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Abstract

Alcohol use disorder (AUD) has a complex pathogenesis, making it a difficult disorder

to treat. Identifying relevant signaling pathways in the brain may be useful for finding

new pharmacological targets to treat AUD. The receptor tyrosine kinase ALK activates the
transcription factor STAT3 in response to ethanol in cell lines. Here, we demonstrate ALK
activation and upregulation of known STAT3 target genes (Socs3, Gfap, and Tnfrsf1a) in the
prefrontal cortex (PFC) and ventral hippocampus (HPC) of mice after 4 days of binge-like ethanol
drinking. Mice treated with the STAT3 inhibitor stattic drank less ethanol than vehicle-treated
mice, demonstrating the behavioral importance of STAT3. To identify novel ethanol-induced
target genes downstream of the ALK and STAT3 pathway, we analyzed the NIH LINCS L1000
database for gene signature overlap between ALK inhibitor (alectinib and NVP-TAE684) and
STAT3 inhibitor (niclosamide) treatments on cell lines. These genes were then compared to
differentially expressed genes in the PFC of mice after binge-like drinking. We found 95 unique
gene candidates, out of which 57 had STAT3 binding motifs in their promoters. We further
demonstrated by gPCR that expression of the putative STAT3 genes Nr1h2, Smarccl, Smarca4,
and Gpnmb were increased in either the PFC or HPC after binge-like drinking. Together, these
results indicate activation of the ALK-STAT3 signaling pathway in the brain after binge-like
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ethanol consumption, identify putative novel ethanol-responsive STAT3 target genes, and suggest
that STAT3 inhibition may be a potential method to reduce binge drinking in humans.
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alcohol use disorder; neuroimmune; anaplastic lymphoma kinase; LINCS; signal transducer and
activator of transcription 3

1. INTRODUCTION

Alcohol use disorder (AUD) is a psychiatric illness characterized by excessive alcohol
consumption, an irresistible compulsion to drink alcohol, an inability to abstain from
drinking despite negative consequences, and a negative affective state during withdrawal
from alcohol use. In 2017, an estimated 173.3 million people consumed alcohol in the
United States, corresponding to over 70% of the United States population over the age of
181. Alcohol use is linked to increased risk of cancers, cardiovascular diseases, self-harm,
and many other negative consequences?. In addition to the human cost, the financial burden
associated with AUD was estimated at $249 billion in 2010, of which over 75% was
attributed to binge drinking®. Binge drinking is defined by the National Institute on Alcohol
Abuse and Alcoholism as a pattern of drinking that brings the blood alcohol concentration
to 0.08 g/dL, generally after 4 drinks for women and 5 drinks for men, in about 2 hours*.
According to the 2018 National Survey on Drug Use and Health, approximately 26% of
adults age 18 and over reported binge drinking in the past month®. Binge drinking is a
strong predictor of both acute and long-term alcohol-related problems, and has increased
7.7% between 2000-2016, particularly in the female, Black, and over 50 population®. These
statistics highlight the need to further understand the neurobiological pathways involved in
binge drinking.

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase that is expressed in the
brain and whose overactivity has been implicated in many different types of cancers’-10.
Ligands of ALK include pleiotrophin, midkine, heparin, ALK and LTK ligand 1 (ALKAL1
or FAM150a), and ALKAL2 (or FAM150b)11-14, One of the first indications that ALK
might be involved in AUD came from A/k gene knockout (A/k —/-) mice. Alk —/- mice had
increased ethanol-induced sedation, consumed more ethanol in several drinking procedures,
and, interestingly, did not escalate their drinking after chronic ethanol exposure compared
to Alk +/+ micel®17. In contrast to the drinking phenotype observed in A/k —/— mice,
systemic inhibition of ALK using the small molecule inhibitors, NVP-TAE684 and alectinib,
and locally reducing ALK expression in the ventral tegmental area using RNA interference,
resulted in decreased binge-like ethanol drinking®®. The opposing phenotypes between the
Alk /- mice and manipulations of A/kin adult mice on ethanol drinking may be explained
by compensatory mechanisms occurring during development, such as constitutive activation
of the MAPK/ERK pathway observed in Ak —/- micel®. Mice treated with NVP-TAE684
also had decreased ethanol conditioned place preference, suggesting that ALK modulates
alcohol consumption by facilitating its rewarding properties. Finally, polymorphisms in the
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human ALK gene have been associated with subjective responses to alcohol and alcohol
dependencel®19, demonstrating a potential role for ALK in AUD.

ALK signals through several downstream effectors, including signal transducer and activator
of transcription 3 (STAT3)8. STAT3 is a transcription factor whose target genes regulate
diverse biological processes such as development, inflammation, and proliferation20. STAT3
is activated by phosphorylation of tyrosine 705 (Y705), allowing for STAT3 dimerization
and translocation into the nucleus, where it binds to STAT-responsive elements2°, Cell
culture experiments demonstrated that ethanol treatment of the human neuroblastoma cell
line, IMR-32, activated ALK and STATS3, as measured by tyrosine phosphorylation, and
that STAT3 activation in response to ethanol was blocked by treatment with NVVP-TAE684,
suggesting that STAT3 acts downstream of ALK in response to ethanol in these cells?!. The
role of STAT3 in alcohol-related disease has been well-studied in the liver?2, but its function
in the brain in the context of alcohol use disorder is less understood. STAT3 is activated in
the hippocampus (HPC)23 and Edinger-Westphal nucleus? after an acute ethanol injection,
and in the cerebellum and hippocampus after chronic intermittent alcohol exposure25:26,

Based on these findings, we hypothesized that the ALK-STAT3 pathway would be
activated after binge-like drinking in mice. We tested this hypothesis by examining the
phosphorylation of ALK and STAT3, and the expression of known STAT3 target genes,
Gra?’ Socs$8, Tnfrsfla®, and Lcn25931 in the ventral HPC and prefrontal cortex
(PFC), after mice underwent 4 days of the drinking in the dark (DID) procedure, which
models binge-like ethanol drinking32. We also tested whether inhibition of STAT3, similarly
to ALK inhibition!®, would reduce binge-like ethanol intake in mice. Finally, in order

to discover novel genes downstream of the ALK-STAT3 signaling pathway that are

altered by ethanol drinking, we interrogated the National Institutes of Health Library of
Integrated Network-Based Cellular Signatures (LINCS) L100033 database for overlapping
differentially expressed genes in cells treated with ALK and STAT3 inhibitors, and
compared these to differentially expressed genes in the PFC of mice that had undergone
long-term ethanol binge-like drinking34. Our results demonstrate that ALK is activated and
that select STAT3 target gene expression increases in the ventral HPC and PFC after 4
sessions of binge-like drinking. We also provide evidence of ethanol-induced expression of
putative novel STAT3 target genes in the brain that encode proteins involved in chromatin
remodeling and innate immunity.

2. MATERIALS AND METHODS

2.1 Animals

Male and female C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor,
ME, USA) at 8 weeks old and used for experiments beginning at 10 weeks old. Mice had
access to food and water ad /ibitum and were singly housed in climate-controlled rooms
with a 12 h light/dark cycle (lights off at 10 am and on at 10 pm) and were tested during the
dark cycle. Mice were fed Teklad 7912 diet (Envigo, Indianapolis, IN, USA). All animals
were cared for in accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animak and all procedures were approved by the UIC Animal Care and
Use Committee.
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2.2 Drinking in the dark (DID)

DID was conducted as previously described32. Briefly, mice were individually housed in
the reverse dark/light cycle room for two weeks prior to experiments. After this acclimation
period, each mouse was given access to a single 10 ml sipper tube containing 20% ethanol
(v/v) or water (as a control in western blot and gPCR experiments only), 3 h into the dark
cycle, for 2 h on the first three days and 4 h on the 4™ day. The volume of fluid consumed
was measured at the end of each session. On the 4t day, volume of fluid consumed

was measured at both 2 and 4 h. To test sucrose consumption, a separate cohort of mice
underwent DID as described for ethanol, except the sipper tubes contained 2% sucrose
dissolved in water instead of ethanol. A total of 136 mice underwent DID with ethanol

or water for measuring gene expression and protein levels, 44 mice underwent DID with
ethanol in the stattic experiments and 24 mice underwent DID with sucrose in the stattic
experiments. The specific numbers of mice used for each experiment are indicated in the
results section.

2.3 Tissue collection

Mice were euthanized by rapid decapitation either immediately after the final drinking
session (defined as the “0 h” timepoint) or 24 hours after sipper tubes were removed.
Trunk blood (20 ul) was collected in heparinized capillary tubes, transferred to 1.5 ml
centrifuge tubes, and snap frozen and stored at —80°C for subsequent determination of
blood ethanol concentrations (BECs). Brains were rapidly removed from the cranium after
decapitation and cut into 1 mm-thick sections on ice using a stainless-steel brain matrix
(Zivic Instruments Inc., Pittsburgh, PA, USA). The medial PFC (containing infralimibic
and prelimbic regions, ~1.9 mm anterior to bregma) and ventral HPC (~4.7 mm posterior
to bregma) were dissected out of each section using a razor blade, transferred to 1.5 ml
centrifuge tubes, snap frozen, and stored at —80°C until processing for protein analysis by
western blots and RNA levels by quantitative real-time PCR (qPCR).

2.4 Stattic administration

Mice underwent the DID protocol as indicated above. On days 2, 3, and 4, mice were
injected subcutaneously (s.c.) with 50 pl stattic (~20 mg/kg3538, Selleck Chemicals,
Houston, TX USA) dissolved in 100% dimethylsulfoxide (DMSO), or DMSO as a vehicle
control, 30 minutes before sipper tubes were placed on the home cage. Due to the low
injection volume, the dose was not precisely 20 mg/kg in each mouse. The concentration of
stattic solution injected was adjusted based on the average weight of the males and females
separately to approximate a 20 mg/kg dose. For determination of blood ethanol levels, in this
experiment only, blood was collected from the tail vein.

2.5 Blood ethanol concentration (BEC) measurement

BECs were measured using the nicotinamide adenine dinucleotide-alcohol dehydrogenase
(NAD-ADH) enzymatic assay as previously described3’. B-NAD and yeast ADH were
purchased from Sigma Aldrich (St. Louis, MO, USA).
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2.6 Western blot

Frozen tissue was lysed and manually homogenized using a pestle in ice cold 1X RIPA
buffer (Cell Signaling Technology, Danvers, MA, USA) with 1X Halt protease inhibitor
(Thermo Fisher Scientific, Waltham, MA, USA), 1X Halt phosphatase inhibitor (Thermo
Fisher Scientific), 1 mM sodium fluoride, and 1 mM sodium orthovanadate. Protein
concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). Equal amounts of protein (25 pg) were separated by gel electrophoresis on
precast 4-12% Tris-glycine gels (Novex, Thermo Fisher Scientific) and transferred to
nitrocellulose membranes using the Trans-Blot Turbo system (Bio-Rad, Hercules, CA,
USA). Membranes were blocked with Odyssey Blocking TBS Buffer (LI-COR, Lincoln,
NE, USA). Membranes were incubated with primary (4°C, overnight) and secondary (1
hour, room temperature) antibodies in 5% BSA in TBST (20 mM Tris, 150 mM NacCl,

pH 7.4, 0.1% Tween-20). Primary antibodies were the following: STAT3, Cell Signaling
Technology #9139, RRID: AB_331757, 1:1000 dilution; phosphorylated STAT3 (pSTATS3,
Y705), Cell Signaling Technology #9145, RRID: AB_2491009, 1:1000 dilution; ALK
#381518, 1:500 dilution; phosphorylated ALK (pALK, Y1278), Cell Signaling Technology
#6941, RRID: AB_10860598, 1:500 dilution; and B-actin, Sigma-Aldrich #A5441, RRID:
AB_476744, 1:10,000 dilution. Secondary antibodies were the following: IRDye 680RD
Donkey anti-Mouse I1gG, LI-COR Biosciences #925-68072, RRID: AB_2814912, 1:10,000
dilution and IRDye 800CW Donkey anti-Rabbit IgG, LI-COR Biosciences #925-32213,
RRID: AB_2715510, 1:5000 dilution). Blots were imaged on Odyssey Fc Dual-Mode
Imaging system (L1-COR) and analyzed using Image Studio Lite (LI-COR).

2.7 Bioinformatics

To identify ethanol-responsive genes that might be downstream of ALK-STAT3 signaling,
we mined the NIH LINCS L1000 database to identify genes differentially expressed

after treatment of cell lines with ALK and STAT3 inhibitors and compared these with
differentially expressed genes in the PFC of female C57BL/6J mice that had consumed
ethanol in the DID procedure for 36 days34. We downloaded the differential gene expression
signatures for over 20,000 compounds (L1000 level 5 data) from Gene Expression Omnibus
(GEO) (Phase I: GSE92742, Phase 1I: GSE7013), where each signature is the result of

a different drug, dose, cell line, and time point for which differential expression was
assessed. A subset of the L1000 data was generated for niclosamide (STAT3 inhibitor),
alectinib (ALK inhibitor), and NVP-TAE684 (ALK inhibitor) using the signature id field
from the metadata file available on GEO. We defined each signature as genes with |z|

> 2 as recommended by Broad Institute (personal communication). We determined an

ALK inhibitor signature as the overlapping genes between alectinib and NVP-TAE684
treatments across all cell lines. We next identified the genes common between the ALK and
niclosamide treatments across cell lines and defined these as the ALK-STAT3 signature.
Finally, we compared the ALK-STAT3 signature with genes that were differentially
expressed in the PFC after DID to find the overlap. To assess the statistical significance

of the overlaps we used the hypergeometric distribution. Analyses were implemented in R
version 3.4.3. Pathway analysis of genes that overlapped between the ALK-STAT3 and DID
signatures was performed using Ingenuity Pathway Analysis (IPA, Qiagen).
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2.8 RNA isolation, reverse transcription, and qPCR

Total RNA was extracted from brain tissues using the RNeasy Mini kit (QIAGEN,
Germantown, MD, USA) according to manufacturer’s instructions. RNA was reverse
transcribed using the High-Capacity cDNA Reverse Transcription kit (Thermo Fisher
Scientific) and gPCR was performed using SYBR green PCR master mix (Bio-Rad,
Hercules, CA). Primers are listed in Table 1. Relative mMRNA levels were determined using
the 2-2ACt method using the reference genes Hprtand Rp/13a. Gene expression data are
shown normalized to Rp/13a, as the results did not differ when normalization was done with
either Hprtor Rpl13a.

2.9 Statistical analysis

Data are presented as mean + SEM. All statistical analyses were performed using Prism
software (version 8, GraphPad, San Diego, CA USA). For DID experiments, 2-way repeated
measures (RM) ANOVA was used with day as the within-subject factor and treatment as

the between-subject factor. For western blot and gPCR result, a 2-way ANOVA was used
with the factors of sex and treatment, followed by post-hoc Tukey’s multiple comparisons
tests when a significant interaction was observed. A Student’s t-test was used to compare 4 h
ethanol consumption and BECs.

3. RESULTS
3.1 DID

Male and female mice underwent the 4 day DID protocol with 20% ethanol or water (as

a control) in order to determine the effects of binge-like ethanol drinking on ALK and
STAT3 phosphorylation by western blot and on gene expression by gPCR in the ventral HPC
and medial PFC. Female mice consumed more ethanol than males during the 2 h drinking
sessions (Figure 1A, n = 34 per sex, sex: F1 gs = 20.93, p< 0.0001, time: /3 195 = 13.84,

£ <0.0001, interaction: /3 19g = 1.36, p= 0.26) and during the 4 h drinking session on

the 4t day (Figure 1B, n = 34 per sex, female mean: 9.4 + 2.4 g/kg/4 h, male mean: 6.2 +
1.27 g/kg/4 h; ts6 = 6.82, p< 0.0001). BECs were measured in the mice that were sacrificed
immediately after the drinking session (0 h group) and were over the NIAAA-defined binge
level of 80 mg/dI, although BECs were not significantly different between females and
males (Figure 1C, n = 19 per sex per group, females: 179.6 + 111.2 mg/dl, males: 126.1 +
104.0 mg/dl, # = 1.53, p =0.13). Finally, BECs and 4 h ethanol intake on the 4™ day were
significantly positively correlated (Figure 1D, n = 38, R? = 0.262, p= 0.001).

3.2 Activation of ALK in mouse PFC and HPC after binge-like ethanol drinking

To investigate whether ALK and STAT3 are activated in the brain after binge-like ethanol
intake, we measured ALK and STAT3 tyrosine phosphorylation in the mouse PFC and HPC
immediately after the 4 h drinking session on day 4 of the DID protocol. Tissue lysates were
subjected to western blotting with antibodies to pALK, ALK, pSTAT3, STAT3, and p-actin
(as a loading control). Levels of pALK, relative to B-actin, were significantly higher in the
PFC after binge-like ethanol drinking in both sexes (Figure 2A-B, n = 12-13 per sex per
group, treatment: /47 = 7.40, p=0.0091, sex: F 47 = 0.99, p= 0.32, interaction: Ay 47
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=0.0044, p=0.95). Total ALK protein was also increased in the PFC of both sexes after
ethanol consumption (Figure 2C, n = 12-13 per sex per group, treatment: /47 = 11.75,
p=0.0013, sex: A 47 =4.59, p=0.037, interaction: F 47 = 1.05, p=0.31). Similar

results were obtained in the HPC, with a significant increase in pALK observed after ethanol
drinking in both sexes (Figure 2G, n = 6 per sex per group, treatment: /1 19 = 5.50, p
=0.03, sex: F1,19=0.092, p=0.77, interaction: F; 19 =0.019, p =0.89). Total ALK
protein appeared to be elevated in the HPC after ethanol drinking, but this increase was not
statistically significant (Figure 2H, n = 6 per sex per group, treatment: /1 19 = 3.22, p=
0.089, sex: F1 47 =1.05, p=0.31, interaction: Fy 19 = 2.37, p=0.14). These results indicate
that ALK is activated in the mouse PFC and HPC after binge-like ethanol drinking.

Levels of pSTAT3 and STAT3 in the PFC were not significantly altered by ethanol drinking,
although there was a trend towards a sex by treatment interaction for pSTAT3 levels. (Figure
2D-E, n = 12-13 per sex per group, pSTATS3, treatment: /; 47 = 0.011, p=0.92, sex: Fy, 47
=0.012, p=0.91, interaction: F; 47 = 3.66, p= 0.062; STAT3, treatment: F1 47 = 0.24,
p=0.63, sex: F1 47 =0.54, p=0.47, interaction: F_47 = 3.27, p=0.077). In the HPC,

there was a significant sex by treatment interaction in pSTAT3 levels (Fig. 31, n = 9-10 per
sex per group, treatment: £ 35 = 0.52, p=0.48, sex: 1 35 = 0.62, p= 0.44, interaction:

F1 35 =4.93, p=0.033); however, Tukey’s post-hoc multiple comparisons testing did not
reveal any significant differences between the groups. Total STAT3 protein was unaltered

in the HPC after ethanol drinking (Figure 3J, n = 9-10 per sex per group, treatment: /35
=2.72, p=10.11, sex: F1 35=0.68, p=0.42, interaction: F; 35 = 2.6, p=0.12). To

further explore a potential relationship between activation of ALK and STAT3 after ethanol
drinking, we examined the association between levels of pALK and pSTAT3 in both the PFC
and HPC. Interestingly, there was a significant positive correlation between levels of pALK
and pSTAT3 in both the PFC and HPC, but only in mice that consumed ethanol (Figure 1F,
PFC, n = 25-26 per group, R? = 0.285, p = 0.005; Figure 1K, HPC, n = 11-12 per group,
RZ =0.595, p= 0.0033). Neither ALK nor STAT3 protein levels correlated with BECs or
the amount of ethanol consumed (data not shown). These results suggest that although we
did not observe significant activation of STAT3 after ethanol drinking, ALK and STAT3 are
coregulated in these brain regions after ethanol drinking.

3.3 Increased expression of STAT3 target genes after binge-like drinking

We next examined the effect of binge-like drinking on the expression of known STAT3
target genes (Socs3?8, Len2%031 Tnfrsfla®, and Gfap?’) in the PFC and HPC with the
rationale that activation of ALK-STAT3 signaling by ethanol drinking will lead to increased
expression of STAT3 transcriptional targets. Mice underwent the DID protocol with either
ethanol or water as described above, and PFC and HPC were collected either immediately
after the 4™ drinking session (0 h timepoint) or 24 h after the last drinking session. The 24
h timepoint was chosen because there could be a delay between the activation of STAT3 by
ethanol and the accumulation of STAT3 transcriptional target gene mRNA.

In the PFC, Lcn2and TnfrsflamRNA levels did not differ between the ethanol and water
drinking groups at the 0 h timepoint (data not shown). However, both Lcn2and Tnfrsfla
gene expression were significantly higher in the PFC of the ethanol-drinking group 24 h
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later (Figure 3A, C, n = 7-9 per sex per group, LcnZ, treatment: /o9 = 5.25, p=0.029,
sex: F1 29 = 3.81, p=0.061, interaction: F1 o9 = 0.24, p=0.63; Tnifrsfla, treatment: F 37
=4.48, p=0.042, sex: F1, 32 =0.0041, p=0.95, interaction: F1 3, =0.070, p=0.79).
Similar to LenZand Tnfrsfla, expression of Socs3in the PFC was not altered between the
ethanol and water drinking groups immediately after the drinking session (data not shown).
Although Socs3appeared to be elevated in the ethanol drinking group compared to the
water drinking group 24 h later, this did not quite reach statistical significance (Figure 3B,

n =9 per sex per group, treatment: /- 3, = 4.05, p=0.053, sex: F; 32 =10.86, p=10.36,
interaction: /3 = 0.072, p=0.79). We observed a significant treatment by sex interaction
in Gfap expression in the PFC at the 0 h timepoint that appeared to be due to increased

Gfap expression in females that drank ethanol compared to the other groups (Supplementary
Figure 1A, n = 9 per sex per group, treatment: / 3 = 0.92, p=0.35, sex: F 32 =0.79,
p=0.38, interaction: 3y = 4.69, p= 0.038), although none of the post-hoc comparisons
were statistically significant. Similar results were obtained for Gfap expression in the PFC
at the 24 h timepoint (Supplementary Figure 1B, n =9 per sex per group, treatment: /3,
=0.15, p=10.70, sex: F1 32 = 0.73, p=0.40, interaction: F; 3p = 7.03, p=0.012). Finally,
we examined A/k and Stat3 gene expression in the PFC after binge-like ethanol drinking.
Stat3 expression was not significantly altered by ethanol drinking at either of the timepoints
(data not shown). At the 0 h timepoint, A/k expression was higher in females that drank
ethanol compared with the water drinking females and in males that drank ethanol compared
with water drinking females (Supplementary Figure 1C, n = 9 per sex per group, treatment:
F1 32 =14.51, p=0.0006, sex: F; 32 = 0.28, p=0.60, interaction, F1 3, = 4.39, p = 0.044;
Tukey’s multiple comparisons test: female water vs. female ethanol, p= 0.0012 and female
water vs. male ethanol, p=0.022). The increase in A/k gene expression in the PFC persisted
24 hours after the final drinking session (Figure 3D, n = 9 per sex per group, treatment:

F1 32 =7.08, p=0.012, sex: 1 3p = 0.58, p=0.45, interaction: F 3 =2.92, p=0.097).
The increase in A/k gene expression in the PFC is consistent with higher levels of ALK
protein after binge-like ethanol drinking (Figure 2C).

In the HPC, Gfap expression was increased at the 0 h timepoint in mice that drank ethanol
(Figure 3E, n = 9 per sex per group, treatment: £ 3p = 27.57, p< 0.0001, sex: £ 32 =

0.30, p=0.59, interaction: F; 3p = 3.73, p=0.062). In contrast to Gfap, Socs3 expression in
the HPC was not altered by ethanol drinking at 0 h (data not shown) but was higher in the
ethanol drinking group compared to the water drinking group at 24 h (Figure 3F, n=12 per
sex per group, treatment: F; 44 = 15.65, p=0.0003, sex: F1 44 = 0.022, p=0.88, interaction:
F1 44 =0.67, p=0.42). Interestingly, Stat3 expression in the HPC was not altered by ethanol
drinking at the O h timepoint but was reduced in ethanol drinking mice compared to water
drinking mice 24 h after the last drinking session (Figure 3G, n = 12 per sex per group,
treatment: £y 44 = 4.27, p=0.044; sex: 1 44 = 9.58, p=0.0034, interaction: F; 44 = 0.23,
p=0.63). The decrease in Stat3in the HPC after ethanol drinking might be explained by

the robust increase in Socs3at 24 h because SOCS3 is a negative feedback regulator of
STAT3 signaling?®. Like Stat3, Alk expression did not change at 0 h (data not shown) but
was decreased 24 h after the last drinking session in the HPC of mice that drank ethanol
(Figure 3H, n=12 per sex per group, treatment: ~y 44 = 4.74, p=0.035, sex: F1 44 =5.77, p
=0.021, interaction: F1 44 = 0.52, p=0.48). Notably, Stat3and Alk expression levels were
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significantly positively correlated at the 24 h timepoint in mice that consumed ethanol but
not in mice that drank water (Supplementary Figure 1D, R2 = 0.726, p < 0.0001), providing
additional evidence of coregulation of ALK and STAT3 after ethanol drinking. Together,
these results demonstrate that the expression of known STAT3 transcriptional target genes
increase in the brain after ethanol drinking, and that these changes in gene expression are
temporally and regionally distinct. Moreover, alterations in A/kand Stat3 gene expression in
response to ethanol are different between the PFC and HPC.

3.4 Inhibition of STAT3 in mice decreases binge-like drinking

To determine if STAT3 plays a role in binge-like drinking, we next tested the effect of
STAT3 inhibition on DID using stattic, which is a STAT3-selective non-peptide inhibitor.
Stattic (20 mg/kg, s.c.) or vehicle was administered 30 min before the start of the 2"d, 314,
and 41" drinking session. No injections were given on the first drinking day. Treatment with
stattic dramatically decreased binge-like drinking in both female and male mice during the 2
h ethanol drinking sessions when compared to vehicle-treated mice (Figure 4A, males, n =
12 per group, two-way RM ANOVA on days 2-4, treatment: £ 2, = 21.23, p=0.0001, day:
F, 43=0.62, p=0.54, interaction: ~, 43 = 1.30, p= 0.28; Figure 4F, females, n = 10 per
group, treatment: /15 = 15.53, p=0.001, day: ~,, 36 = 0.88, p=0.42, interaction: /,, 36 =
0.47, p=0.63). Stattic was also effective in reducing ethanol intake during 4 h on the 4t day
in both sexes when compared to vehicle treatment (Figure 4B, males, n = 12 per group, &, =
3.45, p=0.0023; Figure 4G, females, n = 10 per group, 4g = 6.26, p < 0.0001). BECs were
correspondingly reduced in mice treated with stattic compared to vehicle (Figure 4C, males,
n = 12 per group, vehicle, 116.1 £ 79.1 mg/dl, stattic, 41.16 + 54.54 mg/dl, 61 = 2.62, p=
0.016; Figure 4H, females, n = 10 per group, vehicle, 141.2 + 65.3 mg/dl, stattic, 36.89 +
34.85 mg/dl, g = 4.46, p=0.0003).

We also compared baseline drinking on the first day (no injections) with drinking on
treatment days 2—4. Vehicle injections on days 2-4 did not change ethanol consumption
when compared to day 1 in either male or female mice, while stattic treatment significantly
decreased ethanol consumption when comparing day 1 to 2 (p=0.0003), 1 to 3 (p=
0.0025), and 1 to 4 (p=0.0032) in male mice, and day 1 to 2 (p=0.0019) and 1 to 4
(p<0.0001) in female mice. In total, these results demonstrate that inhibition of STAT3
decreases binge-like ethanol intake in male and female mice.

We next tested for the effect of stattic on sucrose consumption to determine if the inhibitory
effect of stattic on ethanol drinking could be generalized to another rewarding substance.
Stattic treatment did not significantly alter sucrose drinking when compared with vehicle
treatment during the 2 h drinking sessions in either sex (Figure 4D, males, n = 6 per group,
two-way RM ANOVA on days 24, treatment: /19 =0.70, p=0.42, day: / 50 =0.14, p
= 0.87, interaction: ~,, oo = 0.16, p= 0.85; Figure 4l, females, n = 6 per group, treatment:
F1 10 =3.88, p=0.077, day: /20 =1.90, p=0.18, interaction: /,, oo = 1.38, p=0.27).
Stattic also did not significantly affect sucrose drinking during the 4 h session on day 4
(Figure 4E, males, n = 6 per group, 4g = 1.08, p= 0.30; Figure 4J: females, n = 6 per
group, 4o = 1.39, p=0.19) relative to the vehicle-treated animals. However, when compared
to baseline sucrose drinking on the first day, within group analysis using Tukey’s multiple
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comparisons test showed that stattic treatment decreased 2 h sucrose intake between days 1
and 2 (p=0.029), 1 and 3 (p=0.008), and 1 and 4 (p= 0.0008) in male mice, and between
days 1 and 2 (p=0.027), 1 and 3 (p= 0.0053), and 1 and 4 (p= 0.016) in female mice.
However, this result is somewhat confounded by a suppressive effect of vehicle treatment on
sucrose intake when comparing day 1 with days 2—4 (day 1 vs. 2, p= 0.045) in male mice.
We also measured water intake in mice treated with stattic in a single 2 h drinking session.
Stattic treatment did not alter water consumption in male or female mice (males, n = 9 per
goup, vehicle: 25.73 + 4.46 ml/kg/2 h, stattic: 27.79 + 12.82 ml/kg/2 h, 5 =0.33, p=0.74;
females, n = 3 per group, vehicle: 17.21 + 2.171 ml/kg/2 h, stattic: 22.09 + 3.828 ml/kg/2h,
4 =192, p=0.13).

We also tested if another STAT3 inhibitor, niclosamide, would have the same suppressive
effect as stattic on ethanol and sucrose drinking. Similar to stattic, niclosamide reduced both
ethanol and sucrose intake in male and female mice (Supplementary Figure 2). Together,
these results indicate that STAT3 inhibition reduces both ethanol and sucrose intake, with a
greater effect on ethanol intake, but does not affect water drinking. STAT3 may therefore be
generally be involved in motivation to consume rewarding substances.

3.5 Identification of novel ethanol-responsive genes downstream of ALK-STAT3 signaling

Given that the expression of known STAT3 target genes increase in the PFC and HPC after
binge-like ethanol drinking, we reasoned that there could be novel ethanol-responsive genes
downstream of ALK-STAT3 signaling. To begin to identify these genes, we mined the NIH
LINCS L1000 database. LINCS L1000 catalogues perturbations in 1000 genes (described
as “transcriptomic signatures”) in cell lines after treatment with small molecules. Two ALK
inhibitors (alectinib and NVP-TAE684) and one STAT3 inhibitor (niclosamide) have been
tested on multiple cell lines each. We identified the transcriptomic signatures of the five
cell lines (A375, MCF7, PC3, HALE, and HT29) that had been tested with each of the
inhibitors. First, the overlap between the gene signatures of the two ALK inhibitors was
identified (Figure 5). This yielded 2780 genes that increased and 1428 genes that decreased
in response to both ALK inhibitors. The number of genes was significantly greater than
expected by chance (genes that increased, 1.06 fold enrichment, hypergeometric p=1.32

x 10718; genes that decreased, 1.31 fold enrichment, hypergeometric p= 1.82 x 107%8),

as would be predicted for two inhibitors selective for ALK. The ALK inhibitor signature
was then compared with the gene signature of the STAT3 inhibitor to identify genes that
are regulated by the ALK-STAT3 pathway. This yielded 2610 genes that increased and
1306 genes that decreased in response to the inhibitors. Interestingly, the overlap in the
number of genes that were altered by both ALK and STAT3 inhibitors were also greater
than those expected by chance (genes that increased, 1.07 fold enrichment, hypergeometric
p = 2.52 x 10738; genes that decreased, 1.26 fold enrichment, hypergeometric p = 6.54

x 1077/8), suggesting a significant overlap in genes downstream of both ALK and STAT3
signaling. Finally, the genes from ALK-STATS3 inhibitors were compared to genes that were
differentially expressed in the PFC of female C57BL/6J mice after 36 days of DID34.

By using this approach, we discovered 57 and 46 genes whose expression increased

and decreased, respectively, after treatment with ALK and STAT3 inhibitors and were
differentially expressed after DID (Figure 5). Of the total of 103 genes identified, 8 were
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found in both groups (increasing and decreasing), leaving 95 unique genes (Supplementary
Table 1).

We next performed IPA on the 95 genes to determine if they fit into any defined

pathways or cellular networks. IPA yielded 7 networks, with the top 2 networks (Figure

6) having connectivity scores of 45 (“Cell Death and Survival, Cellular Compromise,

Tissue Development™) and 36 (“Cardiovascular System Development and Function, Cell
Morphology, Cellular Assembly and Organization”). This demonstrated that within the
candidate gene list, there are several interconnected clusters of genes with related functions.
To further narrow down STAT3 regulated genes in this list, we performed a STAT3 binding
motif analysis in the 2 kb upstream promoter region of the 95 genes identified in the LINCS
analysis. Gene symbols from the LINCS1000 analysis were first mapped to Ensembl IDs.
The transcription start site (TSS) for each gene was identified and the genomic sequence

for the 2 kb upstream promotor region was extracted from the mouse Mm10 genome

using SAMtools38. The STAT3 consensus motif was downloaded from JASPAR3? and motif
search was done using the FIMO tool4C.This analysis identified 91 motifs present in 57 of
the 95 genes (Supplementary Table 2), showing that more than half of the genes identified
through the LINCS analysis contained putative STAT3 binding motifs in their 2 kb promoter
region and could be direct targets of STAT3.

Finally, we measured the expression of several genes in the IPA networks that had predicted
STAT3 binding motifs. All of the following analyses were performed on PFC and HPC
collected immediately (0 h timepoint) after the 41" DID session with water or ethanol as
described above. From network 1 (Figure 6), we measured the expression of Smarca4,
Smarccl, and Nrih2 (which was found in both network 1 and 2). All three genes possess
putative STAT3 binding motifs (Figure 6). Four sessions of ethanol drinking did not alter
Smarca4, Smarccl, or Nrih2expression in the PFC (Figure 6C-E). However, Smarca4
expression nearly significantly increased in the HPC after ethanol drinking (Figure 6G, n

= 6 per sex per group, treatment: F; oo = 4.14, p=0.055, sex: Fy 9 = 1.13, p=0.30,
interaction: £ oo = 0.009, p=0.93), and Smarccl and Nrih2expression levels were
significantly increased in the HPC of mice that consumed ethanol (Smarccl, Figure 6H, n
= 9 per sex per group, treatment: /1 3 = 4.91, p=0.034, sex: 1 32 =0.79, p=0.38,
interaction: ) 3p = 0.70, p= 0.41; Nr1h2, Figure 61, n = 6, treatment: £ 50 =4.89, p=
0.039, sex: F1, 90 =0.17, p=0.68, interaction: F1 5o = 2.48, p=0.13). From network 2,

we measured Gpnmb expression after DID. Gpnmb also contains a putative STAT3 binding
motif in its proximal upstream promoter region. In the PFC, we did not observe a significant
main effect of ethanol or sex, but there was a significant ethanol-by-sex interaction on
Gpnmb expression. Post hoc Tukey’s multiple comparisons test demonstrated that there was
a significant increase in Gpnmb expression only in female mice that drank ethanol (Figure
6F, n = 9 per sex per group, treatment: /; 37 = 1.4, p=0.25, sex: 1 31 =1.78, p=0.19,
interaction: £ 31 = 9.36, p= 0.0046; post hoc Tukey’s multiple comparisons, control vs
ethanol, female: p=0.029, male: p=0.54). In the HPC, we observed a nearly significant
increase in Gpnmb expression in mice that drank ethanol, although this effect appears to

be driven largely by an increase in the male mice (Figure 6J, n = 12 per sex per group,
treatment: F; 44 = 3.48, p=0.069, sex: F1 44 = 0.027, p=0.87, interaction: f; 44 = 1.8,
p=0.17). These results suggest that there are brain-region and sex-specific increases in the

Genes Brain Behav. Author manuscript; available in PMC 2022 August 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamada et al.

Page 12

expression of genes after ethanol binge-like drinking that are potentially regulated by the
ALK-STAT3 pathway.

4. DISCUSSION

This study demonstrates that ethanol activates ALK signaling and increases the expression
of known STAT3 target genes in the medial PFC and ventral HPC of mice after 4 days

of binge levels of ethanol drinking. Although STAT3 was not significantly activated after
ethanol drinking, pALK and pSTAT3 levels were significantly correlated in both the

PFC and HPC after ethanol consumption, suggesting that STAT3 signaling is activated

by ethanol. Additional evidence is provided by experiments with the STAT3 inhibitors
(stattic and niclosamide), which were effective in decreasing binge-like ethanol drinking
after systemic administration. Finally, we identified novel putative ethanol-responsive target
genes downstream of ALK-STAT3 signaling using the LINCS L1000 database. To our
knowledge, this is the first study to provide evidence that ethanol consumption can activate
the ALK-STAT3 pathway /n vivo. We previously found that that ethanol treatment of a
neuroblastoma cell line activated ALK and STAT3 in an ALK-dependent manner?!, but it
was not known if ethanol drinking could activate this particular pathway in the brain.

Another group found modest but statistically significant increases in pSTAT3 in the
cerebellum and HPC of C57BL/6J mice during withdrawal from 3 cycles of 3 days each

of chronic intermittent ethanol vapor exposure25:26 and in the HPC after a single 4 g/kg
injection of ethanol in mice23. Because of this, we expected to see increased pSTAT3 at
least in the HPC after ethanol drinking. There are several possible explanations for this
discrepancy. The first possibility is that STAT3 is not activated by only 4 bouts of binge-like
ethanol drinking and that STAT3 activation may require higher doses or chronic exposure
to ethanol. The second is timing; STAT3 activation may either be more transient than ALK
activation or occur only during ethanol withdrawal. The third possible explanation is that
STAT3 activation only happens in a subset of cells in the PFC and/or HPC, and that in total
tissue homogenates, cell-type specific changes were masked*!. Based on our demonstration
that Gfap is increased after ethanol drinking, we suspect that STAT3 may be activated in
astrocytes (see below). Gfapis a well-known target of STAT3 and activated STAT3 is a
characteristic of reactive astrocytes?’42, We also only measured ethanol-induced changes in
the ventral HPC and it is possible that activation of STAT3 after binge-like ethanol drinking
may only occur in the dorsal HPC. However, we did find a significant positive correlation
between pALK and pSTAT3 in both the PFC and HPC, and only in mice that drank
ethanol. This suggests that pPSTAT3 and pALK are coregulated by ethanol and provides
some evidence that STAT3 may be activated during ethanol drinking in response to ALK
activation.

Although we provide some evidence that STAT3 is activated in response to ethanol
downstream of ALK, this does not mean that STAT3 could only be activated in an ALK-
dependent manner by ethanol. STAT3 is also activated by a number of other cytokines,
chemokines, and interferons20. Specifically, ethanol increases the transcription of the //6
gene3. STAT3 is constitutively activated in the brains of transgenic mice that overexpress
//6in astrocytes, demonstrating a clear role for I1L-6 in STAT3 activation in the brain23:25.26,
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Given that STAT3 is a transcription factor, we hypothesized that STAT3 activation by
ethanol would lead to an increase in the expression of known STAT3 transcriptional

targets, so we measured the expression of the documented STAT3 target genes Gfag™*,
Socs3, LenZ0, and Tnfrsf1a*S. Gene expression increased in either the PFC or HPC

after 4 days of DID. The increase in Gfapand LcnZ, which are two markers of reactive
astrocytes*2, suggest that even a short duration of binge-like drinking is sufficient to induce
astrocyte reactivity in the mouse brain. This corroborates increases in GFAP observed

by other investigators after varying lengths of ethanol exposure234748_ Increased GFAP
immunoreactivity has also been observed after long-term ethanol consumption in rodents
after intermittent ethanol access, but not after continuous access to ethanol49. In fact,
multiple factors, including the drinking model and sex, appear to play a role in the regulation
of GFAP#9:50_ Our observation of increased Gfap after ethanol drinking only in female mice
is consistent with other researchers that have also seen a larger induction of GFAP in female
mice after ethanol consumption30-51,

To our knowledge, this is the first report of Lcn2upregulation in the CNS after ethanol
exposure. LCN2 is a small, secreted glycoprotein involved in anti-microbial defense through
the sequestering of iron%2. In an transcriptomic study of reactive astrocytes comparing two
different /n vivo models of neuroimmune activation (ischemic stroke and lipopolysaccharide
injection), Lcn2was found to be one of the strongest markers of reactive astrocytes®3,
Interestingly, pathway analysis of the two reactive astrocyte transcriptomes identified “acute
phase response signaling” as the top pathway®3, highlighting the role of STAT3 in regulating
astrocyte reactivity. The exact roles of LCN2 in the CNS are not clear, but several

studies indicate that Lcn2is upregulated after innate immune challenge®3-55, and both
pro-inflammatory®8:57 and anti-inflammatory®® roles of LCN2 have been reported. Notably,
LCN2 plays a detrimental role in alcohol-induced liver disease®°. Further studies are
necessary to understand the function of LCN2 in the CNS the context of alcohol use.

Tumor necrosis factor alpha (TNFa) is a potent pro-inflammatory cytokine that signals
through TNF receptor 1 and TNF receptor 2 to activate the activation protein-1 (AP-1)

and nuclear factor-kappa B (NF-xB) pathways. Increased 7nfexpression occurs after acute
and chronic ethanol exposure in rodents*8:60, Tnfrsf1a, which encodes TNF receptor 1, the
major mediator of TNFa signaling, is a transcriptional target of STAT346. Of note, 7nfrsfla
knockout mice showed a modest, non-significant decrease in voluntary 2-bottle ethanol
consumption at high ethanol concentrations (15% and 17%) compared with wild-type
controls, and mice lacking both 7nrsfiaand //1r1 drank significantly less ethanol compared
to wild-type mice and did not escalate their drinking in an every-other-day 2-bottle choice
protocol with increasing ethanol concentrations®l.

STAT3 activity is tightly regulated by SOCS362, SOCS3 is potent inhibitor of JAK/STAT3
signaling and its expression is primarily regulated by STAT3. We observed a robust increase
in Socs3 gene expression 24 h after the ethanol drinking session, suggesting that Socs3

is induced in order to attenuate increased STAT3 activity in response to ethanol. Notably,
Alkand Stat3 gene expression were reduced in the HPC 24 h after the ethanol drinking
session and it is possible that this is due to negative feedback via induction of SOCS3.

In addition to negatively regulating STAT3 activity, SOCS3 also dampens other immune-
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response pathways83. For example, SOCS3 can inhibit NF-xB signaling after stimulation of
toll-like receptors®. This has implications for AUD as toll-like receptor activation of NF-xB
is a critical mediator of alcohol-induced immune response®8:65, As such, an increase in
Socs3may be seen as an anti-inflammatory response to alcohol use. Whether this response
is protective or harmful in the context of AUD requires further investigation.

Many of the known STAT3 target genes have been identified in relation to cancer
progression and tumorigenesis®. To discover novel ethanol-responsive genes that act within
the ALK-STAT3 pathway, we used a bioinformatics approach to discover genes that were
altered in cell lines after treatment with ALK and STAT3 inhibitors and compared these
genes with those that were changed in the PFC of female C57BL/6J mice that had
undergone 36 DID sessions34. IPA and STAT3 binding motif analysis were performed on
this gene set and the expression of candidate genes Smarca4, Smarccl, Nr1h2, and Gpnmb
were increased in either the HPC or PFC after 4 DID sessions.

The Niri1h2gene encodes liver X receptor B (LXRp), one of the two nuclear oxysterol
receptors and a member of the nuclear receptor superfamily. LXRa and LXRp are
endogenous cholesterol sensors and transcription factors for genes involved in cholesterol
metabolism®7. Despite the name, LXRP is not highly expressed in the liver, but is found in
abundance in the brain, immune cells, and in the gut epithelium88. Cholesterol is a major
component of the brain. Approximately a quarter of the body’s cholesterol is found in the
brain in the form of myelin®9. Cholesterol is metabolized de novo in the CNS, primarily by
astrocytes, because the BBB does not allow the passage of lipoproteins’0. In the context of
AUD, Alsebaaly et a/found brain region specific changes in genes involved in cholesterol
metabolismL. In male Long-Evans rats during protracted withdrawal 3 weeks after 47 days
of every other day 2 bottle choice ethanol consumption, Abcal, an LXR target gene, was
decreased in the PFC and increased in the NAc’?, although no changes in ArrZA2were found
in the aforementioned study. In addition to their role in cholesterol metabolism, LXRs have
been shown to have an anti-inflammatory effect8”, which adds another layer of intrigue in
defining the role of neuroimmune activation in AUD.

Glycoprotein nonmelanoma protein B (GPNMB) is a type | transmembrane glycoprotein
that is widely expressed throughout the body and brain’2. The elevation of GPNMB

or alterations in GPNMB gene have been linked to neurological disorders including
Parkinson’s disease’374, Alzheimer’s disease’®, Gaucher’s disease’® and amyotrophic
lateral sclerosis’’. Studies indicate that GPNMB acts in a neuroprotective manner by
attenuating astrocyte mediated pro-inflammatory responses’8:79. The increase in Gpnmb

in mouse PFC after binge-like drinking suggests that there may be anti-inflammatory events
occurring in the brain to counterbalance the pro-inflammatory responses to ethanol. To date,
there are no studies showing direct transcriptional regulation of Gpnmb by STAT3, but we
found that the Gpnmb upstream promoter region contains a STAT3 binding site. Overall,
we observed increased expression of both pro- (Lcn2, Gfap, Tnfrsfla) and anti- (Socs3,
NrihZ, Gpnmb) inflammatory genes that are known to be or putative targets of STAT3 in
the PFC and HPC after 4 days of binge-like drinking, suggesting a complex and dynamic
neuroimmune response to ethanol drinking.
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We also observed a cluster of genes encoding chromatin remodelers (Smarcel, Smarca4,
and Smarccl) in our bioinformatics analysis and measured the expression of two genes
(Smarca4 and Smarccl) that are part of the SWI/SNF complex, also known as the
BRG1/BRM-associated factor (BAF) complex. The SWI/SNF complexes remodel chromatin
by regulating nucleosome positioning, using energy generated through ATP hydrolysis.
Substantial research has highlighted the role of epigenetics in AUD80 and in addiction at
large®L. Of note, various genes within the SWI/SNF complexes have been implicated in
alcohol-related phenotypes and in human alcohol dependence. A study in Caenorhabditis
elegans found that most of the SWI/SNF genes (12 out of 13) were required for either initial
sensitivity to ethanol or for acute functional recovery from ethanol exposure®2, highlighting
the connection between ethanol and the SWI/SNF complex. /n vitro studies have also found
ethanol-induced changes in gene expression or DNA methylation of SWI/SNF complex
genes83:84. Finally, a transcriptomic study of mouse hippocampus after chronic intermittent
ethanol vapor exposure found increased expression of several Smarc genes, including
Smarcel, Smarcad, and SmarccI®. In the cancer field, the emerging role for STAT3 in
epigenetic regulation is a recent area of focus®. Our results suggest that ethanol induced
STAT3 activation and regulation of genes encoding chromatin remodeling enzymes may be
contributing to the epigenetic landscape of AUD.

Finally, the upregulation of both pro-inflammatory cytokine receptor 7nfrsflaand of anti-
inflammatory mediators Gpnmb and Socs3 demonstrates that binge-like ethanol drinking
activates a brain neuroimmune response that cannot be easily categorized into merely pro-
or anti-inflammatory. Substantial research has been conducted on the role of neuroimmune
response87:88 and astrocytes89-91 on the pathophysiology of AUD. Our results add to the
existing neuroimmune literature and suggest that STAT3 may play a role in activation of
the neuroimmune response and astrocytes after ethanol consumption. It is also important to
note that while we have focused this discussion on the potential role of STAT3 in mediating
an astrocytic immune response in the brain, STAT3 is expressed in microglia, neurons, and
oligodendrocytes, and the contribution of STAT3 in these cells should not be ignored. Future
studies should determine the cell types and brain regions in which STAT3 acts to regulate
gene expression and behavioral responses to ethanol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Drinking in the dark (DID). Mice consumed 20% ethanol or water in the DID protocol for

2 h on the first 3 days and for 4 h on the 4™ day. Ethanol intake was measured at 2 and 4

h on the 4™ day. (A) 2 h ethanol intake (g/kg) by female (n = 34) and male mice (n = 34),
****pn < 0.0001. (B) 4 h ethanol intake (g/kg) by female and male mice. (C) Blood ethanol
concentrations (BECs) in female (n = 19) and male mice (n = 19), taken at the end of the 4 h
drinking session on the 4t day for the 0 h group only. (D) Correlation between day 4 ethanol
intake (g/kg/4 h) and BECs (n = 38).

Genes Brain Behav. Author manuscript; available in PMC 2022 August 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hamada et al. Page 22
Ethanol
F F M M M
HHREBE
ALK
pSTAT3
STATI| ™= s s ste % S5 oy s - - =
B-actin
(B) PFC - pALK (C) PFC - ALK (D) PFC - pSTAT3 (E) PFC - STAT3 (F)5 o water
= water . t - = water = water hanol R2= 0.2
g,\4 -ethanol:| ” 4 :I’a"tﬁ;ﬁo.] 232'0 = ethanol 1,,52‘0 = ethanol o 4 ethano p= 8082
O C ° -H —~ = a—
gg3 £2° 5810 s31s 3
) — [se] ==
252 o % §§2 %51.0 égto ?
- [1+] -_— —_
0 0 0 0
Female Male Female Male Female Male Female Male bSTAT3
(G) HPC - pALK (H) HPC - ALK (I) HPC - pSTAT3 (J) HPC - STAT3 (K) .
mwater -, =water . = water =mwater < 2 =
" 5 ] w O uethanoljp‘o-o89 __ 3= ethanol 3]methanol 517 ethanolo Rp = %%:93%
34 o4 3£ 3E 4 '
3B 29 53 2 382 x
PR 3 083 o) oS =43
> >4 = = d>) 2 <
=32 a2 =< =1 a2
= 1 L £8 gL 1
0 0 0 0 0
Female Male Female Male Female Male Female Male 005115225

Figure 2.

pSTAT3

Activation of ALK in mouse medial prefrontal cortex (PFC) and ventral hippocampus (HPC)
after binge-like ethanol drinking. Mice drank ethanol or water in the DID protocol for 4 days

and the prefrontal cortex (PFC, n = 12 — 13 per sex per gro

up) and ventral hippocampus

(HPC, n = 6 per sex per group) were collected immediately after the 41 drinking session.
Protein lysates were subjected to western blotting with antibodies to phosphorylated ALK

(PALK), ALK, phosphorylated STAT3 (pSTAT3), STAT3,

and B-actin as a protein loading

reference on the gels. (A) Representative western blots from PFC samples. M, male; F,
female. (B-E, G-J) Quantification of relative band intensity from western blots of the PFC
(B-E) and the HPC (G-J) for pALK (B, G), ALK (C, H), pSTAT3 (D, 1), and STAT3 (E,
J). (F, K) Correlations between pSTAT3 and pALK in the PFC (F) and HPC (K). The R?
and p-values indicate a significant association between pSTAT3 and pALK in mice that
consumed ethanol. Data are shown as the mean £ S.E.M. *p<0.05 and **p< 0.01, main

effect of ethanol by 2-way ANOVA.
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Figure 3.
Increased expression of STAT3 target genes after binge-like drinking. Mice drank ethanol or

water in the DID protocol for 4 days and ventral hippocampus (HPC, n=9 per sex per group)
and medial prefrontal cortex (PFC, n=7-9 per sex per group) were dissected from the brain
immediately (0 h) or 24 h after the 4t drinking session as indicated. Total RNA was isolated
and gene expression measured by quantitative real-time PCR. (A-D) Gene expression in the
PFC for Len2 (A), Socs3 (B), Tnfrsfla (C), and Alk (D). (E-H) Gene expression in the HPC
for Gfap (E), Socs3(F) Stat3(G), and Alk (H). All data are shown as the mean + S.E.M. *p
< 0.05, ***p<0.001, ****p < 0.0001, main effect of ethanol by 2-way ANOVA.
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Figure 4.

STAT3 inhibition in mice decreases binge-like drinking. Mice drank ethanol (males, n=12
per group; females, n=10 per group) or sucrose (n=6 per sex per group) in the DID protocol
for 4 days and were injected with 20 mg/kg of stattic subcutaneously 30 min before the
drinking sessions on days 2, 3, and 4 (indicated by arrows). (A-B) Ethanol consumed in g/kg
body weight by males during the 2 h sessions (A) and the 4 h session on day 4 (B). (C)
Blood ethanol concentrations (BECs) in males after the 4 h session on day 4. (D-E) Sucrose

consumed in ml/kg body weight by males during the 2 h sessions (D) and the 4 h session

on day 4 (E). (F-G) Ethanol consumed by females during the 2 h sessions (F) and the 4

h session on day 4 (G). (H) BECs in females after the 4 h session on day 4. (1-J) Sucrose

consumed by females during the 2 h sessions (1) and the 4 h session on day 4 (J). All data
are presented as the mean = SEM. *p<0.05, **p<0.01, ***p<0.001, and ****p < 0.0001.
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Figure 5.
Overlapping gene expression changes between ALK and STAT3 inhibitors from LINCS

L1000 and comparison with differentially expressed genes in the mouse prefrontal cortex
after ethanol drinking. (A-B) Diagrams showing the number of genes whose expression
increased (A) or decreased (B) after ALK (NVP-TAE684 and alectinib) and STAT3
(niclosamide) inhibitor treatments of cell lines and those that overlapped with differentially
expressed genes in the prefrontal cortex of female mice after ethanol drinking in the drinking
in the dark (DID) protocol.
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Figure 6.
Ingenuity Pathway Analysis (IPA) and expression of genes from IPA networks after ethanol

drinking. Overlapping differentially expressed genes from LINCS and the prefrontal cortex
(PFC) of mice that drank ethanol were analyzed by IPA. (A) Network 1 and (B) network 2
from IPA. Genes indicated with green and orange text had predicted STAT3 binding motifs
in their promoters. Diagrams below each network show the predicted STAT3 motifs of
genes in green text that were selected for experimental validation by gPCR in mouse PFC
(7-10 per sex per group) and ventral hippocampus (HPC, n=6-12 per sex per group) after
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ethanol or water drinking in the 4 day drinking in the dark procedure. (C-J) Relative mRNA
expression of Smarca4in the PFC (C) and HPC (G), Smarccl in the PFC (D) and HPC (H),
NrihZin the PFC (E) and HPC (1), and Gpnmb in the PFC (1) and HPC (J). All data are
shown as the mean + S.E.M, *p < 0.05.
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Primer sequences for g°PCR

Table 1

Gene Forward primer (5’-3’) Reverse primer (5’-3")

Alk TGCCGCTCTCATTGATCCTC TGCTTCCGACGGTACACAAT
Gfap ATCGAGATCGCCACCTACAG CTCACATCACCACGTCCTTG
Gpnmb CATGGAAAGTCTCTGCGGGG TGCTCTCTCATGTGATCGGG
Hprt GTTGGGCTTACCTCACTGCT TCATCGCTAATCACGACGCT
Len2 TGAGTGTCATGTGTCTGGGC AACTGATCGCTCCGGAAGTC
Rpl13a AGGGGCAGGTTCTGGTATTG GGGGTTGGTATTCATCCGCT
Smarccl | AACGGCATCAGGGGACATTT GCTGTCTGGGTAGAAACCCC
Smarcad4 | TGACAGAGAAGCAGTGGCTCAAG | TCGCTGTCTCGCTTACGCTT
Stat3 CCCGTACCTGAAGACCAAGTTC ACACTCCGAGGTCAGATCCA
Socs3 TAGACTTCACGGCTGCCAAC CGGGGAGCTAGTCCCGAA
Tnfrsfla | TGTAACTGCCATGCAGGGTT GTGACATTTGCAAGCGGAGG
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