HNE-free media (time=1 hr) and after 23 hrs the
media was again collected (time=24 hrs). The collected media was assayed for [*H]-leucine content as a

measure of degraded proteins (n=3). Each replicate is an independent experiment conducted in duplicate
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or triplicate using cells obtained from separate preparations of ARVMs. (* = p < 0.05 vs Vehicle, # =p <

0.01 vs HNE, error bars are mean + standard error).

Figure 2. HNE inhibits LKB1 and AMPK activities. (A) LKB1 was immunoprecipitated from
homogenates of cultured ARVMs incubated for 1 hour with vehicle or 10 uM HNE. Immunoprecipitated
LKB1 was analyzed by immunoblotting for HNE adduct formation by densitometry and normalized to
total LKB1 as a control for loading (n=6). (B) LKBL1 activity in ARVMs treated with HNE (n=6-7). (C)
AMPK activity in ARVMs treated with HNE (n=6-7). (D) Levels of phosphorylated ACC (P-ACC) were
guantified by densitometry and normalized to total ACC (T-ACC) and GAPDH (n=3). For all of these
experiments each replicate is an independent experiment conducted in duplicate using cells obtained from

separate preparations of ARVMSs, * = p < 0.05, and error bars are mean + standard error.

Figure 3. Hypertrophic mTOR-P70S6K and RPS6 phosphorylation are induced by HNE. (A) Levels
of phosphorylated mTOR (P-mTOR) were quantified by densitometry and normalized to total mTOR (T-
mTOR) and GAPDH (n=3). (B) Levels of phosphorylated p70S6K (P-p70S6K) were quantified by
densitometry and normalized to total p70S6K (T-p70S6K) and GAPDH (n=3). (C) Levels of
phosphorylated RPS6 (P-RPS6) were quantified by densitometry and normalized to GAPDH (n=4). For
all of these experiments each replicate is an independent experiment conducted in duplicate using cells

obtained from separate preparations of ARVMs, * = p < 0.05, and error bars are mean + standard error.

Figure 4. HNE stimulates Erk1/2 in a MEK-dependent manner. (A) Homogenates of cultured
ARVMs incubated for 1 hour with vehicle or 10 uM HNE were evaluated for levels of phosphorylated
Akt (P-Akt) by immunoblotting. Protein loading was normalized to total Akt (T-Akt) and GAPDH (n=3).
(B) Levels of phosphorylated Erk1/2 (P-Erk) were quantified by densitometry and normalized to total
Erk1/2 (T-Erk) and GAPDH (n=4). (C) ARVMs were incubated with vehicle or U0126 (10 puM, 30

minutes) prior to stimulation by vehicle or HNE. Lysates were immunoblotted for levels of P-Erk and
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normalized to T-Erk and GAPDH (n=4). For all of these experiments each replicate is an independent
experiment using cells obtained from separate preparations of ARVMs, * = p < 0.05, ** = p < 0.01 and

error bars are mean + standard error.

Figure 5. Erk1/2 contributes to the activation of RPS6 with HNE treatment. (A) ARVMs were
incubated with DMSO vehicle or U0126 (10 uM, 30 minutes) prior to stimulation by HNE. Lysates were
immunoblotted for levels of P-RPS6 and normalized to GAPDH (n=5), * = p < 0.01 vs Veh Con, # =p <
0.05 vs U0126 Con, $ = p <0.05 vs Veh HNE. (B) ARVMs were incubated with vehicle or U0126 (10
MM, 30 minutes) prior to stimulation by vehicle or HNE for 1 hour. After HNE stimulation the media was
removed and replaced with fresh media containing [*H]-leucine and vehicle or U0126. After 24 hours the
cells were collected and assayed for incorporation of the labeled leucine by liquid scintillation counting
(n=5, ns = not significant, * = p < 0.05). For all of these experiments each replicate is an independent
experiment using cells obtained from separate preparations of ARVMs and error bars are mean + standard

error.

Figure 6. mTORCL is required for the activation of RPS6 by HNE. ARVMs were incubated with
vehicle or Rapamycin (100 nM, 30 minutes) prior to stimulation by vehicle or HNE. Lysates were
immunoblotted for levels of P-RPS6 and GAPDH (n=3). For all of these experiments each replicate is an

independent experiment using cells obtained from separate preparations of ARVMs.

Figure 7. Knockdown of LKB1 doesn’t promote hypertrophic RPS6 signaling in ARVMs. ARVMs
were treated with either a non-targeting control sSiRNA (Ctrl siRNA) or siRNA directed against LKB1
(LKB1 siRNA) for 72 hrs. After 72 hrs of siRNA exposure the ARVMs were treated with vehicle or HNE
(10 uM, 1 hr) and the lysates were immunoblotted for protein expression of LKB1, P-RPS6, P-ACC, and

GAPDH (n=3). For all of these experiments each replicate is an independent experiment using cells
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obtained from separate preparations of ARVMs, * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and error

bars are mean + standard error.

Figure 8. Diagram summarizing the effects of HNE on LKB1-AMPK and MEK-Erk1/2 signaling in
ARVMs. HNE inhibits LKB1 and AMPK activities and increases hypertrophic signaling through the
MTORC1-P70S6K-RPS6 signaling cascade to promote protein synthesis. Activation of MEK-Erk1/2
signaling didn’t contribute to protein synthesis. The actions of HNE on RPS6 phosphorylation could be
prevented with the mTORCL1 inhibitor rapamycin but not by knockdown of LKB1 by siRNA, thus

suggesting HNE may be acting directly at the level of AMPK.

Supplementary Figure 1. Dose dependent effects of HNE on RPS6 and Erk1/2 phosphorylation. (A)
ARVMs were treated with various doses of HNE for 1 hour (0, 1, 2.5, 5, 10, 20, 30, or 40 uM) and
cellular lysates were immunoblotted using antibodies for P-RPS6 and GAPDH. P-RPS6 was quantified
by densitometry and normalized to GAPDH (n=3-8). (B) Levels of P-Erk and T-Erk were quantified by
densitometry and normalized to GAPDH (n=3-8). For all of these experiments each replicate is an
independent experiment using cells obtained from separate preparations of ARVMs, * = p < 0.05, vs 0

MM HNE, and error bars are mean + standard error.
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Figure 6
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Figure 7 Ctrl SIRNA LKB1 siRNA
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Figure 7 (continued)
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Figure 8 — Signaling
overview
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Supplemental Figure 1
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