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IL11 stimulates ERK/P90RSK to inhibit LKB1/AMPK
and activate mTOR initiating a mesenchymal
program in stromal, epithelial, and cancer cells

Anissa A. Widjaja,1,4,* Sivakumar Viswanathan,1,4 Joyce Goh Wei Ting,1,4 Jessie Tan,2 Shamini G. Shekeran,1

David Carling,3 Wei-Wen Lim,1,2 and Stuart A. Cook1,2,3,5,*
SUMMARY

IL11 initiates fibroblast activation but also causes epithelial cell dysfunction. The
mechanisms underlying these processes are not known.We report that IL11-stim-
ulated ERK/P90RSK activity causes the phosphorylation of LKB1 at S325 and
S428, leading to its inactivation. This inhibits AMPK and activates mTOR across
cell types. In stromal cells, IL11-stimulated ERK activity inhibits LKB1/AMPK
which is associated with mTOR activation, ⍺SMA expression, and myofibroblast
transformation. In hepatocytes and epithelial cells, IL11/ERK activity inhibits
LKB1/AMPK leading tomTOR activation, SNAI1 expression, and cell dysfunction.
Across cells, IL11-induced phenotypes were inhibited by metformin stimulated
AMPK activation. In mice, genetic or pharmacologic manipulation of IL11 activity
revealed a critical role of IL11/ERK signaling for LKB1/AMPK inhibition and
mTOR activation in fatty liver disease. These data identify the IL11/mTOR axis
as a signaling commonality in stromal, epithelial, and cancer cells and reveal a
shared IL11-driven mesenchymal program across cell types.
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INTRODUCTION

Interleukin 11 (IL11) is a little studied cytokine that was recently found to cause ERK-dependent fibroblast-

to-myofibroblast transformation and fibrosis across organs (Cook and Schafer, 2020; Schafer et al., 2017;

Widjaja et al., 2019). Unexpectedly, during studies of alcoholic hepatitis and non-alcoholic steatohepatitis

(NASH), IL11 was found to have ERK-driven metabolic and NOX4/JNK-related toxic effects in hepatocytes

(Dong et al., 2021b; Effenberger et al., 2022; Widjaja et al., 2019). IL11-induced hepatotoxicity was also

described following drug-induced hepatocyte injury, which was also ERK-dependent and related to

NOX4/JNK activation (Dong et al., 2021a; Widjaja et al., 2021a). IL11-induced epithelial cell dysfunction

has been describedmore generally with cellular dedifferentiation implicated in its pathobiology (Strikoudis

et al., 2019; Widjaja et al., 2022).

We hypothesized that there is a conserved role for IL11-stimulated ERK activity in stromal cells and epithe-

lial cells that leads to both myofibroblast transformation and hepatocyte/epithelial cell dysfunction. In sup-

port of this, ERK activation in the liver has previously been linked with diet-induced metabolic perturbation

(Jiao et al., 2013; Zheng et al., 2009b) and ERK is a recognized pathway for the activation of fibroblasts (Du

et al., 2008; Schafer et al., 2017) and hepatic stellate cells (HSCs) (Foglia et al., 2019; Widjaja et al., 2019).

Intriguingly, IL11 activates ERK-dependent, rapamycin-sensitive gene translation in fibroblasts, implicating

mTORC1 for IL11 effects in fibroblasts (Widjaja et al., 2021b). This stimulated the question: could the IL11/

ERK/mTOR axis represent a common pathway for stromal cell activation and hepatocyte dysfunction? And,

if so, what is the full signaling pathway and is it more generalizable?

In this study, we investigate whether IL11-stimulated ERK/P90RSK can phosphorylate LKB1 (STK11) to inac-

tivate LKB1/AMPK and increase mTOR activity. Fittingly, LKB1 and AMPK are important for fibroblast acti-

vation (Rangarajan et al., 2018; Thakur et al., 2015; Vaahtomeri et al., 2008), diet-induced liver steatosis

(Shaw et al., 2005; Woods et al., 2017) and renal tubular epithelial cell dysfunction (Han et al., 2016).

LKB1, a master kinase and tumor suppressor, forms a heterotrimeric complex with MO25 (mouse protein

25) and STRAD (Ste20-related adaptor) and is thought to be constitutively active in the absence of
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Figure 1. An axis of IL11/ERK/P90RSK activity leads to the inhibition of LKB1

(A) Western blots (WB) and densitometry analyses of phosphorylated (p-) and total LKB1, AMPK, and mTOR in human cardiac fibroblasts (HCFs) stimulated

with IL11 over a time course; one-way ANOVA with Dunnett’s correction (n = 3 biological replicates).

(B) WB of p- and total ERK, P90RSK, LKB1, AMPK, mTOR, P70S6K, S6RP, ɑSMA, andGAPDH levels in HCFs stimulated with IL11 or TGFb1 alone or in presence

of anti-IL11 (3203), antiI-IL11RA (3209) or an IgG control (n = 2 biological replicates).

(C) WB of p- and total AMPK, mTOR, P70S6K, S6RP, ɑSMA, and GAPDH levels in IL11-stimulated HCFs in the presence of DMSO, AICAR, or 991 (n = 3

biological replicates).

(D and E) IL11 (D) and MMP2 (E) concentration in the supernatant of HCFs stimulated with (D) HyperIL11, (E) IL11, or (D-E) TGFb1 in the presence of DMSO,

metformin, AICAR, or 991; one-way ANOVA with Sidak’s correction (n = 4 biological replicates).

(F) WB of p- ERK, P90RSK, LKB1, AMPK, mTOR, total LKB1, and GAPDH in A549 cells infected with adenovirus-driven expression of wild-type (WT) LKB1

stimulated with IL11 across time (total protein levels are shown in Figure S5, n = 2 biological replicates).

(G and H) WB of p- and total ERK, P90RSK, LKB1, AMPK, mTOR, P70S6K, S6RP, and GAPDH levels from adenovirus-driven expression of either null control

vector, WT-LKB1 or DM-LKB1-infected A549 cells that are stimulated with IL11 (G) alone (n = 2 biological replicates) or (H) with the addition of DMSO, U0126

or BI-D1870 (n = 1 biological replicate) for 2 h.

(A–H) IL11, TGFb1, HyperIL11 (10 ng/mL), IgG,3203,3209 (2 mg/mL), AICAR (1 mM), BI-D1870, U0126 (10 mM), DMSO (0.1%), 991 (1 mM), metformin (1 mM); 24-h

stimulation unless otherwise specified. (A) Data are shown asmeanG SD, (D-E) data are shown as box-and-whisker withmedian (middle line), 25th–75th percentiles

(box) and min-max percentiles (whiskers); *p < 0.05, **p < 0.01, ***p < 0.001,****p < 0.0001. BL: Baseline; FC: Fold change. See also Figures S1–S6.
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phosphorylation (Zeqiraj et al., 2009). However, the inactivation of LKB1 has been reported following dual

phosphorylation by ERK/P90RSK in a melanoma cell line (Zheng et al., 2009a).

Here, we use a range of techniques to dissect the effects of IL11 on the ERK//LKB1/AMPK/mTOR axis in

primary human fibroblasts, HSCs, hepatocytes, renal epithelial, and lung epithelial cancer cells. Further-

more, we examine the signaling effects of genetic or pharmacologic inhibition or activation of IL11

signaling in livers of mice with diet-induced NASH.
RESULTS

An axis of IL11/ERK/P90RSK inhibits LKB1 to activate fibroblasts

We have shown previously that TGFb1 or IL11 stimulation of human cardiac fibroblasts (HCFs) over a 24-h

time course causes variable STAT3 activation but shared biphasic activation of ERK (Widjaja et al., 2021b).

We examined whether this pattern was linked with phosphorylation (p-) of LKB1 (S428; putative inactive

LKB1), AMPK (T172; active AMPK), or mTOR (S2448; active mTOR) (Figures 1A and S1). Following IL11 or

TGFb1 stimulation, LKB1 was phosphorylated at the P90RSK site (S428) in a biphasic manner over the

time course. In these experiments, we were not able to assess the phosphorylation of endogenous LKB1

(S325), the specific ERK site, as detection was only possible following LKB1 overexpression, as shown later

in discussion. In stimulated cells, AMPK activity (p-AMPK) was inverse to p-LKB1 levels, with progressive

loss in AMPK activity up to 24 h post-stimulation. Reciprocal to the decrease in p-AMPK, p-mTOR expres-

sion increased over the IL11 and TGFb1 time courses (Figures 1A and S1).

TGFb-stimulated ERK activity in fibroblasts is IL11-dependent (Schafer et al., 2017; Widjaja et al., 2021b).

We used neutralizing antibodies against IL11 (3203) or IL11RA (3209) to assess whether TGFb-stimulated

p-LKB1 (24 h) was similarly dependent on IL11 (Figure 1B). IL11 and TGFb increased p-ERK, p-P90RSK

(S380), and p-LKB1, which was associated with diminished p-AMPK and increased p-mTOR. We extended

downstream analyses and observed levels of p-P70S6K (T389) and its substrate S6RP (S235/236) were

increased, as were themesenchymal marker (ɑSMA) levels, in IL11 or TGFb stimulated cells. These signaling

events were collectively inhibited by 3203 or 3209 in TGFb stimulated cells (Figure 1B).

mTOR activity is regulated by complex mechanisms and LKB1 controls multiple (>12) AMP-related protein

kinases (Shackelford and Shaw, 2009). We sought to determine the specific importance of AMPK for mTOR

activation by stimulating fibroblasts with IL11 in the presence or absence of the AMPK activating com-

pounds, AICAR or 991 (Figure 1C) (Lai et al., 2014). IL11 stimulation (10ng/mL, 24 h) caused the expected

decrease in p-AMPK and increase in p-mTOR/p-P70S6k/p-S6RP that was associated with higher ACTA2

(ɑSMA) expression, indicative of fibrogenesis. In cells incubated with either AICAR or 991, p-AMPK levels

were maintained, mTOR/P70RSK remained inactive, and expression of the mesenchymal marker (ɑSMA)

was inhibited.

We then examined if AMPK activity is involved in the self-amplifying loop of IL11 secretion from fibroblasts

by stimulating cells with an IL11RA:IL11 fusion protein (HyperIL11) or TGFb in the presence or absence of
iScience 25, 104806, August 19, 2022 3
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AMPK activating compounds (Figure 1D). HyperIL11 and TGFb induced IL11 secretion, as expected, and

this effect was significantly inhibited by metformin, AICAR, or 911. Similarly, IL11- or TGFb-induced

MMP2 secretion from fibroblasts was reduced by AMPK activation, with a similar profile of inhibition

(magnitude of inhibition: 911 > AICAR >metformin) (Figure 1E). We have shown previously that IL11 effects

in cardiac fibroblasts are critically dependent on ERK (Schafer et al., 2017), which we confirmed for IL11-

induced IL11 or MMP2 secretion in the primary fibroblast cultures used here (Figure S2).

Phosphorylation of both S325 and S428 of LKB1 is required for its inactivation

To study the relationship between IL11 stimulated p-ERK/p-P90RSK and LKB1 activity, we used LKB1-defi-

cient A549 cells for heterologous, adenovirus-driven expression of wild-type LKB1 (WT-LKB1) or mutant

LKB1 (LKB1 S325A and S428A, designated as double mutant LKB1 (DM-LKB1)). We first confirmed the

expression of IL11RA in A549 cells, a lung epithelial cancer cell line (Figure S3).

After determining the optimal multiplicity of infection (MOI) of adenovirus encodingWT-LKB1 or DM-LKB1

(Figure S4), we stimulated WT-LKB1-infected A549 cells with IL11 over a time course. IL11 increased p-ERK

levels in WT-LKB1-transduced A549 cells (Figure 1F). In these overexpression experiments, the p-LKB1

(S325) antibody detected a band co-migrating with LKB1 and, following IL11 stimulation, LKB1 was first

(at 15 min) phosphorylated at S325, coincident with increased p-ERK levels, and later (at 2-h time point)

phosphorylated at S428, along with P90RSK activation. AMPK activity (p-AMPK) was maintained until

both LKB1 sites were phosphorylated at which point p-AMPK levels diminished and p-mTOR levels

increased (Figures 1F and S5).

A549 cells were then infected with adenovirus encoding either WT-LKB1 or DM-LKB1 and stimulated with

IL11. Cells expressing WT-LKB1 showed the phosphorylation of both S325 and S428, whereas those ex-

pressing DM-LKB1 did not, confirming antibody specificity (Figure 1G). As compared to control cells,

p-ERK and p-P90RSK levels were increased in IL11 stimulated cells expressing WT-LKB1 but to a lesser

extent in those expressing DM-LKB1, suggesting crosstalk (Du et al., 2008). In cells expressing WT-LKB1,

IL11 stimulation reduced p-AMPK levels and increased p-mTOR/p-P70S6K and p-S6RP levels. In contrast,

cells expressing DM-LKB1, which cannot be inactivated by ERK/P90RSK, had high levels of p-AMPK expres-

sion and undetectable p-mTOR following IL11 stimulation.

Our data suggested that, following IL11 stimulation, there is sequential phosphorylation of LKB1 by ERK

and P90RSK (Figure 1F) and that dual phosphorylation is needed to inhibit LKB1 (Figures 1F and 1G).

We examined this premise experimentally using pharmacologic inhibition of either ERK (U0126) or

P90RSK (BI-D1870) in cells stimulated with IL11 (Figure 1H). A549 cells expressing WT-LKB1 showed the ex-

pected increases in the phosphorylation of ERK/P90RSK/LKB1, decreased p-AMPK and elevated p-mTOR.

In cells expressing DM-LKB1, p-ERK/p-P90RSK was increased but the downstream signaling changes were

not seen. Cells stimulated with IL11 in the presence of U0126 had no detectable p-ERK/p-P90RSK, no LKB1

phosphorylation, preserved p-AMPK, and low p-mTOR (Figure 1H). On the other hand, cells that were stim-

ulated with IL11 in the presence of BI-D1870 had increased p-ERK but not p-P90RSK, elevated p-LKB1

(S325) but not p-LKB1 (S428) and preserved p-AMPK and low p-mTOR (Figure 1H). These data confirm

that LKB1 is sequentially phosphorylated by ERK/P90RSK and that both S325 and S428 both need to be

phosphorylated to fully inhibit LKB1.

To confirm that the IL11/LKB1/mTOR pathway is also relevant in cancer cell lines where LKB1 is expressed,

we performed a separate set of IL11 time course experiment in H1792 cells, an LKB1-expressing lung

epithelial cancer cell line (Figure S6A). Consistent with the observed signaling effects in A549 cells, IL11-

induced activation of ERK and P90RSK, phosphorylation of LKB1, inactivation of AMPK, and increased

p-mTOR p-P70S6K, and p-S6RP levels in H1792 cells (Figure S6A). As seen in A549, all signaling changes

downstream of ERK (P90RSK, LKB1, AMPK, mTOR, P70S6K, S6RP) were abolished in the presence of

U0126 (Figure S6B).

IL11/ERK activity inhibits LKB1/AMPK to activate hepatic stellate cells

Pursuing the hypothesis that IL11/ERK is important for LKB1/AMPK activity across cell types, we next stud-

ied HSCs. We first compared the effects of IL6 and IL11 as these cytokines are sometimes portrayed as hav-

ing overlapping effects in the liver (Schmidt-Arras and Rose-John, 2016). Primary human HSCs were stim-

ulated with a dose range of IL6 or IL11 for 24 h (Figure 2A). This showed dose-dependent IL6-mediated
4 iScience 25, 104806, August 19, 2022
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Figure 2. IL11/ERK activity inhibits LKB1/AMPK to activate hepatic stellate cells

(A) WB of p- and total STAT3, ERK, LKB1, and AMPK in HSCs stimulated with increasing doses of either IL6 or IL 11 (n = 1 biological replicate, except for BL

(n = 2)).

(B and C) WB of p- and total ERK, P90RSK, LKB1, AMPK, mTOR, P70S6K, and S6RP in HSCs stimulated with (B) IL11 or TGFb1 in the presence of IgG,3203, or

3209 (n = 2 biological replicates) or (C) IL11 in the presence of U0126 or DMSO (n = 3 biological replicates).

(D and E) (D) IL11 or (E) MMP2 levels in the supernatant from (D) HyperIL11 or (E) IL11-stimulated HSCs in the presence of DMSO or U0126; one-way ANOVA

with Tukey’s correction (n = 3 biological replicates).

(F) WB of p- and total AMPK, mTOR, P70S6K, S6RP, and GAPDH in IL11-stimulated HSCs with the addition of DMSO, AICAR, or 991 (n = 3 biological

replicates).

(G and H) (G) IL11 (n = 3 biological replicates) and (H) MMP2 (n = 4 biological replicates) concentrations in the (G) HyperIL11, (H) IL11, or (G-H) TGFb-sti-

mulated HSC supernatant in the presence of DMSO, metformin, AICAR, or 991; one-way ANOVA with Sidak’s corrections.

(I) WB of phospho and total LKB1 and GAPDH in adenovirus-driven expression of null control vector, WT-LKB1 or DM-LKB1-infected HSCs at BL or stim-

ulated with IL11 (n = 2 biological replicates). (A–I) HyperIL11, IL11, TGFb1 (10 ng/mL), IgG, 3203, 3209 (2 mg/mL), AICAR (1 mM), DMSO (0.1%), 991 (1 mM),

metformin (1 mM), U0126 (10 mM); 24-h stimulation. (D–E, G–H) Data are shown as box-and-whisker with median (middle line), 25th–75th percentiles (box)

and min-max percentiles (whiskers); ****p < 0.0001). BL: Baseline. See also Figure S7.
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phosphorylation of STAT3 but not ERK. In contrast, IL11 stimulation for 24h had no effect on p-STAT3 but

dose-dependently increased p-ERK. Across the dose range (1.25–20 ng/mL) IL6 had no effect on p-LKB1 or

p-AMPK levels, whereas IL11 dose-dependently phosphorylated LKB1 and inhibited AMPK (Figure 2A).

HSCs were incubated TGFb1 in the presence or absence of anti-IL11 (3203) or anti-IL11RA (3209) or

stimulated with IL11 (Figure 2B). IL11 stimulation increased p-ERK/p-LKB1, diminished p-AMPK and

increased p-mTOR/p-P70S6K, p-S6RP and TGFb1 stimulation caused similar activation. Consistent with

the requirement for an autocrine loop of IL11 activity downstream of TGFb1 for HSC activation, anti-IL11

or anti-IL11RA1 prevented TGFb1-induced ERK activation, restored AMPK activity, and reduced levels of

the myofibroblast marker, ɑSMA (Figure 2B). The critical and apical role of IL11-stimulated ERK activity

was shown using U0126, which inhibited IL11-mediated ERK activation as well as all downstream signaling,

and also HSC-to-myofibroblast transformation (Figure 2C).

We stimulated HSCs with HyperIL11, which induced IL11 secretion that was inhibited by U0126, demon-

strating the autocrine loop of IL11 activity again (Figure 2D). IL11 induces the secretion of MMP2 from

HSCs (Widjaja et al., 2019), which we reaffirmed and also showed to be ERK dependent (Figure 2E).

We then examined whether the restoration of AMPK activity following IL11-induced LKB1 inactivation

could rescue downstream events. Cells stimulated with IL11 (10 ng/mL, 24 h) and incubated with AMPK-

activating compounds had normal p-AMPK levels, did not activate the mTOR, and did not undergo myofi-

broblast transformation (Figure 2F). Metformin, AICAR, or 991 all reduced TGFb1- or HyperIL11-induced

secretion of both IL11 and MMP2 from HSCs with similar profiles of effect (Figures 2G and 2H). Although

endogenous p-LKB1 (S325) could not be detected in HSCs protein extracts, we confirmed this event

occurred following optimal MOI determination and subsequent transduction of HSCs with adenovirus en-

coding WT-LKB1 or DM-LKB1 in the presence or absence of IL11 stimulation (Figures 2I and S7).

IL11/ERK activity inhibits LKB1/AMPK that is associated with hepatotoxicity

Primary human hepatocytes were stimulated with a dose range of IL6 or IL11 for 24 h. As seen in HSCs (Fig-

ure 2A), there was dose-dependent IL6-mediated phosphorylation of STAT3 but not ERK, whereas IL11

dose-dependently increased p-ERK but not p-STAT3 (Figure 3A). Across the dose range (1.25–20 ng/

mL), IL6 had no effect on p-LKB1 or p-AMPK levels. In contrast, IL11 dose-dependently increased p-

LKB1 which was accompanied by a reciprocal reduction in p-AMPK.

We have described previously an autocrine loop of IL11 activity in steatotic hepatocytes that causes meta-

bolic dysfunction and ERK/NOX4-driven lipotoxicity (Dong et al., 2021b; Widjaja et al., 2019). To explore

these further, primary human hepatocytes were loaded with palmitate in the presence or absence of

anti-IL11 (3203) or anti-IL11RA (3209) or stimulated with IL11 (Figure 3B). Hepatocytes stimulated with

IL11 had increased p-ERK/p-P90RSK/p-LKB1, diminished p-AMPK, and increased p-mTOR. Similar to

IL11-stimulated hepatocytes, steatotic hepatocytes had lesser LKB1/AMPK activity that was accompanied

by a decrease in the corresponding activation of AMPK substrates (p-ACC and p-ULK) (Figure 3B) (Egan

et al., 2011; Ha et al., 1994). Inhibition of IL11 signaling in steatotic hepatocytes with either 3203 or

3209 abrogated ERK activation restored p-AMPK levels and increased the corresponding levels p-ULK

and p-ACC (Figure 3B), further confirming the autocrine loop of IL11 activity. As seen for HSCs (Figure 2C),
6 iScience 25, 104806, August 19, 2022
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Figure 3. IL11/ERK activity inhibits LKB1/AMPK to cause hepatocyte dysfunction

(A) WB of p- and total STAT3, ERK, LKB1, and AMPK in hepatocytes following a dose range stimulation with either IL6 or IL11 (n = 1 biological replicate,

except for BL (n = 2)).

(B and C) WB of p- and total ERK, P90RSK, LKB1, AMPK, ULK, ACC, mTOR, P70S6K, and S6RP in hepatocytes stimulated with (B) IL11 or palmitate in the

presence of IgG, 3203, or 3209 (n = 2 biological replicates),or (C) IL11 in the presence of U0126 or DMSO (n = 3 biological replicates).

(D and E) Secreted (D) IL11 or (E) ALT in the supernatant of (D) HyperIL11 or (E) IL11-stimulated hepatocytes in the presence of DMSO or U0126; one-way

ANOVA with Tukey’s correction (n = 3 biological replicates).

(F–H) (F) WB of p- and total AMPK, ULK, ACC, mTOR, P70S6K, S6RP, and GAPDH, (G) representative fluorescence images (scale bars, 100 mm and

(H) quantification of DCFDA staining (one-way ANOVA with Dunnett’s correction) for ROS detection from 1003 field images in IL11-stimulated hepatocytes

in the presence of DMSO, AICAR, 991, or metformin (n = 3 biological replicates).

(I and J) (I) IL11 (n = 3 biological replicates) and (J) ALT (n = 4 biological replicates) concentrations in the supernatant of palmitate-loaded hepatocytes in the

presence of DMSO, metformin, AICAR, 991, or U0126; one-way ANOVA with Dunnett’s correction.

(K) WB of p- and total LKB1 and GAPDH in adenovirus-driven expression of null control vector, WT-LKB1 or DM-LKB1-infected hepatocytes at BL or stim-

ulated with IL11. (A-K) IL11, HyperIL11 (10 ng/mL), IgG, 3203, 3209 (2 mg/mL), AICAR (1 mM), DMSO (0.1%), 991 (1 mM), metformin (1 mM), U0126 (10 mM);

24-h stimulation. (D-E, H-J) Data are shown as box-and-whisker with median (middle line), 25th–75th percentiles (box) and min-max percentiles (whiskers)

(****p < 0.0001). BL: Baseline. See also Figures S8–S10.

ll
OPEN ACCESS

iScience
Article
the critical and initiating role of IL11-stimulated ERK activity for all downstream events in hepatocytes was

demonstrated using U0126 (Figure 3C). We stimulated hepatocytes with HyperIL11 that induced ERK-

dependent IL11 secretion, reconfirming the autocrine IL11 loop in hepatocytes (Figure 3D) and we

confirmed here that IL11 hepatotoxicity was ERK-dependent (Figure 3E).

In hepatocytes, we again assessed the specific role of AMPK downstream of LKB1 in IL11-stimulated hepa-

tocytes (Figure 3F). IL11 caused decreased p-AMPK, p-ACC, and p-ULK levels and increased p-mTOR.

However, in cells stimulated with IL11 and incubated with either AICAR or 991, p-AMPK, p-ACC, and

p-ULK levels were maintained, the mTOR/P70RSK/S6RP axis was not activated and pathogenic NOX4/

JNK activity was mitigated (Figure 3F). Furthermore, ALT levels as well as IL11-induced ROS, which is in

part NOX4 dependent (Widjaja et al., 2021a), were diminished by AMPK activation in IL11-stimulated

hepatocytes (Figures 3G–3H and S8).

In steatotic hepatocytes, metformin, AICAR, or 991 significantly reduced IL11 secretion and cell death, with

similar profiles of effect (metformin < AICAR <911) (Figures 3I and 3J). As expected, U0126 also inhibited

IL11 secretion and cell death (Figures 3I and 3J). Endogenous p-LKB1 (S325) was not detected in hepato-

cytes, and we therefore confirmed this by infecting hepatocytes with WT-LKB1 or DM-LKB1, IL11 stimula-

tion, and immunoblotting (Figure 3K).

We then examined the effects of IL11 in renal tubular epithelial cells (TECs) that dedifferentiate to become

steatotic and dysfunctional following the genetic inhibition of LKB1 (Boehlke et al., 2010; Han et al., 2016).

We stimulated TECs with IL11 and observed increased p-ERK, p-P90RSK, and p-LKB1, along with the inac-

tivation of AMPK and ACC and concomitant activation of mTOR (Figure S9). TEC dedifferentiation occurs

via an epithelial-to-mesenchymal transition (EMT) related process (partial EMT (pEMT)) that is critically

dependent on SNAI1 upregulation and E-Cadherin suppression (Han et al., 2016; Lovisa et al., 2015).

TECs stimulated with IL11 upregulated SNAI1 while E-Cadherin expression was downregulated (Figure S9).

The importance of ERK activity in IL11-stimulated TECs was shown using U0126 which inhibited down-

stream signaling events as well as pEMT (Figure S9).

The finding that IL11 stimulates SNAI1-related EMT in TECs prompted us to revisit the effects of IL11 in he-

patocytes that can also undergo SNA1-related dedifferentiation causing their dysfunction (Grant Rowe

et al., 2011; Sekiya and Suzuki, 2011). In hepatocytes, IL11 stimulation upregulated SNAI1 which was also

seen in palmitate-loaded hepatocytes, where SNAI1 expression was found to be IL11 dependent

(Figure S10).

IL11-dependent activation of ERK/P90RSK and inhibition of LKB1/AMPK in liver disease

To translate our findings to the in vivo setting, we took advantage of samples that we had kept from our

previous NASH studies (Dong et al., 2021b; Widjaja et al., 2019). We first examined samples from WT

mice or mice with conditional knockout (CKO) of Il11ra1 in hepatocytes maintained on a western diet

with fructose (WDF, 16 weeks) (Dong et al., 2021b). We initially probed liver extracts for p-ERK, which

was previously shown to be elevated in livers of WT mice but not CKO mice on WDF, and substantiated

this result, confirming sample integrity (Figure 4A).
8 iScience 25, 104806, August 19, 2022
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Figure 4. IL11-mediated inhibition of LKB1 occurs in the livers of mice with non-alcoholic steatohepatitis

WB showing hepatic levels of p- and total ERK, P90RSK, LKB1, AMPK, mTOR, P70S6K, S6RP, ɑSMA, and GAPDH from (A) NC or WDF fed-wild-type (WT) or

hepatocyte-specific Il11ra1 knockout mice (CKO).

(B) NC orWDF-fed Il11ra1+/+ (WT) andWDF-fed Il11ra1�/� (KO) that were infected with AAV8-ALB-Null, andWDF-fed KOmice that were previously infected

with AAV8-ALB-mbIl11ra1 (full-length membrane-bound Il11ra1) in order to specifically restore the expression of Il11ra1 in hepatocytes.

(C) WDF-fed mice that were on therapeutic reversal dosing experiment; mice were treated with 10 mg/kg (23/week; IP) of either IgG or 3209 16 weeks after

the start of WDF for a duration of 8 weeks while they were still on continuous WDF feeding (n = 3 mice/group).

(D) Schematic of the proposed role of ERK/P90RSK activity downstream of IL11 stimulation for the phosphorylation of LKB1 at both S325 and S428 sites,

leading to LKB1 inactivation and consequent effects in stromal, epithelial, and cancer cells.
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To generate new insights, we then assessed the LKB1/AMPK/mTOR axis and related signaling. This re-

vealed that WT mice on WDF had elevated p-P90RSK/p-LKB1, lesser p-AMPK, and increased p-mTOR/

p-P70S6K/p-S6RP along with evidence for HSC-to-myofibroblast transformation (ɑSMA upregulation)

(Figure 4A). This recapitulates the in vitro data in hepatocytes (Figure 2) and shows a role for the IL11/

ERK/LKB1/AMPK axis in NASH.

We next studied liver samples from WT mice or mice globally null for Il11ra1 infected with control AAV8

(Null) or AAV8 encoding albumin-driven Il11ra1 expression, which restores IL11RA1 expression in hepato-

cytes only (Dong et al., 2021b) (Figure 4B). We determined sample integrity by examining p-ERK in liver ex-

tracts fromWTmice on WDF (16 weeks), which we confirmed was increased. In WT mice on WDF, we again

observed elevated p-P90RSK/p-LKB1, lesser p-AMPK, and increased p-mTOR and ɑSMA levels. Il11ra1 null

mice on WDF infected with control AAV8 were protected from NASH and activation of the ERK/LKB1/

AMPK axis was not apparent. In contrast, hepatocyte-specific restoration of IL11RA1 expression was asso-

ciated with increased p-ERK/p-P90RSK/p-LKB1, lesser p-AMPK, and these mice developed NASH and

metabolic derangement (Dong et al., 2021b). Of note, the restoration of IL11 signaling in hepatocytes

only increased ɑSMA expression (in the absence of HSC activation or fibrosis (Dong et al., 2021b)) in keep-

ing with the activation of a mesenchymal program in hepatocytes.

We then studied liver samples from mice with NASH, secondary to WDF for 16 weeks, that were adminis-

tered a neutralizing IL11RA antibody (3209) or an IgG control antibody for a further 8 weeks, while the mice

were maintained on WDF (Widjaja et al., 2019) (Figure 4C). WT mice on WDF for 16 weeks and those

receiving IgG by study end (24 weeks) had increased p-ERK, as previously reported, and the expected

phosphorylation changes in LKB1/AMPK/mTOR and other proteins. ɑSMA was upregulated after 16 weeks

of WDF and increased further at 24 weeks in mice receiving IgG, showing disease progression. In contrast,

the IL11/ERK pathway, and associated downstream changes, were inhibited by the administration of 3209

from week 16 to 24 of WDF and ɑSMA levels were lower than at 16 weeks, showing disease reversal. We

schematically summarize our study findings across cell types, in the context of published IL11-associated

phenotypes, in Figure 4D.
DISCUSSION

It is generally accepted that LKB1, an important tumor suppressor and master kinase (Hardie and Alessi,

2013), is constitutively active (Shackelford and Shaw, 2009; Zeqiraj et al., 2009). Dual phosphorylation

(S325, S428) and inactivation of LKB1 have been described in a B-RAF V600E expressing melanoma cell

line (Zheng et al., 2009a) but other studies found that the phosphorylation of these sites did not affect

LKB1 activity (Denison et al., 2009; Sapkota et al., 2002). Our study shows that LKB1 can be phosphorylated

and inactivated in cells exposed to an extrinsic signaling factor and that this holds true across several pri-

mary human cell types, as well as in cancer cells that lack the V600E mutation.

Some tumor cells, such as A549 (Rapoza et al., 2006), secrete IL11, as do tumor subclones (Janiszewska

et al., 2019; Marusyk et al., 2014) and the tumor stroma (Nishina et al., 2021). In Peutz Jeghers syndrome,

heterozygous loss-of-function in LKB1 is associated with high levels of IL11 in intestinal polyps and an

increased risk of cancers (Ollila et al., 2017). There is extensive literature on IL11-induced activation of

JAK/STAT3 in cancer cells (Ernst and Putoczki, 2014; To et al., 2022) and on the association of IL11 with

chemotherapy resistance and cancer metastasis (Ernst and Putoczki, 2014; Janiszewska et al., 2019; Maru-

syk et al., 2014). We suggest that IL11/ERK-mediated inactivation of LKB1/AMPK in cancer cells, which has

been overlooked, underlies some of the effects of IL11 in oncogenesis, perhaps specifically cancers asso-

ciated with SNAI1 expression (Barrallo-Gimeno and Nieto, 2005; Su et al., 2020).
10 iScience 25, 104806, August 19, 2022
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In fibroblasts, the inhibition of LKB1/AMPK causesmyofibroblast transformation andmetformin, an indirect

AMPK activator, reverses fibrosis (Thakur et al., 2015; Vaahtomeri et al., 2008). In hepatocytes, the LKB1/

AMPK axis is critical for metabolism, with AMPK inactivation causing NASH (Long and Zierath, 2006;

Shaw et al., 2005; Woods et al., 2017). We surmise that the dual effect of IL11 on LKB1/AMPK in the stroma

and epithelium may explain why its inhibition in NASH reverses not only fibrosis, owing to HSC transforma-

tion, but also steatosis, owing to hepatocyte dysfunction (Dong et al., 2021b; Widjaja et al., 2019). We spec-

ulate that some of the beneficial effects of metformin for metabolism, fibrosis, cancer, and diseases of

aging may relate to its activation of AMPK in the context of IL11/ERK/P90RSK-mediated LKB1 inhibition

in disease (Mohammed et al., 2021).

The importance of LKB1/AMPK for renal epithelial cells is known and their deficiency for LKB1 causes pEMT

resulting in a non-proliferative, dedifferentiated mesenchymal state, which is SNAI1-dependent (Boehlke

et al., 2010; Han et al., 2016; Lovisa et al., 2015). To add to this, we show here that IL11 stimulates the dedif-

ferentiation and mesenchymal transition of TECs, and also of hepatocytes, which is associated with SNAI1

upregulation (Grant Rowe et al., 2011; Sekiya and Suzuki, 2011). Thus, IL11-related pathology might more

generally be characterized by the particular combination of stromal cell activation and epithelial cell pEMT

(Strikoudis et al., 2019; Widjaja et al., 2022).

IL11 evolved some 600m years ago and plays a critical role in fin regeneration in fishes, tail regrowth in tad-

poles, and limb renewal in axolotl (Allanki et al., 2021; Darnet et al., 2019; Tsujioka et al., 2017; Wang et al.,

2005). In these species, IL11 is required for blastema formation at the site of injury (Allanki et al., 2021; Tsu-

jioka et al., 2017). Blastemas are collagen rich, TGFb dependent (Chablais and Jazwinska, 2012), and consist

of migrating stromal and dedifferentiated polarized (e.g. epithelial) cells, which create the new appendage

(Darnet et al., 2019). Thus, IL11-induced activation of a shared mesenchymal program in both stromal and

polarized cells, which we identified here, could be relevant for appendage regeneration in some species.

In conclusion, we show that IL11 stimulates sustained ERK activity across cell types that lead to P90RSK acti-

vation and the sequential phosphorylation of LKB1 at S325 (by ERK) and S428 (by P90RSK), causing its inac-

tivation. This inhibits AMPK and activates mTOR. This signaling axis causes both epithelial cell dysfunction

and stromal cell activation, which is seen in a number of diseases associated with increased IL11 which

include pulmonary fibrosis, inflammatory bowel disease, NASH, and kidney disease.
Limitations of the study

While we examined the effects of IL11-induced LKB1 inactivation on AMPK/mTOR, LKB1 regulates up to 12

other kinases that were not studied here. The activation of ERK/P90RSK is centrally important for IL11-

driven phenotypes; however, the activation of this axis can also lead to GSK3b inactivation and SNA1

upregulation, which requires study. In NASH, we were not able to dissect the relative contributions of

IL11-stimulated STAT3 versus ERK activation for disease phenotypes and use these experiments only to

confirm the effects of IL11 on ERK/P90RSK/LKB1 signaling in vivo. The specific role for the dual phosphor-

ylation of LKB1 (S325, S428) in signaling and disease requires new genetic models, which we are in the pro-

cess of generating.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-phospho ACC Ser79 (Rabbit monoclonal) Cell Signaling Cat# 11818

Anti-ACC (Rabbit monoclonal) Cell Signaling Cat# 3676

Anti-phospho AMPK Thr172 (Rabbit monoclonal) Cell Signaling Cat# 2535

Anti-AMPK (Rabbit monoclonal) Cell Signaling Cat# 5832

Anti-Cleaved Caspase 3 Asp175 (Rabbit polyclonal) Cell Signaling Cat# 9661

Anti-Caspase 3 (Rabbit polyclonal) Cell Signaling Cat# 9662

Anti-E-Cadherin (Rabbit monoclonal) Cell Signaling Cat# 3195

Anti-phospho-ERK1/2 Thr202/Tyr204 (Rabbit monoclonal) Cell Signaling Cat# 4370

Anti-ERK1/2 (Rabbit monoclonal) Cell Signaling Cat# 4695

Anti-GAPDH (Rabbit monoclonal) Cell Signaling Cat# 2118

IgG1 (Mouse monoclonal) Genovac Clone 11E10

Anti-IL11 (Mouse monoclonal) Genovac (Widjaja et al., 2019) Clone 3203

Anti-IL11RA (Mouse monoclonal) for neutralising study Genovac (Widjaja et al., 2019) Clone 3209

Anti-IL11RA (Rabbit monoclonal) for IF Abcam Cat# ab125015

Anti-phospho JNK Thr183/Tyr185 (Rabbit monoclonal) Cell Signaling Cat# 4668

Anti-JNK (Rabbit monoclonal) Cell Signaling Cat# 9258

Anti-phospho LKB1 Ser325 (Goat polyclonal) Gifted by Prof. Dario Alessi,

University of Dundee

N/A

Anti-phospho LKB1 Ser428 (Rabbit monoclonal) Cell Signaling Cat# 3482

Anti-phospho-mTOR Ser2448 (Rabbit polyclonal) Cell Signaling Cat# 2971

Anti-mTOR (Rabbit polyclonal) Cell Signaling Cat# 2972

Anti-NOX4 (Rabbit monoclonal) Thermo Fisher Scientific Cat# MA5-32090

Anti-phospho p70S6K Thr389 (Rabbit monoclonal) Cell Signaling Cat# 9234

Anti-p70S6K (Rabbit monoclonal) Cell Signaling Cat# 2708

Anti-phospho P90RSK Ser380 (Rabbit monoclonal) Cell Signaling Cat# 11989

Anti-RSK (Rabbit monoclonal) Cell Signaling Cat# 9355

Anti-phospho-S6 ribosomal protein Ser235/236 (Rabbit monoclonal) Cell Signaling Cat# 4858

Anti-S6 ribosomal protein (Rabbit monoclonal) Cell Signaling Cat# 2217

Anti-ɑ-SMA (Rabbit monoclonal) Cell Signaling Cat# 19245

Anti-SNAI1 (Rabbit monoclonal) Cell Signaling Cat# 3879

Anti-phospho-STAT3 Tyr705 (Mouse monoclonal) Cell Signaling Cat# 4113

Anti-STAT3 Cell Signaling Cat# 4904

Anti-phospho ULK1 Ser555 Cell Signaling Cat# 5869

Anti-ULK1 Cell Signaling Cat# 8054

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Cat# 7076

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Cat# 7074

Bacterial and virus strains

AAV8-ALB-Null Vector Biolabs (Dong et al., 2021b) N/A

AAV8-ALB(1.9)-iCre Vector Biolabs Cat# VB1570

AAV8-ALB(1.9)-Il11ra1 Vector Biolabs (Dong et al., 2021b) N/A

Ad-CMV-Null Vector Biolabs Cat# 1300

Ad-h-STK11 Vector Biolabs Cat# ADV-224574

Ad-h-STK11 (S325A/S428A) Vector Biolabs (this manuscript) N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

AICAR Sigma Cat# A9978

BI-D1870 Selleck Chemicals Cat# S2843

Bovine serum albumin Sigma Cat# A8806

D(�)Fructose Sigma Cat# F0127

DMEM Gibco Cat# 11995065

DMSO Sigma Cat# D2650

Epithelial cell growth medium ScienCell Cat# 4101

Epithelial cell growth supplement ScienCell Cat# 4152

ex229 (compound 991) Selleck Chemicals Cat# S8654

Fetal bovine serum ScienCell Cat# 0500

Fetal bovine serum Gibco Cat# 10500064

Fibroblasts growth supplement-2 ScienCell Cat# 2382

Fibroblasts medium-2 ScienCell Cat# 2331

Metformin Sigma Cat# PHR1084

Palmitate Sigma Cat# P5585

Penicillin-streptomycin ScienCell Cat# 0513

Penicillin-streptomycin Gibco Cat# 15140122

Pierce� Phosphatase Inhibitor Mini Tablets Thermo Fisher Scientific Cat# A32957

Pierce� Protease Inhibitor Tablets, EDTA-free Thermo Fisher Scientific Cat# A32965

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific Cat# 89901

SuperSignal� West Femto Maximum Sensitivity Substrate Thermo Fisher Scientific Cat# 34096

U0126 Cell Signaling Cat# 9903

Recombinant HyperIL-11 Genscript (Dams-Kozlowska

et al., 2012)

N/A

Recombinant human IL6 R&D Systems Cat# 206-IL

Recombinant human IL11 Genscript (Dong et al., 2021b)

Recombinant human TGFb1 Bio-Rad Cat# PHP143B

RPMI-1640 Gibco Cat# 11875093

Critical commercial assays

ALT Activity Assay Kit Abcam Cat# ab105134

DCFDA Cellular Assay Kit Abcam Cat# ab113851

Human IL11 Quantikine ELISA kit R&D Systems Cat# D1100

Experimental models: Cell lines

A549 (LKB1-deficient lung epithelial cancer cell line) ATCC Cat# CCL-185

H1792 (LKB1-expressing lung epithelial cancer cell line) ATCC Cat# CRL-5895

Primary human cardiac fibroblasts ScienCell Cat# 6330

Primary human hepatic stellate cells ScienCell Cat# 5300

Primary human hepatocytes ScienCell Cat# 5200

Primary human tubular epithelial cells ScienCell Cat# 4100

Experimental models: Organisms/strains

C57BL/6N mice InVivos N/A

Il11ra1�/� mice (Schafer et al., 2017) https://www.jax.org/strain/004621

Il11ra1loxP/loxP (Widjaja et al., 2021a) https://www.jax.org/strain/034465

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GraphPad Prism 9 GraphPad Software Inc. https://www.graphpad.com/

ImageJ National Institutes of Health

(Schneider et al., 2012)

https://imagej.nih.gov/ij/

Others

Normal chow (Irradiated rat and mouse diet) Specialty Feeds N/A

Western diet Research Diet Cat# D12079B
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Stuart A. Cook (stuart.cook@duke-nus.edu.sg).

Materials availability

Ad-h-STK11 (S325A/S428A) can be commercially obtained from Vector Biolabs.

Data and code availability

d All data are provided in the manuscript or in the supplementary materials. Source data are provided as

Data S1. The densitometry analyses are provided as Data S2. Uncropped Western blots are provided as

Data S3.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Ethics statements

All experimental protocols involving human subjects (commercial primary human cell lines) have been per-

formed in accordance with the ICH Guidelines for Good Clinical Practice. As written in their respective da-

tasheets, ethical approvals have been obtained by the relevant parties and all participants gave written

informed consent to either ATCC or ScienCell from which A549, H1792, primary human cardiac fibroblasts,

primary human hepatocytes, and primary human hepatic stellate cells were commercially sourced.

Animal studies were carried out in compliance with the recommendations in the Guidelines on the Care

and Use of Animals for Scientific Purposes of the National Advisory Committee for Laboratory Animal

Research (NACLAR). All experimental procedures were approved (SHS/2014/0925 and SHS/2019/1482)

and conducted in accordance with the SingHealth Institutional Animal Care and Use Committee.

Cell culture

The cell lines were obtained commercially and therefore no additional cell authentication was performed.

All cells were grown and maintained at 37 �C and 5% CO2. The culture of primary human hepatic stellate

cells (HSCs) and primary human hepatocytes were described previously (Viswanathan et al., 2021). Primary

human cardiac fibroblasts (HCFs (52-year-old male), ScienCell) were grown and maintained in complete fi-

broblasts medium-2 (ScienCell) which contains 5% fetal bovine serum (FBS, ScienCell), 1% fibroblasts

growth supplement-2 (FGS-2, ScienCell) and 1% penicillin-streptomycin (P/S, ScienCell). Primary human

renal proximal tubular epithelial cells (TECs (20-year-old female), ScienCell) were grown and maintained

in complete epithelial cell growthmedium (ScienCell) containing 10% FBS (ScienCell), epithelial cell growth

supplement (EpiCGS, ScienCell) and 1% P/S (ScienCell). LKB-deficient human lung epithelial carcinoma

cells (A549 (58-year-old male), ATCC) were grown and maintained in DMEM (Gibco) complete medium

which contains 10% FBS (Gibco) and 1% P/S (Gibco). LKB-expressing human lung epithelial carcinoma cells

(H1792 (50-year-old male, ATCC) were grown and maintained in RPMI-1640 (Gibco) complete medium
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containing 10% FBS (Gibco) and 1% P/S (Gibco). The growth medium was renewed every 2–3 days and cells

were passaged at 80% confluence, using standard trypsinization techniques. All experiments with primary

cells were carried out at low cell passage (<P3). Cells were serum-starved overnight in basal media prior to

stimulation. Cells were stimulated with different treatment conditions and durations, as outlined in the

main text or figure legends. Stimulated cells were compared to unstimulated cells that have been grown

for the same duration under the same conditions, but without the stimuli. AICAR, BI-D1870, 991, and met-

formin were dissolved in 100% DMSO and added to the media in 1:1000 dilution to get a final DMSO con-

centration of 0.1%. Palmitate was conjugated in fatty acids free BSA in the ratio of 6:1; 0.5% BSAwas used as

control (Dong et al., 2021b). The culture methods for primary human hepatocytes and hepatic stellate cells

are briefly summarised as follows:
Human hepatocytes (HH)

ScienCell product data sheet for HH (22-week-old foetus, ScienCell) fromwhich all experimental data in this

manuscript were generated, states: ‘‘HH from ScienCell Research Laboratories are isolated from human

liver. HH are cryopreserved immediately after purification and delivered frozen. HH are not recommended

for expanding or long-term cultures since the cells do not proliferate in culture.’’ Once HH have been recov-

ered from the initial thaw cycle, HH are seeded at a density 4 3 105 cells/well of a collagen-coated 6-well

plate and used directly for downstream experiments within 48 h of seeding. We have noted that when HH

are seeded at low densities (<4 3 105 cells/well of a 6-well plate), HH will de-differentiate and fail to repli-

cate in vivo cellular physiology. Therefore, it is important to follow the counting and seeding guidelines to

ensure that hepatocyte functions are preserved ex vivo.
Human hepatic stellate cells (HSC)

Likewise, ScienCell product data sheet for HSC (50-year-old male,ScienCell) states: ‘‘HSC from ScienCell

Research Laboratories are isolated from the human liver. HSC are cryopreserved at passage 1 (P1) and

delivered frozen. HSC are guaranteed to further expand for 15 population doublings under the condition

provided by ScienCell Research Laboratories’’. All the HSC experiments were carried out at low cell pas-

sage (P3). Cryopreserved HSC P1 are first thawed and passaged twice in poly-L-Lysine-coated flask and

once they reach P3, HSC are cryopreserved and stored in liquid nitrogen. For experiments, we directly

thaw and seed P3 cells at a density of 2.53 105 cells/well of a 6-well plate. Controlled population doublings

are achieved by plating HSC at the cell densities specified in this protocol, which also ensures that the cells

are maintained at an exponential growth phase throughout the primary culture. Within 24 h of seeding,

HSC are then serum-starved overnight prior to stimulation.
Animal models

Animal models were first described in detail in (Widjaja et al., 2019) and (Dong et al., 2021b). Mice were

housed in temperatures of 21–24 �C with 40–70% humidity on a 12 h light/12 h dark cycle and provided

with food and water ad libitum.
Mouse models of NASH

8-week-old male C57BL/6N, Il11ra1�/�mice, and Il11ra1loxP/loxP and their respective control were fed west-

ern diet (D12079B, Research Diets) supplemented with 15% weight/volume fructose in drinking water

(WDF) for 16–24 weeks as outlined in the main text/figure legends. Control mice received normal chow

(NC) and tap water.

Il11ra-floxed (Il11ra1loxP/loxP) mice

6-8-week-old male homozygous Il11ra1-floxed mice (Dong et al., 2021b) were intravenously injected with

4 3 1011 genome copies (gc) of AAV8-ALB-iCre virus (CKO) or a similar amount of AAV8-ALB-Null virus.

Both controls and CKO mice were fed WDF or NC three weeks following virus administration.

Il11ra1-deleted mice (KO)

6-8-week-old male Il11ra1�/� mice (Schafer et al., 2017) were intravenously injected with 4 3 1011 gc of

AAV8-ALB-Il11ra1 virus to induce hepatocyte specific expression of mouse Il11ra1. As controls, both

Il11ra1�/� mice and their wildtype littermates (Il11ra1+/+) were intravenously injected with 4 3 1011 gc

AAV8-ALB-Null virus. 3 weeks after virus injection, mice were fed with WDF or NC.
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In vivo administration of anti-IL-11 or anti-IL11RA monoclonal antibodies

Male C57BL/6N mice were fed with WDF for 16 weeks to induce NASH and then treated with either

10 mg/kg (23/week via intraperitoneal injection) of anti-IL11RA (3209) or IgG isotype control (11E10) for

8 weeks while they were on continuous WDF feeding.
METHOD DETAILS

Adenoviral transduction of A549 and HSCs

A549 cells were seeded in 6-well plates at a density of 2 3 105 cells/well. To determine the optimal

multiplicity of infection (MOI), A549 (LKB-deficient) and HSC (LKB-expressing) were first infected with

Ad-CMV-Null (Vector Biolabs), Ad-WT-LKB1 (Ad-h-STK11, Vector Biolabs) or Ad-DM-LKB1 (Ad-h-STK11

(S325A/S428A), a custom-made double phosphosite mutant construct generated from the Ad-h-STK11

background) at an MOI of 5, 10 or 20 and incubated for 2 or 24 h at 37 �C in serum-free DMEM. Cells

were then washed with PBS and the efficiency of gene expression was determined by immunoblotting

for LKB1. Two hours incubation at an MOI of 20 was chosen for A549 whereas 24 h incubation with MOI

of 20 was selected for HSC. Viral transduction experiments in hepatocytes, an LKB-expressing cell, were

performed according to the HSC protocol (24 h at MOI of 20).
Reactive oxygen species (ROS) detection

Primary human hepatocytes were seeded on 96-well Cellcarrier Black plate (60055501, Perkin Elmer) at a

density of 1 3 104/well. For this experiment, cells were not serum-starved prior to IL11 stimulation.

Twenty-four hours following stimulation, media were removed, and cells were rinsed with ROS buffer fol-

lowed by incubation with 100 mL/well of 20 mM of DCFDA solution (ab113851, abcam) for 45 min at 37 �C in

the dark according to themanufacturer’s protocol. Fluorescence fold changes were quantified and normal-

ised to baseline controls. Live cells with positive 20, 7’ -dichlorofluorescein (DCF) staining were imaged with

a filter set appropriate for fluorescein (FITC) using a fluorescence microscope (Leica) and captured images

at 203 magnification.
Colorimetric assays and enzyme-linked immunosorbent assay (ELISA)

Alanine Aminotransferase (ALT) activity in the cell culture supernatant was measured using ALT Activity

Assay Kit ( Abcam). The levels of IL11 in equal volumes of cell culture media were quantified using Human

IL11 Quantikine ELISA kit (R&D Systems). Both assays were performed according to the manufacturer’s

protocol.
Immunoblotting

Western blots were carried out on total protein extracts from hepatocytes and liver tissues. Hepatocyte and

liver tissue lysates were homogenised in RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific) contain-

ing protease and phosphatase inhibitors (Roche). Protein lysates were separated by SDS-PAGE and trans-

ferred to PVDF membranes. Protein bands were visualised using the Femto ECL detection system (Thermo

Fisher Scientific) with the appropriate secondary antibodies: anti-mouse HRP or anti-rabbit HRP. Densitom-

etry analyses were performed by ImageJ software and are provided either in the figures or in Datafile S1.

Uncropped western blot images are provided in the Data S2.
Statistical analysis

All statistical analyses were performed using GraphPad Prism software (version 9). Datasets with nR 3 were

tested for normality with Shapiro-Wilk tests and all were found to follow normal distribution. One-way

ANOVA with Dunnett’s correction was used when several conditions were compared to one condition,

one-way ANOVA with Tukey’s correction was used when several conditions were compared to each other.

One-way ANOVA with Sidak’s correction was used when different stimulants and corresponding inhibitors

were conducted concurrently and compared against one common baseline condition. The criterion for sta-

tistical significance was set at p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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