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Abstract

Multiple cellular systems exist to prevent uncontrolled inflammation in brain tissues; the 

Suppressor of cytokine signaling (SOCS) proteins have key roles in these processes. SOCS 

proteins are involved in restricting cellular signaling pathways by enhancing the degradation of 

activated receptors and removing the stimuli for continued activation. There are eight separate 

SOCS genes that code for proteins with similar structures and properties. All SOCS proteins can 

reduce signaling of activated transcription factors JAK and STAT, but they also regulate many 

other signaling pathways. SOCS-1 and SOCS-3 have particular roles in regulating inflammatory 

processes. Chronic inflammation is a key feature of the pathology present in Alzheimer’s disease 

(AD)-affected brains resulting from responses to amyloid plaques or neurofibrillary tangles, the 

pathological hallmarks of AD. The goal of this study was to examine SOCS gene expression in 

human non-demented (ND) and AD brains and in human brain-derived microglia to determine if 

AD-related pathology resulted in a deficit of these critical molecules. We demonstrated that 

SOCS-1, SOCS-2, SOCS-3 and CIS mRNA expression was increased in Aβ– and inflammatory-

stimulated microglia, while SOCS-6 mRNA expression was decreased by both types of 

treatments. Using human brain samples from temporal cortex from ND and AD cases, SOCS-1 

through SOCS-7 and CIS mRNA and SOCS-1 through SOCS-7 protein could be detected 

constitutively in ND and AD human brain samples. Although, the expression of key SOCS genes 

did not change to a large extent as a result of AD pathology, there were significantly increased 

levels of SOCS-2, SOCS-3 and CIS mRNA and increased protein levels of SOCS-4 and SOCS-7 

aCorresponding Author: Dr. Douglas G. Walker, Laboratory of Neuroinflammation, Banner Sun Health Research Institute, 10515 
West Santa Fe Drive, Sun City, Arizona, 85351. United States of America, Tel no: 623 832 5623, Fax no: 623 832 5481, 
Douglas.Walker@bannerhealth.com. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no competing interests

None of the authors have financial conflicts of interest.

HHS Public Access
Author manuscript
Neuroscience. Author manuscript; available in PMC 2016 August 27.

Published in final edited form as:
Neuroscience. 2015 August 27; 302: 121–137. doi:10.1016/j.neuroscience.2014.09.052.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in AD brains. In summary, there was no evidence of a deficit of these key inflammatory regulating 

proteins in aged or AD brains.

Keywords

inflammation; amyloid; microglia; gene expression; anti-inflammatory; cellular signaling

1

Neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), 

multiple sclerosis (MS) and rarer tauopathies, can be characterized by loss of selective 

populations of neurons in brain regions involved with cognition or motor functions. 

Inflammatory responses to neurodegeneration include increased expression of cytokines, 

complement proteins, degradative enzymes, adhesion molecules, increased production of 

reactive oxygen species along with prominent cellular activation of microglia and astrocytes 

(recent reviews (Rampa et al, 2013;Lynch, 2014;Lane et al, 2012;Sastre et al, 2011)). 

Inflammatory responses can also be an early result of neurodegenerative insults even before 

significant neuronal loss is evident, and could be contributing to the establishment and 

acceleration of neurodegenerative processes (Ferretti and Cuello, 2011).

The primary cellular mediators of inflammation in brains affected by neurodegenerative 

processes are microglia, a population of central nervous system (CNS) resident macrophages 

that become activated in response to cell death and aggregated proteins (Lue et al, 

2010;Lynch, 2014). Vascular endothelial cells, astrocytes and perivascular macrophages can 

also be involved in brain inflammatory responses (Mosher and Wyss-Coray, 2014). The 

innate immune system inflammatory response has evolved to be balanced and self-limiting 

to prevent damage and loss of viable cells and tissues. However, chronic inflammation, 

which becomes enhanced with aging and in age-related diseases, is a perpetuated form of 

inflammation with continued elevated expression of proinflammatory cytokines and related 

damaging enzymes (Mosher and Wyss-Coray, 2014). Chronic inflammation is a feature of 

most neurodegenerative and peripheral diseases (e.g. AD, heart disease, atherosclerosis, 

cancer, diabetes) (Frostegard, 2013). A feature of chronic age-related inflammation is a 

failure of endogenous anti-inflammatory systems to function effectively. As examples, the 

fractalkine and fractalkine receptor and the CD200 and CD200 receptor systems, which 

interact to downregulate microglial inflammation, become deficient with aging and in AD 

brains thus contributing to the perpetuation of chronic inflammation (Cribbs et al, 

2012;Walker et al, 2009).

Many cytokines, including interleukins (IL) and interferons (IFN), and growth factors exert 

their biological effects via the Janus kinase-signal transducer and activator of transcription 

(JAK-STAT) pathways following interactions with cell surface receptors (Carow and 

Rottenberg, 2014;Dimitriou et al, 2008;Kershaw et al, 2013). Binding to certain classes of 

receptors (e.g. IL-6 to IL6R/gp130, IFN-γ to IFNGR1/IFNGR2) leads to the activation of 

receptor-associated JAK kinases, of which there are 4 (JAK1, JAK2, JAK3 and tyrosine 

kinase 2 (TYK2)), and phosphorylation of receptor cytoplasmic domains. Phosphorylated 

receptors recruit STAT proteins, of which there are 7 (STAT1, STAT2, STAT3, STAT4, 
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STAT5a, STAT5b and STAT6). STAT proteins become activated by phosphorylation, 

translocate to the nucleus and induce gene transcription of a range of inflammatory-

associated genes (O'Shea and Murray, 2008). Suppressor of cytokine signaling (SOCS) 

proteins are the key anti-inflammatory regulators of JAK-STAT pathways with their 

expression being upregulated as a consequence of JAK-STAT activation (Kimura et al, 

2005;Kershaw et al, 2013). The SOCS family of proteins has eight members – SOCS-1, 

SOCS-2, SOCS-3, SOCS-4, SOCS-5, SOCS-6, SOCS-7 and CIS (cytokine-inducible SH2 

containing protein). The relative structures of these proteins are shown in Figure 1. These 

proteins interact with activated receptors and provide negative feedback to cytokine/growth 

factor signaling by inhibiting activated JAK or STAT interactions with receptors, and also 

by promoting the proteosomal degradation of activated receptors. The two most intensively 

studied SOCS genes from functional aspects are SOCS-1 and SOCS-3, which have key roles 

in regulating inflammatory responses. Since their initial identification, the range of factors 

that induce and are regulated by SOCS genes has greatly expanded from those involved in 

inflammatory signaling to include many growth factors (Trengove and Ward, 2013).

A series of studies showed how SOCS-1 and SOCS-3 modulated inflammatory signaling in 

microglia/monocytes and astrocytes. SOCS-1 expression induced by IFN-β in astrocytes 

negatively regulated immune cell migration by reducing expression of key chemokines (Qin 

et al, 2008). SOCS-1 induced in microglia by IFN-β led to downregulation of CD40 

expression (Qin et al, 2006). By contrast, a similar reduced CD40 inflammatory response 

was seen following lipopolysaccharide (LPS) treatment of microglia, which induced IL-10 

causing increased expression of SOCS-3 (Qin et al, 2007). However, when expressed in 

neurons, SOCS-1 and SOCS-3 had different properties. SOCS-1 inhibited IFN-γ induction 

of MHC-II protein, while SOCS-3 inhibited insulin growth factor-1 (IGF-1)-induced neurite 

outgrowth (Yadav et al, 2005;Miao et al, 2006). Overexpression of SOCS-3 in neurons 

inhibited IGF-1 mediated neuroprotection from tumor necrosis factor (TNF)-α induced cell 

death (Yadav et al, 2005). Overexpression of SOCS-3 in oligodendrocytes and neurons 

following traumatic brain injury or spinal cord injury could be detrimental as this inhibited 

protective STAT3 mechanisms (Emery et al, 2006). The significance of SOCS-1 and 

SOCS-3 to CNS disease has been shown in models of MS. Administration of the SOCS-1 

mimetic peptide tyrosine kinase inhibitor (TKIP), which inhibits JAK2 phosphorylation of 

STAT1a, protected mice from developing experimental autoimmune encephalomyelitis 

(EAE) and induced remission of those with active disease (Mujtaba et al, 2005). Conditional 

deletion of SOCS-3 from myeloid cells resulted in animals developing more severe EAE due 

to enhanced STAT-3 activation (Qin et al, 2012b). In relation to human disease, increased 

SOCS-3 expression in monocytes or T cells appears to be protective as MS patients with 

relapsing remitting form of the disease had lower levels of SOCS-3 expression than those in 

remission (Frisullo et al, 2007). A similar study showed a decrease of SOCS-1 mRNA, but 

an increase in SOCS-3 mRNA, expression in MS patients’ peripheral blood leukocytes 

(Sedeno-Monge et al, 2014). Data from cell culture and animal experiments indicated that 

SOCS expression should be transient with induction resulting from an acute increase of 

inflammation in the localized environment, followed by downregulation of inflammator 

signaling, and then degradation of the SOCS-receptor complexes in the proteasome. When 

moving our studies to human brain tissues, we had hypothesized that if SOCS expression 
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could be detected it would be selectively in an environment of ongoing inflammatory 

activation. As there is evidence that manipulating SOCS expression, particularly SOCS-1 

and SOCS-3, could be a target for drug development aimed at inflammation, we wanted to 

first address the question whether there was any alteration in SOCS expression in AD brains 

or in Aβ-stimulated human microglia that would permit chronic JAK/STAT signaling and 

therefore chronic inflammation.

2. EXPERIMENTAL PROCEDURES

2.1 Human brain tissue resources

All brain samples were from subjects who had been participants in the Arizona Study of 

Aging and Neurodegenerative Disorders and were autopsied by the Brain and Body 

Donation Program (BBDP) of the Banner Sun Health Research Institute, Sun City, Arizona. 

This longitudinal clinicopathological study has been running for 27 years with continuous 

Institutional Review Board approval. All cases were diagnosed according to National 

Institutes on Aging/Reagan criteria for AD (Newell et al, 1999) and accepted 

clinicopathological criteria for PD (McKeith et al, 2005;Gelb et al, 1999). The demographic 

data on cases used in this study are shown in Table 1. Brain tissue used was from inferior 

temporal gyrus (ITG), middle temporal gyrus (MTG) and cerebellum. For isolation of 

human microglia, samples of frontal cortex provided within 3 hours of death by the BBDP 

from consented donors were used. As part of the neuropathology diagnostic process, each 

brain was assessed for plaque and tangle load using histological procedures to measure 

severity of AD pathology (Dugger et al, 2012;Beach et al, 2012). In brief, 80 µm sections 

containing the requisite brain regions were stained using Campbell-Switzer or Gallyas 

methods to identify plaques or neurofibrillary tangles respectively. Plaque density scores 

were obtained by assigning values of none (0), sparse (1), moderate (2) and frequent (3), 

according to the published CERAD templates; a similar ranking score for neurofibrillary 

tangles using Braak and Braak criteria were used. This ranking score (0–3) for each of 5 

brain regions (entorhinal cortex, hippocampus, temporal cortex, parietal cortex and frontal 

cortex) gives a potential summary score of 0–15 for frequency of plaques and tangles in 

each brain (Beach et al, 2012).

2.2 Human autopsy brain cultures and experimental treatments

Human autopsy brain microglia were isolated from frontal cortex according to our standard 

protocols (Walker et al, 2006;Walker et al, 2009). After isolation, microglia were cultured 

for 10–14 days prior to use in experiments. The one difference from previous experiments 

was the culture of microglia in low glucose Dulbecco’s modified Eagles Medium (1 g/L) 

and not high glucose DMEM (4.5 g/L) as higher concentrations of glucose have been shown 

to affect SOCS-1 and SOCS-3 expression in vitro (Gonzalez et al, 2012;Venieratos et al, 

2010). For this study, microglia from ND cases only were used. Data were combined from 

each experiment for analyses. Microglia cultures (n=3 per treatment) were stimulated for 24 

hours with fibril/oligomer-containing Aβ(1–42) peptide (Walker et al, 2006) (CPG 

Scientific, Sunnyvale, CA) at 0.5-5 µM, cytokines interferon-gamma (IFN-γ), interleukin 

(IL)-1β, IL-4, IL-6, IL-10 and transforming growth factor (TGF)β-1 (20 ng/ml) (all 
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cytokines from R&D Systems, Minneapolis, MN) or lipopolysaccharide (LPS)(Sigma)(100 

ng/ml). Treated cells were used for preparation of RNA as described below.

2.3 RNA isolation and Quantitative Real Time Polymerase Chain Reaction

RNA was prepared from the human brain tissue samples and cultured human microglia 

using RNAeasy Plus Mini kits (Qiagen, Valencia, CA) according to the manufacturer’s 

directions. Concentrations of RNA samples were determined using a Nanodrop 1000 

spectrophotometer, and integrity using an Agilent Bioanalyzer and Nano 6000 kits (Agilent, 

Wilmington, DE). All samples used for qPCR had RIN values greater than 7.0. RNA from 

each brain sample (0.5 µg) or from cultured cell sample (0.2 µg) was reverse transcribed 

using a Quantitect reverse transcription kit (Qiagen). Prior to use in quantitative PCR 

(qPCR), each cDNA was diluted 1:1 with water. Appropriate numbers of no reverse 

transcriptase controls were prepared in parallel for each batch of samples. For qPCR, cDNA 

samples were amplified using Perfecta SYBR Green Fast Mix 2x reaction mixture (Quanta 

Biosciences, Gaithersburg, MD) and mRNA-specific primers for SOCS/CIS genes (listed in 

Table 2). All primer pair sequences were verified for absence of hairpin formations or 

primer-dimers that interfere with amplification efficiency (NetPrimer, Premier Biosoft), and 

had amplification efficiencies within the range of 95%-105%. QPCR was carried out using a 

Stratagene Mx3000p machine and expression levels quantified relative to a standard curve. 

All PCR values were normalized against values for β-actin mRNA expression as described 

previously (Walker et al, 2009). QPCR analyses followed most of the recommended criteria 

for minimal information for publication of quantitative real time PCR experiments (MIQE) 

(Bustin et al, 2009).

2.4 Western Blot Analysis

Protein extracts from temporal cortex (MTG) were analyzed using western blot 

methodology for measuring levels of proteins (Walker et al, 2013). Samples were dissolved 

at a concentration of 1 µg/µl protein in western blot sample buffer (NUPAGE LDS—Life 

Technologies, Carlsbad, CA) containing 0.1 M DTT and heated at 70 °C for 10 minutes. 

Samples were separated on 4–12% NuPAGE Bis–Tris Mini gels using MOPS-SDS running 

buffer (Life Technologies). Proteins were transferred to nitrocellulose membranes according 

to the manufacturer's suggestion (30 V for 90 minutes). Following drying, membranes were 

blocked in 5% skim milk solution dissolved in Tris-buffered saline (TBST—50 mM Tris–

HCl (pH 8.0), 250 mM NaCl, 0.05% (w/v) Tween 20), and then reacted for 18 hours in 

appropriate dilutions of antibodies in TBST containing 2% milk. The following antibodies 

were employed in this study: SOCS-1 (Zymed: ZMD385, rabbit polyclonal; 1:2000 

dilution); SOCS-2 (R&D Systems, AF4979, goat polyclonal; 0.5 µg/ml); SOCS-3 (R&D 

Systems, MAB5696, mouse monoclonal; 0.25 µg/ml); SOCS-4 (R&D Systems, MAB5628, 

mouse monoclonal; 0.1 µg/ml); SOCS-5 (R&D Systems, AF4796, goat polyclonal; 0.25 µg/

ml); SOCS-6 (R&D Systems, MAB5806, mouse monoclonal; 0.25 µg/ml); SOCS-7 (R&D 

Systems, MAB5809, mouse monoclonal; 0.5 µg/ml); phosphorylated tau (Ser 202/Thr 205)

(Pierce Antibodies, MN1020, mouse monoclonal; 0.05 µg/ml). We were not able to identify 

a satisfactory antibody for detecting CIS in human brain samples. SOCS-1 and SOCS-3 

antibody specificity were confirmed using HEK 293 cells transfected with SOCS-1 and 

SOCS-3 expressing plasmids (Genecopoeia, Gaithersburg, MD). Following washes of 
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membranes with TBST, bound antibody was detected by reaction for 2 hours with the 

appropriate horseradish peroxidase (HRP) labeled anti-immunoglobulin (Thermo-Fisher - 

1:10,000 dilution). Bound antibodies were detected by reaction of membranes with HRP 

chemiluminescent substrate (Advansta Western Bright chemiluminescent substrate, 

Advansta, Menlo Park, CA) with direct imaging using a Fluorochem Q imaging system 

(Cell Biosciences, Santa Clara, CA). Protein loading was normalized by reaction of all blots 

with an antibody to β-actin (mouse monoclonal: Sigma (St. Louis, MO) at 1:5000 dilution). 

Intensities of chemiluminescence bands were quantified using Fluorochem Q SA software 

(Cell Biosciences). To ensure reproducible measurements across multiple blots, each set of 

gels included a repeated series of samples that were used to verify consistency between 

blots.

2.5 Statistical Analysis

Statistical analyses, except multiple linear regression analyses, were performed using 

Graphpad Prism version 6 (Graphpad software, La Jolla, CA: www.graphpad.com). Non-

parametric measures were analyzed using the Kruskall-Wallis test with Dunn’s test for 

comparison between groups, while parametric measures were analyzed by One Way 

Analysis of Variance (ANOVA) with the Fisher LSD test for post-hoc comparison between 

groups. Correlation analysis between SOCS measures and non-parametric ranking measures 

(plaques scores or tangle scores) employed the Spearman non-parametric correlation test. To 

determine the potential interaction of different factors (disease, plaque numbers, tangle 

numbers, post mortem interval), multiple linear regression analyses were carried out 

(SigmaPlot, Systat Software, San Jose, CA.). For statistical tests, significance levels were set 

at P< 0.05.

3. RESULTS

3.1 SOCS mRNA expression by human microglia

In a previous study that had employed gene expression profiling of amyloid beta (Aβ) 

peptide stimulated human microglia, we had observed a consistent increase in mRNA 

expression of SOCS-3 (Walker et al, 2006). Since there have been no studies of SOCS/CIS 

in human brains or brain-derived microglia, a survey of these genes in relation to expression 

in stimulated human brain-derived microglia was initiated.

We extended our earlier studies by measuring SOCS-1 to SOCS-7 and CIS mRNA 

expression in a series of human microglia samples stimulated with different doses of 

aggregated Aβ(1–42). The primers are listed in Table 2. Each set of primers was specific for 

the indicated SOCS gene, and would detect all transcript variants of the particular SOCS 

gene.

The method used to aggregate Aβ produces a mixture of Aβ oligomers and fibrils, which 

will represent species of Aβ found in AD-affected brains (Masters and Selkoe, 2012). We 

designed the in vitro Aβ stimulation experiments to model chronic inflammation by using a 

24 hour-treatment paradigm. As it had also been shown that induction of SOCS-1, SOCS-2, 

SOCS-3 and CIS mRNA in LPS-treated human monocyte-derived dendritic cells appeared 
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to be protracted with significant elevations of expression still detectable after 24 hours, this 

one time point was used for all in vitro treatments (Posselt et al, 2011). As the number of 

microglia available from each human case is limited, use of multiple time points or 

experimental doses is not possible.

Induction of SOCS-1, SOCS-2, SOCS-3 and CIS mRNA expression by Aβ stimulation of 

human microglia was evident, but not for SOCS-4 – SOCS-7 (Fig. 2). SOCS-1 – 3 and CIS 

have significant roles in modulating inflammation, while SOCS-4–7 have been less 

characterized. SOCS-1 mRNA expression was induced by 4.3-fold, SOCS-2 mRNA by 4.3-

fold, SOCS-3 mRNA by 11.1-fold and CIS mRNA by 6.6-fold. Downregulation of SOCS-6 

mRNA expression was a unique feature of these studies. Comparing the effects of Aβ with 

other inflammatory cytokines and regulators (Fig. 3), the maximal responses for SOCS-1, 

SOCS-2, SOCS-3 and CIS mRNA were to different cytokines. SOCS-1 mRNA expression 

was strongly induced by IFN-γ, while SOCS-2 mRNA was most strongly stimulated by LPS 

and IL-1β, but not by IFN-γ or IL-6. By comparison, stimulation of expression of SOCS-3 

mRNA occurred in response to IL-6, LPS, and IFN-γ, while CIS mRNA was stimulated 

most strongly by IL-4. Consistent with the downregulation of SOCS-6 mRNA expression by 

Aβ stimulation, this feature was also observed with a range of cytokines. It is noticeable that 

the anti-inflammatory cytokines IL-4, IL-10 and TGF-β1 caused downregulation of SOCS-6 

mRNA expression similar to a range of proinflammatory agents. All data were obtained 

from the same group of microglia cases with the exception of treatments with IL-10 and 

TGFβl where the analyses were carried out with additional cases. It can be seen that 

expression of SOCS-4, SOCS-5 and SOCS-7 mRNA expression was not significantly 

affected by Aβ or the tested cytokines, with only LPS having a small but significant effect 

on SOCS-5 mRNA expression (P<0.05).

The qPCR analysis method used produces relative values for each gene with the samples 

tested. Although there were significant changes in expression with many of the treatments, a 

noticeable feature was abundant expression of SOCS/CIS mRNA in unstimulated microglia.

3.2 SOCS mRNA expression in human brains

As we had shown that human brain-derived microglia responded strongly to treatment with 

aggregated Aβ(1–42), which would be present in vulnerable areas of AD brains, with altered 

expression of SOCS-1, SOCS-2, SOCS-3, CIS and SOCS-6 mRNA, we continued our 

survey by measuring expression of all these genes in cDNA samples derived from inferior 

temporal gyrus (ITG) of ND, mild cognitively impaired (MCI) and AD cases (Table 1). The 

goal was to determine if there was evidence of similar altered patterns of gene expression in 

human brains with significant amounts of AD pathology. These samples were derived from 

elderly donors that were separated into these three groups based on degree of cognitive 

decline. The relative levels of neuropathology and cognitive levels (MMSE) in each group 

are shown in Table 1. MCI can be considered an intermediate stage between ND and AD in 

terms of cognitive decline and degree of pathology. The results of analyses for ITG were 

compared to cerebellum, a brain region that does not develop significant AD pathology.

Significantly increased expression of SOCS-2 (*P< 0.05), SOCS-3 (**P<0.01) and CIS 

(*P<0.05) was detected in the AD cases compared to the MCI or ND cases, but for the other 

Walker et al. Page 7

Neuroscience. Author manuscript; available in PMC 2016 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SOCS genes, there were no significant differences between the groups (Fig. 4). Multiple 

linear regression analysis showed that only SOCS-3 mRNA expression was significantly 

affected by PMI (*P=0.03). If expression levels of SOCS-3 mRNA were controlled for PMI, 

a disease difference was still achieved (*P<0.05). There were no differences in expression 

levels in cerebellum between the ND and AD groups for any SOCS genes (Fig. 5).

Correlation analyses were carried out between levels of SOCS mRNAs and plaque and 

tangle scores to determine if there were interactions between these factors (Fig. 6). There 

were significant correlations between SOCS-2 mRNA levels and plaque scores (Fig. 6C) 

(Spearman r=0.4218, P=0.013) and tangle scores (Fig. 6D) (Spearman r=0.3931, P=0.024); 

between SOCS-3 mRNA levels and plaque scores (Fig. 6E) (Spearman r=0.382, P=0.028) 

and tangle scores (Fig. 6F) (Spearman r=0.38, P=0.032); and between CIS mRNA levels and 

plaque scores (Fig. 6G) (Spearman r=0.349, P=0.039), but not tangle scores (Spearman 

r=0.09, P=0.605)(Fig. 6H). There were no correlations between these measures for SOCS-1 

(Fig. 6A or 6B) or for SOCS-4, SOCS-5, SOCS-6 or SOCS-7 (not shown).

3.3 SOCS protein expression in human brains

To further the characterization of SOCS expression in human brains, we used a series of 

brain samples derived from middle temporal gyrus (MTG), another region that shows 

vulnerability to AD pathology, to measure changes in protein levels with disease (Table 1). 

These cases had been selected to provide samples with a progressive change in amounts of 

plaque pathology. One ND group had low plaque scores (<5) (ND-LP), the other ND group 

had high plaque scores (>5) (ND-HP), but no diagnosis of AD (Table 1). All of the ND-HP 

cases were classified as cognitively normal, except one with a diagnosis of MCI. The ND-

LP and ND-HP groups had similar tangle scores (Table 1).

Western blots were carried out with this series of samples to measure levels of each SOCS 

proteins. The specificity of different antibodies to SOCS-1 and SOCS-3 were further tested 

and verified using cell lysates from SOCS-1 or SOCS-3 overexpressing cells (Fig. 7A). In 

brain samples, each of the SOCS antibodies identified a band of the expected molecular 

weight for the particular SOCS protein (Fig. 7B). SOCS-5 and SOCS-7 antibodies identified 

two closely migrating bands; both bands were quantified. As SOCS proteins tend to be 

short-lived proteins, and can interact with ubiquitin complexes and various receptors, we 

considered these bands to represent the functional brain-forms of these proteins. The 

presence of higher molecular weight forms of SOCS-1, SOCS-2 and SOCS-3 were also 

consistently identified in brain samples and transfected cells and could also represent 

complexes of SOCS with other proteins. These upper bands were not included in the 

measurements as they represented minor species. To confirm the differences between the 

ND-LP, ND-HP groups and AD group in relation to pathology, western blots were reacted 

with the antibody AT8 that recognizes tau phosphorylated at serine 202 and threonine 205 

and specifically identifies tangles. Phosphorylated tau was only detectable in the AD 

samples (Fig. 7B).

Western blot quantifications of SOCS protein levels in these MTG samples, divided into 

ND-LP, ND-HP and AD groups, are shown (Fig. 8). Although there were differences in 

mRNA levels for SOCS-2 and SOCS-3 in AD cases compared to ND cases, this was not 
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reflected in differences in their protein levels. By comparison, significantly increased protein 

levels were detected for SOCS-4 (one way ANOVA; *P<0.05) between ND-HP and AD 

group, and for SOCS-7 (one way ANOVA; **P<0.01) between both the ND-LP and ND-HP 

and AD group. Analyses showed that the differences in any SOCS protein levels between 

the ND-LP group compared to the ND-HP group did not reach statistical significance.

4. DISCUSSION

This is the first report to profile SOCS genes in human aged and AD brains and their 

regulation in human microglia. SOCS proteins as key regulators of receptor-mediated-

inflammation and insulin signaling could have pivotal roles in controlling these processes in 

human brains affected by neurodegenerative diseases (Jorgensen et al, 2013;Wada et al, 

2011). There is significant evidence that increased inflammation is involved in AD 

pathogenic processes (Ferreira et al, 2014;Kamal et al, 2014). Identifying the features of 

SOCS protein expression in human brains would be the first stage in determining whether 

they represent potential therapeutic targets for preventing neuroinflammation in AD. This 

had been speculated based on the many regulatory properties of SOCS-1 and SOCS-3 

(Baker et al, 2009;Wang and Campbell, 2002), but overall there have been limited numbers 

of studies on the neurobiology of these molecules, particularly in human brains.

The goal of this study was not only to investigate expression of SOCS family of genes in 

human brains in relation to AD, but also in microglia as the primary inflammatory-

associated cells in the brain. The major findings of this study are that all SOCS mRNA and 

proteins are readily detectable in human brain samples, even in the ND samples, and there is 

increased expression of key SOCS genes in brains affected by AD. The constitutive 

expression of SOCS mRNA and protein suggest that factors leading to their induction and 

persistence are ubiquitous as part of normal cellular functions not just during inflammation. 

SOCS-1, SOCS-2, SOCS-3 and CIS mRNA expression was upregulated in microglia treated 

with Aβ; changes in expression of SOCS-2, SOCS-3 and CIS mRNA expression was also 

detected in AD brains where increased levels of Aβ and inflammation are features.

Considering the in vitro data from human microglia; while increased expression of SOCS-1, 

SOCS-2, SOCS-3 and CIS mRNA in microglia showed dose responses to Aβ.the patterns of 

responses to cytokines for these genes indicated different features of regulation. SOCS-1 

mRNA induction was greatest in response to IFN-γ, SOCS-2 mRNA to LPS, CIS mRNA 

induction to IL-4, and SOCS-3 mRNA was greatest to IL-6 but also affected by IFN-γ and 

LPS. The differential patterns of responses to cytokines could be related to their effects on 

different isoforms of JAK or STAT. SOCS-1 has been found to respond preferentially to and 

regulate STAT1, while SOCS-3 tends to preferentially respond to and regulate STAT3. The 

functions of SOCS-2 and CIS share many features and been shown to respond preferentially 

to STAT5 activation, however the induction of CIS by IL-4 would suggest that this was 

primarily due to STAT6 activation in microglia (Trengove and Ward, 2013). A prominent 

induction of CIS by IL-4 was also observed as part of the generation of T helper cells (Yang 

et al, 2013). CIS was also shown to be induced in macrophages from humans and mice 

treated with IL-4 (Martinez et al, 2013). The presence of classical activated (M1) and 

alternatively activated (M2a, M2b, M2c) microglia are a feature in the AD brain and 
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controlling the polarization of microglia towards the reparative anti-inflammatory phenotype 

is now believed central to reducing neuroinflammation (Colton and Wilcock, 2010;Colton et 

al, 2006;Wilcock, 2014). CIS may prove to be a useful biomarker for following this process 

as SOCS proteins have key roles in this process (Qin et al, 2012a;Whyte et al, 2011).

In addition to being induced by activated JAK/STAT pathways, SOCS-3 can be induced by 

TNFα through the MKK6/MAPK cascade (Ehlting et al, 2007), and by LPS via the MAPK-

ERK1/2 and JNK pathways downstream of toll-like receptor (TLR)-4 activation (Gorina et 

al, 2011). This latter pathway could be the mechanism for Aβ induction of SOCS-1, 

SOCS-2, SOCS-3 and CIS mRNA in human microglia. Certain aggregated forms of Aβ can 

directly interact with microglial TLR-4 resulting in its activation (Reed-Geaghan et al, 

2009;Walter et al, 2007). It was observed that a number of different TLR ligands could 

activate expression of SOCS-1 and SOCS-3 in murine macrophage, resulting in the 

downregulation of TLR signaling due to inhibition of type 1 interferon signaling not NFκB 

activation (Baetz et al, 2004). As this study indicated that TLR ligands can also directly 

activate STAT1, it needs to be determined if Aβ stimulation of microglia results directly in 

STAT activation, or whether SOCS gene expression induction is by an alternative pathway.

The pronounced downregulation of SOCS-6 mRNA with Aβ and cytokine treatments was 

unique compared to other SOCS genes studied, and suggests a constitutive regulatory 

function that is being disrupted by inflammatory processes (Trengove and Ward, 2013;Li et 

al, 2004). There appear to be no studies on the role of SOCS-6 in innate immune responses 

so further experimentation will be required to define how reduction in SOCS-6 affects the 

nature of microglia inflammatory responses. SOCS-6 appears to have a number of unique 

regulator functions including regulation of T-cell signaling by binding to p56lck (Choi et al, 

2010), promoting neurite outgrowth (Gupta et al, 2011) and regulating phosphoinositide 3-

kinase (PI3K) (Li et al, 2004). These responses of microglia might be cell-type specific as 

we have observed that SOCS-6 mRNA expression in human astrocytes, neurons and brain 

vascular endothelial cells was not downregulated by inflammatory stimulation (unpublished 

observations). Rodent astrocytes have also been shown to express all SOCS genes 

constitutively; SOCS-6 mRNA expression did not change with inflammatory stimulation in 

this cell type (Hwang et al, 2007).

In human AD ITG samples, there were significantly increased levels of SOCS-2, SOCS-3 

and CIS mRNA compared to ND and/or MCI samples, but not for the other SOCS genes, 

while there were no significant changes in SOCS mRNA levels in cerebellum samples. AD 

pathology, including microglial activation and inflammation, is not a significant feature in 

cerebellum, while most features of AD pathology are found in temporal cortex. The 

induction of these particular genes in AD brains, where there is a large increase in amounts 

of Aβ as the major constituent of amyloid plaques, is consistent these genes being induced 

by Aβ in human microglia, however other brain cell types that respond to Aβ can also 

express SOCS/CIS genes. The expression changes of SOCS-2, SOCS-3 and CIS mRNA in 

AD brains correlated with increasing amounts of pathology. We showed that expression 

levels for SOCS-2 and SOCS-3 mRNA significantly correlated with histological plaque and 

tangle scores suggesting that both pathologies were inducing SOCS expression, while CIS 

mRNA levels only correlated with plaque scores. This last piece of data would support the 
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induction of CIS mRNA in AD brain being a response to Aβ or Aβ–induced inflammatory 

responses. Correlations between all of these features were not strong, which would suggest 

that other factors are involved in maintaining or inducing SOCS/CIS expression. The lack of 

change of SOCS-1 mRNA likely represents differences in the cytokine environment in the 

human brain, particular the lack of IFN-γ. SOCS-1, SOCS-2, SOCS-3 and CIS have been 

shown to be more significantly involved in inflammation regulation compared to other 

SOCS genes whose primary functions involve growth factor regulation, however this 

discrimination is not as clear now as it used to be as the range of SOCS regulating receptors 

and pathways keeps expanding (Trengove and Ward, 2013;Dalpke et al, 2008;Labuzek et al, 

2012). The downregulation of SOCS-6 mRNA expression observed in activated microglia 

was not replicated in the human brain studies suggesting other factors were also regulating 

SOCS-6 expression (Li et al, 2004).

A significant finding was that changes in SOCS mRNA levels did not correspond to changes 

in SOCS protein levels in AD brains. There were increased levels of SOCS-4 and SOCS-7 

protein, not SOCS-2 and SOCS-3. The differences in SOCS mRNA and protein levels might 

be due to different regions of temporal cortex being used for the mRNA and protein studies. 

This seems unlikely as it is known that the inferior and middle temporal gyri generally show 

the same degree of vulnerability to AD (Galton et al, 2001), and the neuropathology of the 

cases in both groups was very similar. However, based on the transient nature of SOCS 

proteins, it seems likely that newly synthesized SOCS proteins, particularly SOCS-3, are 

rapidly utilized and metabolized. The largest increase in SOCS mRNA in AD brains 

compared to ND was for SOCS-3, while the steady state protein levels were not different. 

There appear to be multiple factors promoting rapid turnover of SOCS proteins. Firstly, they 

will be metabolized after interacting with activated receptors and being targeted for 

proteosomal degradation, and secondly these proteins appear to have short half-lifes. As the 

half-life of SOCS-3 protein in macrophages induced by LPS and IFN-γ was only 0.7 hours 

(Fletcher et al, 2010), this short half-life might be common for all SOCS proteins. SOCS-1, 

SOCS-2, SOCS-3 and CIS proteins contain proline, glutamine, serine and threonine (PEST) 

motifs rendering them susceptible to proteolysis by calpain proteases (Babon et al, 2006). In 

addition, several recent studies have identified certain micro RNAs (miRs) that have 

complex roles in regulating the stability of SOCS mRNA and levels of SOCS proteins under 

inflammatory conditions (Amodio et al, 2013;Cardoso et al, 2012;Collins et al, 

2013;Noguchi et al, 2013) . For example, inflammatory induction resulted in increased 

levels of miR-155 leading to reduced levels of SOCS-1 mRNA and protein. Restoring 

SOCS-1 protein by inhibiting miR-155 transcription reduced certain inflammatory markers 

(Cardoso et al, 2012). Increased miR-155 in the triple transgenic model of AD correlated 

with enhanced neuroinflammation and neuropathology and reduced levels of SOCS-1 

(Guedes et al, 2014). Additional studies have shown SOCS-6 expression can be regulated by 

miRNA-424-5p and miRNA-431 in different cell types (Tanaka et al, 2014;Wu et al, 2013). 

Recent findings on the myeloid protein CD33 affecting the risk of developing AD have also 

pointed to a possible role for SOCS-3 in this process, and also indicate how new synthesized 

SOCS-3 induced under inflammatory conditions could be rapidly metabolized. It had been 

shown recently that a single nucleotide polymorphism for CD33 (rs3865444) was associated 

with reduced risk of AD, and expression levels of CD33 by microglia and monocytes affect 
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their efficiency of amyloid uptake (Malik et al, 2013;Griciuc et al, 2013). It had been 

demonstrated in peripheral monocytes that SOCS-3 has a central role in removing activated 

CD33. SOCS-3 binds with the activated immunoreceptor tyrosine-inhibitor motif (ITIM) of 

CD33 resulting in its endocytosis and targeting this complex for proteosomal degradation 

(Orr et al, 2007;Gonzalez et al, 2012). Monocytes from diabetic patients or monocytes 

cultured under high glucose conditions had increased SOCS-3 expression and reduced levels 

of CD33. Reduced CD33 under some circumstances can result in enhanced levels of 

proinflammatory cytokines (Gonzalez et al, 2012), however in the context of AD, reduced 

microglia CD33 was associated with enhanced phagocytosis of Aβ (Griciuc et al, 2013). 

Although CD33 is just one of many receptors regulated by SOCS-3, this mechanism would 

enhance degradation of SOCS-3 and suggest an additional reason why increased expression 

of SOCS-3 mRNA in AD brains does not correspond with increased SOCS-3 protein. 

Further studies are ongoing to determine if SOCS-3 and CD33 interactions can be 

demonstrated in human brain AD samples.

At present, SOCS-4 has not been extensively studied and its function in brain is unclear, so 

the significance of increased protein levels in AD requires further studies. SOCS-4 mRNA 

expression was increased in hippocampus of rats after focal cerebral ischemia and 

reperfusion (Sun et al, 2007). SOCS-4 can be induced by epidermal growth factor (EGF) 

and regulates EGF receptor (EGFR) by competitively binding to phosphotyrosine sites with 

STAT3 (Bullock et al, 2007). Induction of EGFR expression in the vasculature and in 

neurons of AD brains has been observed (Styren et al, 1990;Ferrer et al, 1996). In addition, 

biomarker studies have shown increased levels of EGF in plasma of AD cases (Bjorkqvist et 

al, 2012;Marksteiner et al, 2011). As for SOCS-7, the function of this protein in brain also 

requires further studies. SOCS-7 can regulate growth hormone, leptin, insulin and EGFR by 

interaction with activated STAT3 and STAT5, but its regulation of inflammatory receptors 

is not known (Martens et al, 2005).

Considering the neurobiology of SOCS, a study employing gene expression profiling of 

young, elderly ND and AD brains showed that SOCS-3 mRNA expression in hippocampus 

increased significantly between the young and elderly ND cases, but not between the elderly 

ND and AD cases (Cribbs et al, 2012). An in situ hybridization study of SOCS-1, SOCS-2 

and SOCS-3 mRNA in developing and adult mouse brains demonstrated predominant 

localization in neurons, particularly for SOCS-2 (Polizzotto et al, 2000). Increased neuronal 

and glial expression of SOCS-2 and SOCS-3 was detected in rats induced to have seizures; 

similarly increased astrocyte and neuronal expression of SOCS-2 occurred following 

transient forebrain ischemia (Rosell et al, 2003;Choi et al, 2009). A study using transgenic 

mice that overexpressed IL-12 on the astrocyte-specific glial fibrillary acidic protein 

promoter hadsignificant induction and overexpression of SOCS-1 and SOCS-3. By 

comparison, SOCS-2 and SOCS-5 mRNA were constitutively expressed even in non-

transgenic mice brains and their expression did not alter in the presence of excess IL-12 

(Maier et al, 2002). The same types of analyses were carried out using non-transgenic mice 

treated to develop EAE. Maximal induction of SOCS-1 and SOCS-3 mRNA was detected at 

14 days in cortex, cerebellum and spinal cord with the largest induction occurring in the 

cerebellum. There was no change in expression of SOCS-2 or SOCS-5 mRNA in these 
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samples. In these models, it appeared that SOCS-1 and SOCS-3 expression was primarily 

induced in microglia or macrophages under acute inflammatory conditions (Maier et al, 

2002).

The therapeutic potential of manipulating SOCS expression has been implied from studies 

of diseases with inflammatory components. In one recent study using the MPTP model of 

PD in mice, a neuroprotective effect of resveratrol was associated with anti-inflammatory 

consequences of SOCS-1 induction (Lofrumento et al, 2014). Statins also have SOCS 

modulating properties. Treatment of murine macrophages with lovastatin and fluvastatin 

specifically induced protein levels of SOCS-3, but not SOCS-1, SOCS-2, SOCS-5 or 

SOCS-6 and attenuated STAT1, STAT3 and STAT5 activation (Huang et al, 2003). 

Treatment of MS patients with relapsing remitting multiple sclerosis with simvastatin 

resulted in reduction in cytokines IL-1β, IL-23, TGF-β, IL-21, IL-12p70 and induction of 

IL-27 secretion from dendritic cells; these measures correlated with increased levels of 

SOCS-1, SOCS-3 and SOCS-7 (Zhang et al, 2013). Initial findings of anti-inflammatory 

effects of SOCS-1 and SOCS-3 had suggested that these could represent therapeutic anti-

inflammatory targets, however with the accumulation of studies showing SOCS expression 

by most cell types and control of many cellular signaling processes, it seems unlikely that 

targeted manipulation of SOCS could be feasible (Dimitriou et al, 2008).

In summary, this study showed an association of increased SOCS expression with features 

of AD pathology and inflammation, and now further mechanistic focused studies are 

required. The central features of SOCS regulation of activated receptors are illustrated in 

Figure 9. The scheme focuses on SOCS-1 and SOCS-3 responses to inflammatory receptor 

activation, but the feature of targeting activated receptors for proteosomal degradation is 

shared with all SOCS genes. With the expanding list of SOCS-inducing and -regulating 

factors and pathway affected, there are many additional features of SOCS expression in 

human brain that have to be considered, including expressing and responding cell types. 

Maintaining normal cellular functions in human brains and also preventing damaging 

signaling from pathology induced inflammation are ongoing but separate processes with 

SOCS proteins being continuously involved in many of these processes. From this study, 

many additional questions on the role of SOCS in normal and diseased human brains have 

been raised. The findings on microglia are compelling, but further studies of effects of 

manipulating levels of all SOCS genes in relevant complex human neural cell models and 

also multiple brain regions are first needed. Studies on the involvement of SOCS in cells 

vulnerable to inflammatory or neurodegenerative pathology, namely neurons, endothelial 

cells and oligodendrocytes, not just cells that mediate inflammation, will be informative to 

develop models for determining the interaction of all features of AD pathology with these 

molecules.

5. CONCLUSIONS

This study has provided a detailed survey of expression of SOCS genes in human microglia 

and human brains. Although there are many similarities in the regulatory properties of these 

proteins, each one has distinct patterns of expression and regulation. We have demonstrated 

that Aβ peptide, inflammatory cytokines and AD pathology affects expression of key 
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members of this group of protein. As these proteins affect many aspects of cellular signaling 

beyond inflammation, including insulin signaling and growth factors, which have been 

linked to AD pathology, further studies must involve more complex cell models that include 

other brain cell types.
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Abbreviations

AD Alzheimer’s disease

Aβ amyloid beta peptide

CIS cytokine-inducible SH2 containing protein

CNS central nervous system

EAE experimental autoimmune encephalomyelitis

ERK extracellular signal regulated kinase

IFN interferon

ITG inferior temporal gyrus

IGF-1 insulin growth factor-1

IL interleukin

JAK Janus kinase

LPS lipopolysaccharide

JNK Jun N-terminal kinase

MAPK mitogen-activated protein kinases

MS multiple sclerosis

MTG middle temporal gyrus

PD Parkinson’s disease

PMI postmortem interval

qPCR quantitative polymerase chain reaction

SOCS suppressor of cytokine signaling

STAT signal transducer and activator of transcription
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TGF transforming growth factor

TLR toll-like receptor
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Highlights

• We identified SOCS-1 through SOCS-7 and CIS mRNA expression in human 

brains

• We identified SOCS-1 through SOCS-7 protein expression in human brains

• We showed increased expression of SOCS-2, SOCS-3 and CIS mRNA in AD 

brains

• SOCS-2, SOCS-3 and CIS mRNA levels in brains correlated with plaque 

pathology

• Amyloid beta increased SOCS-1, SOCS-2, SOCS-3 and CIS mRNA in human 

microglia
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Fig. 1. Diagram showing relative sizes and structures of SOCS family of proteins

Walker et al. Page 22

Neuroscience. Author manuscript; available in PMC 2016 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Relative effects of amyloid beta (Aβ) peptide stimulation of human microglia on 
expression of mRNA for SOCS genes
Bar charts show mean ± standard error of mean (SEM) of mRNA levels for SOCS-1, 

SOCS-2, SOCS-3, SOCS-4, SOCS-5, SOCS-6, SOCS-7 and CIS following 24 hour-

treatment of human microglia (n=4 cases) with indicated doses of aggregated Aβ (1–42). 

Significant differences between treatment and control cultures indicated. Statistical analysis 

one-way Analysis of Variance (ANOVA) followed by Dunnett’s post hoc test for between 

group significance.
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Fig. 3. Relative effects of cytokine stimulation of human microglia on expression of mRNA for 
SOCS genes
Bar charts show mean ± standard error of mean (SEM) for SOCS-1, SOCS-2, SOCS-3, 

SOCS-4, SOCS-5, SOCS-6, SOCS-7 and CIS mRNA following treatment of human 

microglia (n=4 cases) with indicated cytokines and inflammatory agents. All cytokines were 

used at 20 ng/ml doses, while lipopolysaccharide (LPS) was used at 100 ng/ml. Significant 

differences between treatment and control cultures indicated. Statistical analysis one-way 

Analysis of Variance (ANOVA) followed by Dunnett’s post hoc test for between group 

significance.

Abbreviations: IFN: Interferon-γ. LPS: lipopolysaccharide. IL: interleukin. TGF: 

transforming growth factor β-1.
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Fig. 4. Expression of SOCS genes in inferior temporal gyrus samples from non-demented (ND), 
mild cognitive impaired (MCI) and Alzheimer’s disease (AD) cases
Scatter plots show mRNA levels for SOCS-1, SOCS-2, SOCS-3, SOCS-4, SOCS-5, 

SOCS-6, SOCS-7 and CIS in indicated human brain samples. ND (n=11); MCI (n=13); AD 

(n=12). Lines represent mean values ± SEM. Significant differences between groups 

indicated for SOCS-2 and SOCS3. Statistical analysis one-way Analysis of Variance 

(ANOVA) followed by Fisher LSD post hoc test for between group significance.
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Fig. 5. Expression of SOCS genes in cerebellum samples from non-demented (ND), Parkinson’s 
disease (PD) and Alzheimer’s disease (AD) cases
Scatter plots show mRNA levels for SOCS-1, SOCS-2, SOCS-3, SOCS-4, SOCS-5, 

SOCS-6, SOCS-7 and CIS in indicated human brain samples. ND (n=11); MCI (n=12); AD 

(n=12). Lines represent mean values + SEM. Significant differences between groups 

indicated for SOCS-2 and SOCS3. Statistical analysis one-way Analysis of Variance 

(ANOVA) followed by Fisher LSD post hoc test for between group significance.
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Fig. 6. Correlation analysis of SOCS-1, SOCS-2, SOCS-3 and CIS mRNA levels with histological 
plaque and tangle scores
Scatter plots showing SOCS mRNA levels plotted against histological plaque scores (A, C, 

F, G) or histological tangle scores (B, D, F, H) with linear regression lines displayed for 

each chart. Statistical analysis Spearman r non-parametric correlation coefficient with 

indicated P values showing significance. Significance correlations between SOCS-2 mRNA 

and plaque (Spearman r =0.4218, P=0.013) and tangle scores (Spearman r=0.3931, 

P=0.024) , between SOCS-3 mRNA and plaque (Spearman r =0.382, P=0.028) and tangle 

scores (Spearman r=0.38, P=0.032) and between CIS mRNA and plaque (Spearman r 
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=0.349, P=0.04) but not tangle scores (Spearman r=0.09, P=0.605). Lack of correlation 

between SOCS-1 mRNA and plaque and tangle scores (A and B) and also for SOCS-4, 

SOCS-5, SOCS-6, SOCS-7 (not shown).
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Fig. 7. 
A: Validation of antibodies to SOCS-1 and SOCS-3 using HEK293 cells transfected with 

SOCS-1 or SOCS-3 plasmids.

Panel shows specificity of a range of antibodies to SOCS-1 or SOCS-3. . Antibodies shown 

(left to right) are SOCS-1 (Zymed; rabbit polyclonal dilution 0.5 µg/ml); SOCS-1 (Abcam 

cat no AB83493; rabbit polyclonal dilution 1:2000); SOCS-3 (R&D; mouse monoclonal 

dilution 0.2 µg/ml); SOCS-3 (Abcam AB53984, rabbit polyclonal dilution 1:1000) and 

SOCS-3 (Anaspec rabbit polyclonal dilution 0.5 µg/ml). All gels. Lane 1: HEK-293 cells 
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transfected with SOCS-1 plasmid (1 µg): Lane 2: HEK-293 cells transfected with SOCS-1 

plasmid (0.5 µg): Lane 3: HEK-293 cells transfected with SOCS-3 plasmid (1 µg): Lane 4: 

HEK-293 cells transfected with SOCS-3 plasmid (1 µg):

B: Representative western blot results for detection of SOCS family of proteins in human 

middle temporal gyrus samples.

Figure shows relative molecular weights of indicated SOCS proteins, phosphorylated tau 

and β-actin for a subset of brain samples analyzed. The positions of adjacent marker proteins 

are indicated on each panel. The presence of additional bands is shown for SOCS-1, 

SOCS-2 and SOCS-3 and SOCS-7. These bands were a consistent feature and could 

represent ubiquitin modified SOCS proteins conjugated with other target proteins. The 

major bands for each protein are of the expected molecular weight. Antibodies used were as 

follows: SOCS-1 (Zymed; rabbit polyclonal) ; SOCS-1 (Zymed; rabbit polyclonal) SOCS-1 

(Zymed; rabbit polyclonal) SOCS-1 (Zymed; rabbit polyclonal) SOCS-1 (Zymed; rabbit 

polyclonal) SOCS-1 (Zymed; rabbit polyclonal) SOCS-1 (Zymed; rabbit polyclonal) 

SOCS-1 (Zymed; rabbit polyclonal) SOCS-1 (Zymed; rabbit polyclonal)

Abbreviations: ND: non-demented. AD: Alzheimer’s disease. HP: high plaque case (scores 

>5). LP: low plaque case (scores<5).
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Fig. 8. Relative levels of SOCS proteins in middle temporal gyrus samples from non-demented 
(ND) and Alzheimer’s disease (AD) cases
Scatter plots show protein levels for SOCS-1, SOCS-2, SOCS-3, SOCS-4, SOCS-5, SOCS-6 

and SOCS-7 in indicated human brain samples. ND-LP (n=12); ND-HP (n=12); AD (n=12). 

Lines represent mean values ± SEM. ND cases contained 12 LP cases and 12 HP cases. 

Significant differences between groups indicated for SOCS-4 and SOCS-7. Statistical 

analysis was one-way Analysis of Variance (ANOVA) followed by Fisher LSD post-hoc 

test for between group significance.

Abbreviations: ND-LP: non-demented low plaque (scores <5): ND-HP: non-demented high 

plaque (scores >5). AD: Alzheimer’s disease.
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Fig. 9. Diagram illustrating the key features of SOCS induction, function and processing
The diagram is based on properties of cytokine stimulation and function of SOCS-1 and 

SOCS-3 but also illustrates the common features of SOCS protein properties, namely the 

targeting and degradation of receptor and associated adaptor molecules in the proteasome.
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Table 2

SOCS PCR primer sequences

Gene Primer Sequences Amplicon/bp Ref Seq

SOCS-1 AS: GGATGCCGTGTTATTTTGTT 242 bp NM_00345.1

S TAGGAGGTGCGAGTTCAGGT

SOCS-2 AS: GCAAGGATAAGCGGACAG 107 bp NM_003877.4

S: TAATGGTGAGCCTACAGAGAT

SOCS-3 AS: CCTCGCCACCTACTGAACC 174 bp NM_003955.4

S: TCCGACAGAGATGCTGAAGA

SOCS-4 AS: CGGTTATGTGTGGAGTGGAA 273 bp NM_199421.1

S: TTAGACGGAAGCCCTGAAGA

SOCS-5 AS: GAGGGAGGAAGCCGTAGTG 104 bp NM_014011.3

S: CTTTGTTGCTGAGGAGTTGAG

SOCS-6 AS: TCTCACCATTGCTACCTCCA 299 bp NM_004232.3

S: CCCGAACAAGAAAAGAACCA

SOCS-7 AS: CTCTCCACACCCTCCAACTC 219 bp NM_014598.3

S: CCAACCACACTTCTCCAACTC

CIS AS: CCAGCCCAGACAGAGAGTG 106 bp NM_013324.5

S: AACCCCAATACCAGCCAG
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