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Résumé  

La résistance à l'insuline associée à l’obésité est une condition qui favorise les 

troubles métaboliques tels que le diabète de type 2 (T2D) et la stéatose hépatique 

non alcoolique (NAFLD). Des altérations de l'homéostasie des lipides et du glucose, 

ainsi qu'une inflammation chronique de bas grade sont les caractéristiques du T2D 

et de la NAFLD. SHP-1 (codé par le gène PTPN6) est une tyrosine phosphatase 

avec deux domaines SH2 et est connu pour agir comme modulateur du métabolisme 

du glucose et des lipides. SHP-1 régule également la signalisation des cytokines et 

l'expression des gènes inflammatoires. En plus d'être localisé dans le cytoplasme, 

SHP-1 se trouve également dans le noyau des cellules épithéliales. La fonction de 

ce SHP-1 nucléaire reste inconnue. Ici, nous avons étudié les fonctions dépendantes 

et indépendantes de la tyrosine phosphatase de SHP-1 dans le contrôle des voies 

métaboliques.  

 

Des découvertes antérieures de notre laboratoire ont établi un lien entre SHP-1 et 

l’activité du récepteur activé par les proliférateurs de peroxysomes 2  (PPAR2). 

PPAR2 est un facteur de transcription activé par des ligands et contrôle le 

métabolisme des lipides. Dans le chapitre II, nous avons constaté que SHP-1 

interagit avec PPAR2 principalement via son domaine SH2 en N-terminal et peut 

déphosphoryler PPAR2 in vitro. Nos données suggèrent que PPAR2 est 

phosphorylé sur le résidu tyrosine 78 (Y78) et que la déphosphorylation catalysée 

par SHP-1 est associée à la stabilité de PPAR2. L’invalidation génétique de SHP-

1 dans des cellules exprimant PPAR2 augmente l’expression des cibles 

transcriptionnelles de PPAR2 telles que FABP4 et CD36 en plus d’augmenter 

l’adipogenèse. Ces effets étaient atténués dans des cellules exprimant une forme 

mutée de PPAR2 où la tyrosine 78 avait été remplacée par une phénylalanine ne 

pouvant être phosphorylée (Y78F). Collectivement, ces résultats indiquent que 

l’activité phosphatase de SHP-1 contrôle la stabilité de PPAR2 et donc affecte 

l’adipogenèse.  
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SHP-1 est un modulateur de la signalisation de l’insuline. L’invalidation génétique 

de SHP-1 spécifiquement dans les hépatocytes chez la souris (SHP-1 KO) est 

associée à une glycémie à jeun plus basse que celle de leurs congénères non 

transgéniques. Les souris SHP-1 KO présentaient également une diminution 

importante de la production hépatique de glucose, suggérant donc l’existence d’une 

autre fonction de SHP-1 sur l’homéostasie du glucose, possiblement indépendante 

de l’insuline.  

 

Dans le chapitre III, nous avons découvert que SHP-1 agit comme coactivateur pour 

contrôler la transcription du gène phosphoénolpyruvate carboxykinase 1 (PCK1) et 

donc régule la gluconéogenèse. SHP-1 est recruté à la région régulatrice du gène 

PCK1, le cite potentiel où il interagit avec l’ARN polymérase II (RNAPII). Le 

recrutement de SHP-1 à la chromatine est dépendant du facteur de 

transcription transducteur de signal et activateur de transcription 5 (STAT5). 

L’épuisement de STAT5 ainsi que SHP-1 résulte en une diminution du niveau de 

transcrit de PCK1 et une réduction de la gluconéogenèse. Ensemble, ces résultats 

indiquent que nous avons découvert une nouvelle fonction de SHP-1 où la 

phosphatase agit comme un co-régulateur transcriptionnel clef du gène PCK1 et 

exerce un contrôle sur la gluconéogenèse.  
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Abstract  

 

Insulin resistance coupled with obesity is a condition that promotes metabolic 

disorders such as type 2 diabetes (T2D) and non-alcoholic fatty liver disease 

(NAFLD). Alterations in lipid and glucose homeostasis, as well as low-grade chronic 

inflammation are the hallmarks of T2D and NAFLD. SHP-1 (encoded by the gene 

Protein Tyrosine Phosphatase Non-Receptor Type 6, PTPN6) is a tyrosine 

phosphatase with two SH2 domains and is known to act as a modulator of glucose 

and lipid metabolism. In addition, SHP-1 also regulates cytokine signaling and 

inflammatory gene expression. Besides being localized in the cytoplasm, SHP-1 is 

also found in the nucleus of epithelial cells. The function of this nuclear SHP-1 

remains elusive. Here, we investigated tyrosine phosphatase dependent and 

independent functions of SHP-1 in controlling metabolic pathways.  

 

Previous findings from our laboratory established a link between SHP-1 and 

peroxisome proliferator-activated receptor 2  (PPAR2) activity. PPAR2  is a 

ligand-activated transcription factor that controls lipid metabolism. In chapter II, we 

found that SHP-1 interacts with PPAR2 mainly via its N-terminal SH2 domain and 

can dephosphorylate PPAR2 in vitro. Our data suggest that PPAR2 is tyrosine 

phosphorylated mainly on tyrosine residue 78 (Y78) and SHP-1-mediated 

dephosphorylation of PPAR2 is associated with its stability. The knockdown of 

SHP-1 in PPAR2 expressing cells resulted in enhanced expression of the classical 

PPAR2 targets FABP4 and CD36 coupled with increased adipogenesis. These 

effects were blunted in cells expressing mutant PPAR2 where tyrosine 78 has been 

replaced with the non-phosphorylatable phenylalanine (Y78F). Collectively, 

phosphatase activity of SHP-1 controls the stability of PPAR2 thereby affecting lipid 

metabolism.  

 

SHP-1 is a modulator of insulin signaling. Hepatocyte-specific SHP-1 KO mice 

compared to their wild type control littermates exhibited lower fasting glucose and 
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markedly decreased hepatic glucose production suggesting the existence of an 

additional insulin-independent effect of SHP-1 on glucose homeostasis. In Chapter 

III, we found that SHP-1 acts as a co-activator for controlling the transcription of the 

phosphoenolpyruvate carboxykinase 1 (PCK1) gene thereby regulating 

gluconeogenesis. SHP-1 is recruited to the regulatory region of the PCK1 gene, the 

potential site where it interacts with RNA polymerase II (RNAPII). The recruitment of 

SHP-1 to the chromatin was mediated by the transcription factor signal transducer 

and activator of transcription 5 (STAT5). Depletion of STAT5 as well as SHP-1 

resulted in a decrease in PCK1 transcript levels and blunted gluconeogenesis. 

Taken together, we discovered a novel function of SHP-1 whereby it acts as a key 

transcriptional co-regulator of the PCK1 gene and exerts control over 

gluconeogenesis.  

 

Collectively, findings from these studies provide novel functions of SHP-1 in 

controlling lipid and glucose metabolism. 
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Introduction 

1. Global obesity pandemic  

 

Obesity is defined as condition of excessive fat accumulation in the body that may 

impair health (Hruby & Hu, 2015; Panuganti et al, 2021).  Body mass index (BMI) of 

30.0 or higher falls within the obesity range. Although obesity is considered as a 

predisposing factor for several comorbidities there is a disagreement whether 

obesity is itself recognized as a chronic disease or a behavioral risk factor, similar to 

alcohol, smoking and drug abuse that eventually lead to diseases (Hruby & Hu, 

2015). Data by the World Health Organization (WHO) showed that the prevalence 

of obesity has increased approximately threefold worldwide from 1975 to 2016. The 

global burden of obesity has taken pandemic shape and more than 4 million people 

die each year due to comorbidities directly or indirectly related to obesity. According 

to an estimate by WHO, in 2016, more than 1.9 billion adults (aged 18 years and 

older) were overweight out of which 650 million were obese (Figure 1). According to 

Canadian Community Health Survey in 2018, 26.8% of Canadians (18 years or old) 

were classified as obese according to their BMI measurements. Another 36.8% of 

adults were classified as overweight suggesting that 63.6% of the adult Canadian 

population are at health risk due to excess weight.  
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2. Obesity and associated comorbidities 

 

Obesity is one of the  predisposing factors  for several pathologies including, non-

alcoholic fatty liver disease (NAFLD), type 2 diabetes mellitus (T2DM), hypertension, 

cardiovascular diseases (CVD), kidney disease, dyslipidemia, and even cancer (Han 

& Lean, 2016; Leitner et al, 2017; Engin, 2017; GBD 2015 Obesity Collaborators et 

al, 2017).  

 

 According to a WHO report between 2006 and 2016, there was a 5% increase in 

the premature mortality associated with T2DM. In high-income groups, the 

premature mortality due to diabetes decreased from the period of 2000 to 2010 then 

Figure 1. Word obesity map showing the percentage of adult obese 
individuals across the globe.  Source: https://ourworldindata.org/obesity. The 
license of the figure: CCBY: “CC BY: This license allows reusers to distribute, 
remix, adapt, and build upon the material in any medium or format, so long as 
attribution is given to the creator. The license allows for commercial use. 

https://ourworldindata.org/obesity
https://creativecommons.org/licenses/by/4.0/
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increased from 2010 to 2016. However, in low-income groups, there was an increase 

in premature deaths due to diabetes from 2000 to 2016 (WHO, 2016).  

 

Nearly 29% of Canadians live with either diabetes or are pre-diabetic. According to 

the Public Health Agency of Canada (2011), diabetes can reduce a person's lifespan 

by 5 to 15 years. People with diabetes are three times more susceptible to be 

hospitalized due to CVD and 12 times more likely to be hospitalized due to kidney 

disease (Leon & Maddox, 2015; Anja & Laura, 2017). Other diabetes-associated 

complications involve lower limb amputation and blindness. 

 

In addition to the non-infectious comorbidities mentioned above, obesity has been 

linked to higher susceptibility to infectious diseases (Casqueiro et al, 2012). Obesity 

can weaken the immune system by several mechanisms (Andersen et al, 2016).  For 

instance, obesity has emerged as one of the important risk factors that determines 

the severity of coronavirus disease of 2019 (COVID-19) infection. Studies suggest 

that individuals with a BMI greater than 23 kg/m2 are associated with an adverse 

outcome of COVID-19 infection (Gao et al, 2021). Association of obesity with the 

severity of COVID-19 infection, subsequent hospitalization, and even death has 

been reported (Hamer et al, 2020). 

 

2.1 Non-alcoholic fatty liver disease (NAFLD) 

 

Non-alcoholic fatty liver disease (NAFLD) refers to a range of liver diseases affecting 

people that drink little or no alcohol at all (Pouwels et al, 2022). NAFLD is the most 

common liver disease affecting people worldwide and is the leading cause of liver 

disease related mortality (Riazi et al, 2022). The prerequisite for NAFLD is the 

accumulation of an abnormal amount of fat in the liver (Abd El-Kader & El-Den 

Ashmawy, 2015). Hepatic steatosis (HS), non-alcoholic steatohepatitis (NASH), 

hepatic fibrosis and cirrhosis are different forms of NAFLD that differ in severity and 

reversibility (Vuppalanchi & Chalasani, 2009). Poor diet choice, increased calorie 

intake and less physical activity are some of the important factors that can lead to 
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NAFLD (Salehi-sahlabadi et al, 2021). There is a growing trend of NAFLD worldwide, 

especially in Western countries (Mitra et al, 2020). For instance, NAFLD is the most 

common liver condition affecting nearly 20% of Canadians (Swain et al, 2020). 

Overweight and obese people are more prone to develop NAFLD. Hepatic steatosis, 

the mildest form of NALFD, is characterized by intrahepatic fat of at least 5% of the 

liver weight in the absence of liver injury (McCullough, 2006; Serfaty & Lemoine, 

2008). Clinically, HS is classified into three grades depending on the percentage of 

fat within the liver. Grade 0: liver fat less than five percent of liver weight; grade 1: 

mild (liver fat between 5 and 33%), grade 2: (moderate, liver fat between 34 and 

66%) and grade 3: severe (liver fat more than 66% of liver weight) (Qayyum et al, 

2012; Nassir et al, 2015). Although a small accumulation of fat in the liver can even 

have beneficial effects , a chronic increase and large amounts of fat in the liver have 

been associated with inflammation, liver metabolic dysfunction, advanced forms of 

NAFLD and type 2 diabetes (Al Rifai et al, 2015; Godoy-Matos et al, 2020). HS is 

often reversible but may progress to NASH. NASH is characterized by hepatocyte 

injury with ballooning, inflammation,  presence of Mallory-Denk bodies and signs of 

fibrosis (Takahashi & Fukusato, 2014). Liver fibrosis is characterized by excessive 

accumulation of extracellular matrix (ECM) proteins in the liver such as collagen 

(Takahashi & Fukusato, 2014). Liver fibrosis may progress to cirrhosis and liver 

failure that often requires liver transplantation (Bataller & Brenner, 2005). The 

accumulation of ECM proteins in the liver results in changes of hepatic architecture 

by forming a fibrous scar followed by the development of nodules for regenerating 

hepatocytes, a feature of cirrhosis (Bataller & Brenner, 2005; Smith et al, 2019).  

 

 

2.2 Diabetes  

 

Diabetes is a chronic disease that occurs when either pancreas fails to produce the 

glucose-lowering hormone insulin or when insulin fails to exert its biological effect  

called insulin resistance (Cantley & Ashcroft, 2015). The pancreas is the key organ 

involved in regulating glucose homeostasis (Figure 2). Islets of Langerhans cells 
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make only 1-2% of the pancreas (Da Silva Xavier, 2018). These islets contain alpha 

and beta cells that secrete glucagon and insulin, respectively (Da Silva Xavier, 2018; 

Honzawa & Fujimoto, 2021). The beta cells secrete insulin in response to higher 

glucose levels following food intake (Cerf, 2013; Wilcox, 2005). The insulin action 

results in the uptake of glucose by metabolically active organs such as skeletal 

muscle and adipose tissue (Chadt & Al-Hasani, 2020). In skeletal muscle, insulin 

promotes glucose transport to the cells and supports glycogen synthesis (Samuel & 

Shulman, 2012). In adipose tissue, insulin promotes triglyceride synthesis and 

inhibits lipolysis. In liver, insulin inhibits endogenous glucose production called 

gluconeogenesis, promotes glycogenesis and de novo lipid synthesis (Samuel & 

Shulman, 2012). In patients with diabetes, glycemic control is lost due to absence or 

inactivity, or both, of insulin (Cantley & Ashcroft, 2015). 

 

  

 

Figure 2. Physiologic insulin action in insulin responsive, metabolically 
active organs. Figure is generated with the help of graphics from Servier 
Medical Art (https://smart.servier.com/). License type: CC BY 3.0 (free to use, no 
permission required). 
 

https://smart.servier.com/
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2.2.1 Type 2 Diabetes (T2D): Diabetes mellitus 

 

Obesity (Hamman et al, 2006), low levels of physical activity (Jarvie et al, 2019), 

family history of diabetes (Amador et al, 2020), the occurrence of gestational 

diabetes mellitus (GDM) (Bian et al, 2000; Moosazadeh et al, 2017), and age are 

important risk factors for T2D (Wu et al, 2014). Individuals above the age of 45 are 

two to four times more at risk for the development of T2D. Both genetic and 

environmental factors affect the pathogenesis of T2D (Kirkman et al, 2012). Several 

studies suggest that T2D has a strong genetic disposition. In addition, the prevalence 

of diabetes varies in different ethnicities sharing the same environmental conditions 

(Spanakis & Golden, 2013). Furthermore, GDM has been associated with the 

increased risk of developing T2D for both offspring (Bianco & Josefson, 2019) and 

mother (Sacks et al, 2012) later in life. 

 

T2D is due to the development of insulin resistance in target tissues such as muscle, 

liver and adipose tissue (Wilcox, 2005). Insulin resistance, in clinical terms, refers to 

a metabolic condition wherein cells exhibit reduced responsiveness to the effects of 

insulin, leading to impaired glucose uptake and utilization.  To compensate for insulin 

resistance, beta cells of the pancreas secrete higher amounts of insulin, resulting in 

their exhaustion and eventually loss (Cerf, 2013). In T2D more than 60% decrease 

in beta-cell mass has been reported (Butler et al, 2003). Insulin resistance is often 

the earliest sign of the development of T2D. However, T2D is not detected until beta 

cells cannot secrete sufficient insulin to compensate for insulin resistance (Chen et 

al, 2017a; Mezza et al, 2019).  

 

T2D is diagnosed by measuring the fasting blood glucose level and long-term levels 

of hemoglobin A1c (HbA1C) (ADA, 2009; Weykamp, 2013). HbA1C refers to the 

glycosylated hemoglobin A1C. Glucose interacts with hemoglobin in red blood cells 

and glycosylates a fraction of it called HbA1c. HbA1C can be detected in blood for 

120 days (Sherwani et al, 2016). Therefore, HbA1C levels represent the long-term 

glucose levels of individuals. In addition, a two-hour oral glucose tolerance test 
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(oGTT) is the gold standard used in the clinic to detect impaired fasting 

hyperglycemia and impaired glucose tolerance (Woerle et al, 2004). 

2.2.2. Other forms of diabetes  

 

Type 1 diabetes (T1D) results from immune-mediated destruction of beta-cells 

leading to insulin deficiency. T1D can be distinguished from T2D by the presence of 

lower levels of C-peptides and the presence of autoimmune antibodies (Atkinson et 

al, 2014).   

 

GDM refers to the elevated levels of blood glucose during pregnancy (McIntyre et 

al, 2019). Studies suggest that during pregnancy placenta secretes a variety of 

hormones necessary for the development of the fetus. Some of these hormones 

such as cortisol and estrogen may hamper the function of insulin (Ahmed & Shalayel, 

1999; Root-Bernstein et al, 2014; Feng et al, 2020). 

 

Monogenic diabetes is a rare form of diabetes caused by mutations in a single 

gene. It represents a non-autoimmune mediated form of diabetes. There are more 

than 20 genes so far associated with monogenic diabetes (Greeley et al, 2011; 

Urakami, 2019). Maturity-onset diabetes of the young (MODY) and neonatal 

diabetes mellitus (NDM) are two monogenic diabetes.  

 

MODY is a rare, genetically inherited young-onset form of diabetes. So far, 14 genes 

have been characterized in MODY (Urakami, 2019). These genes include HNF4α, 

HNF1α, HNF-1β, GCK, PDX/IPF1, NEUROD1, KLF11, BLK,  INSABCC8, PAX4, 

and KCNJ11 (Ellard et al, 2008; Greeley et al, 2011). Unlike T2D, individuals with 

MODY exhibit no obesity, partly conserved insulin secretion, no sign of insulin 

resistance, and no immune-mediated beta cell loss (Firdous et al, 2018).  

 

NDM is rarer than MODY. NDM occurs in one out of 100,000 to 500,000 neonates 

(Hattersley et al, 2018). It is diagnosed before the age of 12 months as compared to 

MODY that is usually diagnosed before adolescence or before age of 25 years (Gaál 



8 

 

& Balogh, 2019). NDM diagnosed before the age of 6 months has been associated 

with genetic causes (Gaál & Balogh, 2019).  

3. Insulin signaling 

 

The year 2021 marks the 100th year of the discovery of the fascinating hormone 

insulin (Banting et al, 1922a, 1922b; Marette, 2021). The insulin receptor (IR) is the 

key receptor that recognizes insulin and executes its physiological functions. 

Although ubiquitously expressed, IR is more relevant in the metabolically active 

tissues. IR is a member of the receptor tyrosine kinase superfamily comprised of two 

extracellular alpha and two transmembrane beta subunits. Insulin binds to the alpha 

subunit of IR causing a trans-auto-phosphorylation of the beta subunits. IR 

subsequently phosphorylates a variety of intracellular substrates/adapter proteins 

that interact with the cytoplasmic domain of IR (Figure 3). These intracellular 

substrates include insulin receptor substrates (IRS1-4), IRS/DOK5, IRS5/DOK, Shc, 

Gab-1,  Grb2, Cbl, and APS (Kido et al, 2001). 

 

Insulin Receptor Substrate (IRS) proteins are examples of adaptor proteins that bind 

to the activated IR and serve as docking sites for several other downstream 

effectors. Insulin signaling broadly affects two pathways: Ras/Raf/MAPK signaling 

pathway and phophoinositide3-kinase (PI3K)/Protein kinase B (Akt) Pathway (Figure 

3). 

 

PI3K-AKT Pathway : Activated IRS binds to the regulatory subunit of PI3K (p85), 

which activates the catalytic subunit of PI3K (p110) (Luo et al, 2005). Activated PI3K 

promotes the synthesis of secondary messenger molecules, such as 

phosphatidylinositol (4,5)-bisphosphate (PIP2) and phosphatidylinositol (3,4,5)-

trisphosphate (PIP3), which ultimately activates AKT via 3-phosphoinositide-

dependent protein kinase 1 (PDK1) (Toker & Cantley, 1997). Activated AKT 

signaling promotes several changes in the cell (Figure 3).  
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In adipose tissue and muscle, insulin facilitates the recruitment of glucose 

transporter 4 (GLUT4) to the plasma membrane (Martin et al, 2000; Saltiel & Kahn, 

2001; Slot et al, 1991). GLUT4 is the glucose transporter that permits the uptake of 

extracellular glucose into the cell (Bogan & Kandror, 2010). In the absence of insulin, 

GLUT4 resides in the vesicular bodies within the cell and is slowly recycled (Figure 

3).  Mice with muscle- or adipose-specific knockout (KO) of GLUT4 show glucose 

intolerance and insulin resistance phenotypes (Abel et al, 2001; Zisman et al, 2000). 

One of the substrates of activated AKT in muscle and adipose tissue is TBC1 

Figure 3. Simplified insulin signaling pathway. This figure is generated with the 
help of graphics from Servier Medical Art (https://smart.servier.com/) and Inkspace 
software Inkspace Project. (2020). 
 

https://smart.servier.com/
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Domain Family Member 4 (TBC1D4) (Cartee, 2015). TBC1D4 is a Rab-GTPase-

activating protein that helps in the intracellular retention of GLUT4 within the 

intracellular vesicular membrane. TBC1D4 has several AKT phosphorylation-motifs 

(Stöckli et al, 2008; Tan et al, 2012). AKT-mediated phosphorylation of TBC1D4 

promotes its dissociation from GLUT4 (Stöckli et al, 2008) resulting in the localization 

of GLUT4 to the plasma membrane (Stöckli et al, 2008; Klip et al, 2019). Katome 

and coworkers demonstrated using AKT isoform-specific siRNA that insulin-

mediated GLUT4 translocation is largely regulated by AKT2 and to a lesser extent 

by AKT1 (Katome et al, 2003). A recent study shows that AKT can negatively 

regulate insulin signaling by phosphorylating IRS2 at S306 and S577 in humans. As 

a result of this inhibitory phosphorylation, AKT controls the PIP3 abundance 

(Kearney et al, 2021). The activated AKT also promotes glycogen synthesis by 

inhibiting glycogen synthase kinase 3 (GSK3) via phosphorylation (Beurel et al, 

2015).    

 

Ras/Raf/MAPK pathway: Insulin is a pleiotropic hormone. In addition to its clear 

effect on glucose and lipid metabolism, insulin also exerts proliferative effects 

mediated by IRS-1 (Araki et al, 1994; Tamemoto et al, 1994; Miele et al, 1999). IRS-

1 deficient mice show a reduction in intrauterine growth in addition to impaired 

glucose tolerance and reduced glucose uptake (Tamemoto et al, 1994, 1994). IRS-

1 possesses multiple tyrosine residues that can be phosphorylated (Mothe & Van 

Obberghen, 1996). As a result, IRS-1 attracts several substrates that have SH2 

domains. For instance, IRS-1 phosphorylates growth factor receptor-bound protein 

2 (GRB2) (Skolnik et al, 1993a), which  interacts with guanine nucleotide exchange 

factor SOS (son of Sevenless) further activating Ras (Skolnik et al, 1993b). Ras 

through Raf triggers MAPK/ERK kinase (MEK)1/2 dual-specificity kinases into 

functional state (Garrington & Johnson, 1999) which then further phosphorylates 

MAPK (ERK1 and ERK2) (Lenormand et al, 1993)  resulting in nuclear translocation 

of  ERK where it phosphorylates multiple transcription factors (TFs) that regulate 

several genes involved in cell growth, differentiation, and cell survival (Lenormand 

et al, 1993; Buscà et al, 2016, 1). 
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3.1 Insulin action in liver: insight into glucose metabolism 
 

In addition to muscle and adipose tissue, insulin regulates glucose and lipid 

metabolism in the liver (Nakae et al, 1999; Kido et al, 2001).  In hepatocytes, insulin 

activates AKT that in turn phosphorylates Forkhead Box Protein O1 (FOXO1) 

(Nakae et al, 1999). FOXO1 is a transcription factor that regulates several genes 

involved in gluconeogenic and glycolytic pathways and lipogenesis (Zhang et al, 

2006, 2018). In the liver, FOXO1 interacts with Peroxisome Proliferator-Activated 

Receptor Gamma Coactivator 1 to activate the expression of its target genes 

(Puigserver et al, 2003). 

 

AKT controls hepatic glucose production via phosphorylation of FOXO1 at serine 

256 in humans that results in the nuclear exclusion of this protein (Figure 4) and 

thereby in the suppression of its target genes including rate-limiting enzymes such 

as Phosphoenolpyruvate Carboxykinase 1 (PCK1) and Glucose-6-Phosphatase 

(G6PC) (Guo et al, 1999; O’Brien et al, 1990). FOXO1 has been shown to regulate 

glucose production in isolated hepatocytes and (Figure 4) ablation of FOXO1 

improves glucose tolerance in mice. Interestingly, in the absence of both FOXO1 

and AKT, mice are still able to suppress hepatic glucose production in response to 

insulin suggesting the presence of other insulin-independent pathways (Lu et al, 

2012). Titchenell and colleagues (2015) further dissected this observation and 

demonstrated that mice with liver-specific ablation of insulin receptor and Foxo1 

gene were still able to control hepatic glucose production and genes involved in 

gluconeogenesis suggesting the presence of extrahepatic tissues where insulin may 

act to produce secondary signals that are eventually recognized by the liver 

(Titchenell et al, 2015). These studies suggest the presence of some other cell-non-

autonomous regulation of gluconeogenesis (Matsumoto et al, 2007; O-Sullivan et al, 

2015; Titchenell et al, 2015). 
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3.2 Insulin action in liver: insight into Lipid metabolism 

 

When energy intake exceeds the energy demand of the body, the body converts the 

excess glucose generated from food into fatty acid (FA) molecules. This process is 

called de novo lipogenesis (DNL) (Kersten, 2001).  FA are further stored in the form 

of triglycerides (TG) in the liver and adipose tissue that may act as a source of energy 

when needed (Song et al, 2018). Insulin plays an important role in the activation of 

DNL. Insulin-mediated activation of PI3K-AKT axis activates sterol regulatory 

element-binding protein-1 (SREBP-1) (Figure 5). SREBP-1 is a transcription factor 

that regulates the expression of key genes involved in fatty acid, TG and cholesterol 

biosynthesis in the liver and adipose tissue (Horton et al, 2002). SREBP-1 gene 

codes for two different forms, SREBP-1a and SREPB-1c. SREBP1a participates in 

cholesterol homeostasis and FA synthesis whereas SREBP-1c activates genes 

involved in FA synthesis only (Amemiya-Kudo et al, 2002). The activated insulin-

PI3K-AKT-mTOR axis is important for the nuclear localization of SREBP-1 where it 

regulates the transcription of genes involved in lipid metabolism (Porstmann et al, 

Figure 4. Insulin mediated control of FOXO1 to control 
gluconeogenesis in liver cells. This figure is generated with the help of 
graphics from Servier Medical Art (https://smart.servier.com/). 

https://smart.servier.com/
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2008; Sanders & Griffin, 2016) (Figure 5). Some of the key SREBP-1 regulated 

genes that are involved in lipid metabolism include ATP citrate-lyase (ACLY) (Sato 

et al, 2000), acetyl-CoA carboxylase (ACACA) (Horton et al, 2002),  fatty acid 

synthase (FASN), and stearoyl-CoA Desaturase 1 (SCD1) (Horton et al, 2002).  

ACLY is the first enzyme that starts the DNL process. ACLY converts citrate into 

acetyl CoA. Further acetyl CoA is converted into fatty acid by the sequential activity 

of ACACA, FASN and SCD1 (Horton et al, 2002). Mammalian target of rapamycin 

(mTOR) is a  multimeric serine-threonine kinase complex that can sense several 

biological signals and regulates processes involved in growth and development 

(Bakan & Laplante, 2012; Laplante & Sabatini, 2009). mTOR forms two kinds of 

distinct complexes mTORC1 and mTORC2. AKT activates mTORC1 by inhibiting 

PRAS40 and TSC1/2, the inhibitors of mTORC1 (Bakan & Laplante, 2012). Inhibition 

of mTOR by rapamycin blocks the AKT mediated nuclear accumulation of SREBP-

1 suggesting that mTOR could be a connecting link between AKT and SREBP-1 

(Porstmann et al, 2008). Several studies show that mTORC1 plays an important role 

in the induction of the lipogenic program in liver, but mTORC1 alone is not sufficient 

to induce DNL (Li et al, 2010; Porstmann et al, 2008; Yecies et al, 2011).  
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The role of FOXO1 in regulating DNL is debatable as different studies yield different 

outcomes. Wan et al., 2011 discovered that insulin signaling through Akt2 can drive 

lipogenesis independently of FOXO1 or FOXO2 (Wan et al, 2011). On the other 

hand, Titchenell et al., 2016 demonstrated that insulin-dependent AKT-mediated 

FOXO1 inhibition and mTORC1 activation are sufficient to induce DNL in the liver 

(Titchenell et al, 2016). Alternatively, liver specific deletion of FOXOs (L-Fox1,3,4) 

has been shown to result in inhibition of glucose-6-phosphatase and repression of 

glucokinase during fasting. This results in an increase in lipogenesis at the expense 

of glucose production (Haeusler et al, 2014). The debate is still open and more 

studies are required to elaborate the role of FOXO1 in regulating lipogenesis. 

 

 

 

Figure 5. Insulin mediated control of de novo lipogenesis in liver cells. 
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3.3 Insulin Resistance 

 

In addition to its role in fat storage, white adipose tissue (WAT) acts as an endocrine 

organ (Coelho et al, 2013). WAT secretes adipokines and free fatty acids that target 

distant tissues and affect insulin sensitivity (Zhang and Zhang, 2010). In obesity and 

metabolic disease, with adipose tissue expansion, there is also immune cell 

infiltration and secretion of inflammatory cytokines by the infiltrating immune cells 

and adipocytes (Nteeba et al, 2013; Lu et al, 2019) (Figure 6). Interleukin-6 (IL-6), 

interleukin-1 beta (IL-1), and TNF-alpha (TNF-)  are well-known examples of pro-

inflammatory cytokines released by adipocytes and immune cells in response to 

obesity resulting in low-grade chronic inflammation (Stenlöf et al, 2003; Stępień et 

al, 2014; Ellulu et al, 2017) (Figure 6). In addition, these pro-inflammatory cytokines 

activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B) and 

c-Jun terminal kinase pathways that ultimately result in insulin resistance (Yung & 

Giacca, 2020; Choubey et al, 2020; Daniel et al, 2021).  Briefly, under basal 

conditions, NF-B is sequestered  in the cytoplasm by a family of inhibitory proteins 

such as IB (Baeuerle & Baltimore, 1988). In response to stimuli that includes 

growth factors, cytokines, mitogens, microbial components and stress inducing 

agents, IB is degraded after site-specific phosphorylation through the IB kinase 

(IKK) complex that results in rapid nuclear translocation of NF-B members and  

associated gene expression. 

  

Activated IKK also phosphorylates IRS-1 at ser 312 in humans and serine 307 in 

mice (Gao et al, 2002). Similar to IKK, c-Jun amino-terminal kinase (JNK) a member 

of the MAPK family can also phosphorylate IRS at serine residues (Aguirre et al, 

2000). In addition to Serine 307, serine 302 can be phosphorylated by JNK in vitro 

and in vivo (Werner et al, 2004). Levels of pSer302 and pSer307 are increased in 

diet induced obesity and insulin resistance animal models (Werner et al, 2004). 

These phosphorylations abrogate IR-IRS1 binding and thus hamper insulin signaling 

(Werner et al, 2004; Boucher et al, 2014). Like NF-B, JNK also promotes the 
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expression of pro-inflammatory cytokines by the activation of activator protein-1 (AP-

1) (Boucher et al, 2014).  

 

The cytokines induced by NF-B and JNK create a loop, in which NF-B and JNK 

induced cytokines  that again activate NF-B and JNK themselves that ultimately 

results in insulin resistance (Cargnello & Roux, 2011) (Figure 6). NF-B and AP-1 

dependent pro-inflammatory pathways can also be activated by IL1- (Cargnello & 

Roux, 2011). Several studies reported elevated levels of TNF- , IL-6 and IL-1 in 

obese and diabetic individuals further linking the inflammatory state to the insulin 

resistant state (Mirza et al, 2012; Sindhu et al, 2015; Caër et al, 2017). Obese mice 

with a targeted disruption of the TNFa gene exhibit improved insulin sensitivity 

compared to control mice (Ventre et al, 1997).  

 

IL-6 promotes the nuclear localization of Signal Transducer and Activator of 

Transcription Proteins (STATs) mediated by activation of  Janus Kinase (JAK) (Li, 

2008) (Figure 6). JAK/STAT pathways induce the suppressor of cytokine signaling 

(SOCS) proteins. SOCS have been shown to promote insulin resistance by 

preventing the action of IRS protein through inhibition of IRS-1 tyrosine 

phosphorylation (Ueki et al, 2004). Furthermore, mice injected with IL-6 display signs 

of hepatic insulin resistance  revealed by elevated levels of insulin and glucose levels 

(Klover et al, 2003).  Taken together the crosstalk between pro-inflammatory 

cytokines and insulin signaling players contributes to obesity-induced insulin 

resistance state.  

  

4. Physiological processes in Liver 

 

The liver is a heterogeneous organ composed of several cell types including 

hepatocytes, cholangiocytes, kupffer cells, stellate cells, and liver sinusoidal  
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endothelial cells (Trefts et al, 2017). Hepatocytes, the major cell type in the liver, 

perform several metabolic functions described below.  The liver is a hub of several 

important physiological processes including glucose and lipid metabolism. The liver 

plays an important role in energy homeostasis by participating in the  metabolism of 

macronutrients (van den Berghe, 1991). Depending upon the nutritional status of the 

body, liver can provide glucose or convert it into complex molecules that play an 

important role in keeping blood glucose in the physiological range. During the 

physiological fasting stage, also called short term fasting, the liver provides glucose 

to the systemic circulation by a biochemical pathway called glycogenolysis in which 

glycogen is catabolized into glucose-1-phosphate and glycogen (n-1) (Paredes-

Flores & Mohiuddin, 2021).  During prolonged fasting (refers to starvation) liver 

synthesizes glucose using non-carbohydrate sources such as pyruvate, lactate, 

amino acids, and glycerol (Owen et al, 1969). This process is known as 

gluconeogenesis (Owen et al, 1969; Chung et al, 2015; Zhang et al, 2018; Melkonian 

Figure 6. Schematic diagram depicting the relationship between obesity, 
inflammation and development of insulin resistance. This figure is 
generated with the help of graphics from Servier Medical Art 
(https://smart.servier.com/). 
 

https://smart.servier.com/
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et al, 2021). Muscle, adipose tissue and the gut act as important sources for 

providing these non-carbohydrate precursors for glucose synthesis (Rui, 2014). 

During the feeding stage, the liver stores excess glucose in the form of glycogen and 

lipid which are produced by glycogenesis and lipogenesis, respectively (Adeva-

Andany et al, 2016). The glucose-maintaining processes in the liver are tightly 

regulated by the endocrine system and are regulated by the ratio of insulin and 

glucagon hormone (Muller et al, 1971; Edgerton et al, 2009; Perry et al, 2020).   

 

4.1 Regulation of Hepatic Glucose production–Gluconeogenesis 

 

The gluconeogenesis pathway is activated by glucagon upon severe dietary 

restriction (Jiang & Zhang, 2003). Glucagon was discovered in 1922 by Kimball and 

Murlin by injecting a pancreatic fraction in dogs and rabbits that resulted in increased 

blood glucose. With this observation, they concluded that the pancreas produces a 

factor that has the potential to neutralize the effect of insulin and named the 

substance “glucose agonist” or glucagon (Kimball and Murlin, 1923). Glucagon 

secreated by the alpha cells of pancreas exerts its effect on several tissues as its 

receptor called glucagon receptor (GCGR) is found in several tissue types including 

cells of Langerhans, liver, heart, and muscle (Hansen et al, 1995). Binding of 

glucagon to its receptor followed by glucagon receptor conformational changes 

activates G protein. There are several types of G proteins. G protein subunit alpha 

Q (Gq) and stimulatory G-protein (Gs) proteins are the key players that participate 

in glucagon signaling. Activated Gq protein triggers phospholipase C-inositol 

triphosphate channel that results in the release of calcium from the endoplasmic 

reticulum. On the other hand, activated Gs activates adenylate cyclase that results 

in an increase in intracellular cAMP levels that consequently activates protein kinase 

A (PKA). PKA in turn results in phosphorylation of several transcription factors 

involved in glucose homeostasis. This pathway is known as the PKA pathway. 

GCGR is abundantly expressed in the liver. During hypoglycemia, the action of 

glucagon in the liver enhances gluconeogenesis and glycogenolysis. The PKA 

pathway in the liver activates CREB1, CAMP Responsive Element Binding Protein 
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(CREB) that transactivates genes involved in gluconeogenesis and glycogenolysis.  

The activation of CREB is influenced by co-activator CREB Regulated Transcription 

Coactivator 2 (CRTC2). During high energy state, high levels of ATP trigger 

phosphorylation of CRTC2 at several sites by AMP-activated protein kinase (AMPK) 

or salt-inducible kinase that results in the sequestration of CRTC2 in the cytoplasm. 

During low energy state, CRTC2 undergoes dephosphorylation resulting in its 

nuclear translocation and activation of CREB to its full potential that ultimately 

leading to the activation of genes involved in gluconeogenesis and glycogenolysis 

(Wang et al, 2009). For instance, PKA-CREB-CRCT2 pathway activated by 

glucagon increases the expression of one of the key enzymes involved in 

gluconeogenesis called phosphoenolpyruvate carboxykinase (PEPCK or PCK1) 

described later in the thesis. Glucagon boosts hepatic gluconeogenesis through 

diverse mechanisms, including the augmentation of hepatic adipose triglyceride 

lipase activity, intrahepatic lipolysis, hepatic acetyl-CoA levels, and pyruvate 

carboxylase flux. Moreover, glucagon stimulates mitochondrial fat oxidation by 

activating the inositol triphosphate receptor-1 (InsP3R-I) (Perry et al, 2020). Further, 

studies show that this pathway can be activated during exercise and cellular stress 

conditions (Emhoff et al, 2013; Nirupama et al, 2012). 

 

In addition, glucagon activates the PKA pathway and exerts an impact on glucose 

homeostasis by targeting liver glycogen. Activated PKA can phosphorylate glycogen 

phosphorylase kinase, which further activates glycogen phosphorylase. The latter 

enzyme triggers the breakdown of glycogen into glucose-6-phosphate (G6P). G6P 

can further act as a substrate for glucose-6-phosphatase to produce glucose. This 

process is called glycogenolysis (Jiang & Zhang, 2003). This process occurs mainly 

in the liver and muscle tissue with the primary purpose of rapidly releasing glucose, 

formed by the catalysis of glycogen, when energy demands increase, such as during 

exercise or in response to low blood glucose levels (hypoglycemia). 

 

Liver and to a lesser extent the kidney and intestine are the sites where 

gluconeogenesis occurs in humans (Melkonian et al, 2021). This pathway involves 
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at least 11 enzymes, out of which eight enzymes catalyze bidirectional reactions 

(Adeva-Andany et al, 2016) (Figure 7). The three enzymes phosphoenolpyruvate 

carboxykinase (PEPCK or PCK1), fructose-1-6-bisphosphatase (FBPase), and 

glucose-6-phosphatase (G6Pase) catalyze the reaction in a unidirectional manner 

and are specific to gluconeogenesis (Figure 7) (Burchell & Hume, 1995; Hanson & 

Reshef, 1997; Zhang et al, 2018; Timson, 2019).  

   

Figure 7. Schematic diagram showing steps involved in gluconeogenesis 
and glycolysis. The figure is reproduced from Shah et al., 2020 with minor 
modification. The positon of FBPase is added in the figure. User license: 
Creative Commons Attribution (CC BY 4.0). 

FBPase
e 
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4.1.1 Phosphoenolpyruvate carboxykinase 1 (PCK1/PEPCK) 
 

Phosphoenolpyruvate carboxykinase 1 (PCK1) is recognized as one of the key 

enzymes that regulates the rate-limiting step of gluconeogenesis. PCK is highly 

conserved among species. PCK has two isoforms; PCK1 and PCK2. PCK1 is also 

known as PEPCK1 or PEPCK-C whereas PCK2 is also called PEPCK2 or PEPCK-

M. Although PCK1 and PCK2 have quite similar gene structures as both contain 10 

exons/9 introns in mice, rats, and humans, they exhibit differential activity among 

different species (Yu et al., 2021). PCK1 is the cytoplasmic isoform whereas PCK2 

is restricted to mitochondria. PCK1 is the major isoform in the murine liver whereas 

PCK2 is the main isoform in birds. In humans, PCK1 and PCK2 are present in equal 

amounts in the liver (Yang et al., 2009). PCK catalyzes the key step of hepatic 

gluconeogenesis i.e. oxaloacetate (OAA) to phosphoenolpyruvic acid  (PEP) (Yoon 

et al, 2001; Yu et al, 2021) (Figure 7). PCK1 and PCK2 convert OAA into PEP in 

cytosol and mitochondria, respectively. In Chapter III of the thesis, our investigation 

revealed that PCK1 is a pivotal gene subjected to modulation by SHP-1., therefore 

we will focus on PCK1 afterwards. 

 

Liver specific knock down of PCK1 results in improved glycemic control and insulin 

sensitivity (Gómez-Valadés et al, 2008). Higher levels of PCK1 transcripts have been 

reported in patients with diabetes (Giralt et al, 2018). Expression of PCK1 is 

controlled by hormones (glucagon, glucocorticoids, insulin) and by diet (Yoon et al, 

2001; Puigserver et al, 2003; Koo et al, 2005). The transcriptional regulation of PCK1 

is controlled by several transcription factors and cofactors (coactivators and 

corepressors) (Figure 8).  
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Figure 8. Schematic of PCK1/PEPCK1 gene promoter showing several 
genetic elements and binding sites for transcription factors and 
cofactors.  
 

The abbreviations for the elements are: dAF2 - distal Accessory Factor 2, 
dAF1 - distal Accessory Factor 1, AF1 - Accessory Factor 1; AF2 - Accessory 
Factor 2, TRE - thyroid hormone response element, GRU - glucocorticoid 
regulatory unit, SRE - Sterol receptor response element, CRE - cAMP 
regulatory element. 
The transacting factors are FOXO-1 - Forkhead Box O1, SREBP1 - Sterol 
regulatory element-binding protein 1, GR - Glucocorticoid receptor, C/EBP 
alpha - CCAAT enhancer binding protein alpha, T3R - thyroid hormone 

receptor, HNF4 - HNF4A hepatocyte nuclear factor 4 alpha, CREB - CAMP 
Responsive Element Binding Protein 1. 
This figure is generated with the help of graphics from Servier Medical Art 
(https://smart.servier.com/). 
  

 

https://smart.servier.com/
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Chromatin immunoprecipitation experiments revealed the presence of several 

transcription factor binding sites on the PCK1 promoter including FOXO1 binding 

site, HFN4 alpha binding site, c-Jun/c-Fos-binding element, CREB, thyroid hormone 

response element, SREBP-1/Insulin responsive element, glucocorticoid response 

region and retinoic acid-responsive element (Chakravarty et al, 2005; Koo et al, 

2005; O-Sullivan et al, 2015) (Figure 8). The binding of these transcription factors to 

the PCK1 promoter has been shown to be influenced by endocrine hormones such 

as glucocorticoids, insulin, and glucagon (Yoon et al, 2001; Puigserver et al, 2003; 

Perry et al, 2020). Insulin inhibits FOXO1 and PGC-1 alpha mediated control of 

PCK1 transcription as described in previous sections. Glucagon promotes PCK1 

transcription by activating a cAMP/protein kinase A pathway (Herzig et al, 2001). 

Glucocorticoids similar to glucagon exert a positive effect on PCK1 transcription 

(Imai et al, 1993). Glucocorticoid-activated receptor dimer  bind to the GR responsive 

element on the PCK1 promoter  (Cassuto et al., 2005). Accessory factors (AF1 and 

AF2) and COUP-TF and HNF-4 are required for the full activation of PCK1 

transcription mediated via glucocorticoids (Hall et al, 1995) (Figure 8).   

 

4.1.2 The non-metabolic function of PCK1 

 

The role of PCK1 in mice is more than just controlling gluconeogenesis. For instance, 

mice that lack PCK1 exhibit severe hypoglycemia right after birth and die. 

Importantly, glucose supplementation although increasing the systemic blood 

glucose however does not improve the survival chances indicating another important 

role of PCK1 in development (Hakimi et al, 2005). 

In the last few years, upregulation or increased phosphorylation of PCK 

(PCK1/PCK2) has been reported in several kinds of malignancies including breast 

cancer, liver cancer, lung cancer and colon cancer (Chen et al, 2007; Leithner et al, 

2015; Li et al, 2015; Grasmann et al, 2019). A recent research suggests that PCK1 

can act as a novel regulator of certain types of cancer. Based on the type of cancer, 

PCK1 can act as a positive or negative regulator of cancer. For instance, Xu et al., 
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2020 showed that PCK1 can promote hepatocellular carcinoma (HCC) growth by 

activating lipogenesis (Xu et al, 2020). In HCC, activated AKT phosphorylates PCK1 

at ser90 resulting in the nuclear translocation of this cytosolic form of PCK1. In the 

nucleus, PCK1 uses GTP as a phosphate donor to phosphorylate insulin-induced 

genes (INSIGs), INSIG1 and INSIG2, at ser207 and ser151, respectively. These 

phosphorylation events trigger a cascade that ultimately results in the transcription 

of downstream genes involved in lipogenesis (Xu et al, 2020). However, there are 

contrasting findings that suggest PCK1 can also act as a negative regulator of HCC 

(Tuo et al, 2019). 

 

5. Transcriptional regulation 

 

Altered gene expression can result in a range of human pathologies. Several 

different kinds of pathologies and syndromes such as CVD, cancer, autoimmune 

disorders, obesity and diabetes can result from mutations in regulatory elements, 

cofactors, transcription factors and non-coding RNAs. (Lee & Young, 2013). Each 

cell of the human and mouse genome has approximately 20000 and 22000 genes 

(Bult et al, 2016; Salzberg, 2018). However, different cell types express different sets 

of genes called differential gene expression. Gene expression refers to the process 

in which DNA is transcribed into mRNA, which is ultimately translated into protein. 

This definition is applicable to protein coding genes. In addition, cells express a 

range of non-coding RNAs that directly exert their function upon transcription and as 

their name suggests do not translate into protein. Gene transcription is often 

regulated by exogenous and endogenous signals that trigger signaling pathways 

ultimately resulting in stimulus-specific gene expression (Gibcus & Dekker, 2012). 

To understand how different cell types acquire different functions it is important to 

understand the transcriptional process and the factors that make it specific in a 

particular cellular context. Transcription is a highly complex process that involves 

coordinated recruitment of co-activators and RNA polymerase to the specific DNA 

elements that include enhancers and promoters (Figure 9). 
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Figure 9. Schematic diagram depicting various genetic elements, 
proteins (RNAPII, GTFs, TFs and cofactors) involved in the 
transcription of a hypothetical eukaryotic gene by RNAPII. The 
abbreviations are RNAPII-RNA polymerase II, GTFs-general transcription 
factors (IIA,IIB, IID, IIE, IIF,IIH), TFs- transcription factors, INR-Initiator; BRE- 
B recognition element. 
 This figure is generated with the help of graphics from Servier Medical Art 
(https://smart.servier.com/). 
 

https://smart.servier.com/
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5.1 Structure of eukaryotic promoter 

 

The definition of the core prompter sequence is not very precise. Earlier, 50-100bp 

of DNA elements where RNA polymerase and associated factors assemble resulting 

in the initiation of transcription was referred to as core promoter. In depth analysis of 

core promoters suggests that core promoters have a series of conserved DNA 

elements in various combinations. It is not necessary for core promoters of all genes 

to have all these conserved elements.  

 

These  sequence elements include TATA box, TFIIB-recognition element, Initiator 

element (Inr), and downstream promoter element (Smale & Kadonaga, 2003; 

Haberle & Stark, 2018) (Figure 9). The rate-limiting step in transcription is the 

recruitment of RNA polymerase, also called DNA-directed RNA polymerase (RNAP), 

to the core promoter. In eukaryotes, there are three types of RNAPs namely RNAPI, 

RNAPII and RNAPIII (Roeder & Rutter, 1969). RNAPII transcribes mainly protein-

coding genes and several non-coding RNAs such as microRNAs whereas RNAPI 

and RNAPIII transcribe genes coding for ribosomal RNA and transfer RNA, 

respectively (Roeder & Rutter, 1969). 

 

5.2. Structure of RNA polymerase II 

 

RNAPII is an evolutionarily conserved protein complex that shows a high level of 

similarity across species. Humans and Yeast RNAPII have 80% similarity at the 

protein level (Cramer, 2001; Wild & Cramer, 2012; Osman & Cramer, 2020). RNA 

polymerase II is a large 500kDa heterocomplex comprising 12 polypeptides (Rpb1-

12) (Cramer, 2001; Osman & Cramer, 2020) (Figure 10), out of which Rpb1 is the 

largest subunit (Cramer, 2001; Hsin & Manley, 2012) (Figure 10). Rpb1, also called 

POLR2A, possesses the enzymatic activity and a regulatory C-terminal domain 

(CTD). CTD contains several tandem heptad repeats (“consensus Tyr1–Ser2–Pro3–

Thr4–Ser5–Pro6–Ser7”) that vary from 26 to 56 in number depending on the species 

(Hsin & Manley, 2012; Eick & Geyer, 2013). For instance, budding yeast has 26 
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repeats whereas vertebrates have 52 repeats (Corden, 1990). The CTD plays an 

important role in all stages of transcription (initiation, elongation, and termination) 

(Eick & Geyer, 2013; Haberle & Stark, 2018). CTD has several regulatory sites that 

undergo post-translational modifications  (PTMs) (Hsin & Manley, 2012). The most 

widely studied PTMs in CTD include phosphorylation, methylation, glycosylation and 

ubiquitination (Li et al, 2007; Sims et al, 2011; Hsin & Manley, 2012).  

 

In addition to RPB1, RNAPII subunits RPB3 (POLR2C) and RPB11 (POLR2J) need 

a mention here as we discovered these subunits as the interacting partners of SHP-

1 which will be described in detail in later parts of the thesis. RPB3, the third largest 

subunit of RNAPII is an essential component for the mRNA transcription complex in 

eukaryotes (Kolodziej & Young, 1989). RBP3 exists as a heterodimer with RPB11. 

RPB2-RPB3-RPB11 complex has been proposed to represent a core subassembly 

of RNAPII. Both free RPB1 as well as RPB2-RPB3-RPB11 complex exhibit DNA 

binding affinity, but far less compared to intact RNAPII suggesting that coordinated 

assembly of all peptides of RNAPII is essential for the full potential of this enzyme. 
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5.3. Steps involved in general transcription  

 

RNAPII is not able to initiate the transcription and transcribe along DNA consistently.  

RNAPII needs  so-called general transcription factors (GTFs) to successfully execute 

the transcription process (Haberle & Stark, 2018). In vitro transcription experiments 

revealed that RNAPII can recognize DNA at non-specific positions in the absence of 

GTFs (Matsui et al, 1980; Samuels & Sharp, 1986; Conaway et al, 1987; Sayre et 

al, 1992). GTFs (TFIID, TFIIA, TFIIB, TFIIF, TFIIE, TFIIH) are sequentially 

assembled at the core promoter which eventually results in the recruitment of 

RNAPII to the core promoter (Figure 9). The assembly of GTFs, RNAPII and 

mediator at core promoters is called pre-initiation complex (PIC) (Haberle & Stark, 

2018; Rengachari et al, 2021) (Figure 9). The mediator complex consist of 30 

subunits in human and is 1.4MDa in size (Plaschka et al, 2015). This complex 

controls transcription initiation and elongation by helping in the recruitment of general 

Figure 10. Crystal structure of RNAPII. This figure is reproduced from Wild 
and Cramer, 2012 with permission. 



29 

 

or specific transcription factors to the gene promoter and by interacting with RNAPII 

(Allen & Taatjes, 2015). However, the precise mechanisms by which mediator 

influences transcription is poorly understood.  

 

Biochemical and structural experiments revealed that TFIID is the first factor that 

recognizes and binds to the core promoter followed by TFIIA and TFIIB (Figure 9). 

The binding of TFIIA and TFIIB is followed by the recruitment of RNAPII-TFIIF 

complex. Finally, TFIIE and TFIIH join the complex (Nikolov & Burley, 1997; Haberle 

& Stark, 2018) (Figure 9). PIC assembly at the promoter results in melting of the 

DNA that allows RNAPII to start transcription at the transcription start site (TSS). The 

carboxy-terminal domain (CTD) of RNAPII likely helps to recruit Mediator to the 

promoter (Kim et al, 1994; Robinson et al, 2016) (Figure 9). To continue the 

transcription, RNAPII needs to dissociate from the PIC (termed as promoter escape). 

After escape, RNAPII synthesizes a 20-60 nucleotide long nascent RNA and then 

pauses downstream of TSS (Rougvie & Lis, 1988; Rasmussen & Lis, 1993). RNAPII 

pausing seems to give time for the proper 5’-capping of the nascent RNA 

(Rasmussen & Lis, 1993; Tome et al, 2018). At this stage, DRB sensitivity inducing 

factor (DSIF) and negative elongation factor (NELF) bind to RNAPII and help to 

maintain RNA pausing. The productive elongation phase is regulated by cyclin-

dependent kinase 9 (CDK9) which phosphorylates DSIF, NELF, and RNAPII CTD at 

ser2. CTD phosphorylation at ser2 is considered one of the hallmarks of transcription 

elongation (Haberle & Stark, 2018).   

 

 

5.4. Transcription factors (TFs) 

 

In addition to the players mentioned before, transcription factors play an important 

role in ensuring tissue-specific transcription. TFs refer to proteins that are capable 

of binding DNA in a sequence-specific manner thereby regulating transcription 

(Fulton et al, 2009; Vaquerizas et al, 2009; Lambert et al, 2018). There are 

approximately 1600 transcription factors in the human proteome. Aberrant 
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expression of TFs is frequently associated with several kinds of cancer, 

developmental disorders, and other human pathologies. The affinity of TFs towards 

their specific DNA sequence is 1000 fold higher than to non-specific sequences 

(Lambert et al, 2018). Based on the structure of their DNA binding domains, TFs 

have been classified into several families that include nuclear hormone receptors, 

STATs, basic helix loop helix, homeodomain, C2H2-zinc finger and basic leucine 

zipper proteins (Struhl, 1989; de Souza et al, 2018; Lambert et al, 2018).  

 

The differential presence and activity of transcription factors results in transcription 

of specific sets of genes in different cell types. TFs can bind to either the proximal 

promoter or enhancers in a combinatorial manner with the help of several other 

factors in addition to TFs. Enhancers are non-coding regulatory DNA sequences 

present in the genome that enhance the transcription of genes transcribed by 

RNAPII (Banerji et al, 1981; Bulger & Groudine, 2011; Kim & Shiekhattar, 2015; Oh 

et al, 2021). The key feature that distinguishes enhancers from promoters is that 

enhancers can activate transcription being located in either direction and irrespective 

of the distance and location to the target gene. Depending on the cell type and 

condition, promoters or enhancers are bound by several different kinds of proteins. 

These proteins include RNAPII, coactivators, TFs, architectural proteins such as 

histones and reader proteins that modify histones (Bulger & Groudine, 2011; 

Lambert et al, 2018). Different combinations of these proteins result in the 

transcription of a specific subset of genes at a specific time and location (Panigrahi 

& O’Malley, 2021).  

 

There are several mechanisms, by which TFs can control gene expression. TFs can 

regulate gene expression either by direct recruitment of the RNAPII or by the 

recruitment of coactivators and corepressors (Bulger & Groudine, 2011) (Figure 9). 

TFs can also regulate transcription simply by steric mechanisms or by blocking the 

binding to other proteins on the same sequence. Coactivators are regulatory proteins 

that increase the transcription of the gene without binding to the DNA. Coactivators 

exert their function by binding to the TFs and modifying the chromatin.  CBP, p300, 
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BRG1 and BRM (mammalian orthologue of SWI/SNF family) are few examples of 

coactivators (Kim et al, 1994; Zaret & Carroll, 2011; Allen & Taatjes, 2015). In the 

next chapters, the STAT- and nuclear receptor-family will be described in more detail 

as examples of TFs with the focus on PPAR and STAT5, respectively. 

 

6. Signal Transducer and Activator of Transcription-Family 

 

The members of the STAT-family were discovered as key DNA binding proteins 

involved in cytokine signaling. In response to IFN/, STAT1/STAT2 rapidly binds to 

an IFN responsive element (Schindler et al, 1992; Ihle, 1996; Meraz et al, 1996; Levy 

& Darnell, 2002; Au-Yeung et al, 2013; Verhoeven et al, 2020).  Following the cloning 

of STAT1 and STAT2, other members of the STAT-family were discovered (Liu et 

al, 1995; Au-Yeung et al, 2013). The STAT-family is comprised of seven family 

members (STAT1, 2, 3, 4, 5A, 5B and 6) (Verhoeven et al, 2020). Each family 

member has six domains namely the N-terminal domain (NTD), followed by the 

coiled-coil domain (CC). The CC domain is followed by a DNA binding domain 

(DBD). A helical linker connects the DBD to the SH2 domain. The SH2 domain is 

followed by C-terminal transactivation domain (TAD). TAD is the most divergent part 

among all domains (Ihle, 1996; Verhoeven et al, 2020) (Figure 11). During activation, 

SH2 domain along with the N-terminal domain mediates homo- and 

heterodimerization of STAT molecules. Coiled-coil domain helps in the nuclear 

localization of STATs mediated by protein-protein interaction. DNA binding domain 

is responsible for the binding of STATs to the DNA consequences sequence. The 

TAD domain has regulatory phosphorylation sites that upon phosphorylation help in 

the recruitment of additional factors resulting in enhanced STAT activity. 
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STAT proteins regulate a variety of fundamental cellular processes that induce 

growth and differentiation, immune response, inflammation and development. 

STAT1 and STAT2 mediated signaling is implicated in the growth and apoptosis of 

immune cells (Adámková et al, 2007, 1) and exerting antiviral effects (Gamero et al, 

2010). STAT3 is important for embryonic development as STAT3-deficient mouse 

embryos die within a few days of birth (Akira, 1999) . IL-12-STAT4 activated 

signaling plays an important role in the differentiation of TH1 cells (Szabo et al, 

2003). Classical STAT5 signaling is important for mammary gland development, milk 

production and haematopoiesis (Buitenhuis et al, 2003). The last member, STAT6, 

is activated by IL-4 and IL-13 and is important for immune functions (Hou et al, 1994; 

Chiba et al, 2009). 

 

6.1. Signal Transducer and Activator of Transcription 5 (STAT5) 

 

STAT5  was discovered from sheep as prolactin regulated transcription factor 

(Wakao et al, 1994). Subsequently, it was found that two isoforms of STAT5 exist in 

mice. STAT5A and STAT5B share 94-96% sequence similarity at the amino acid 

level with the highest degree of dissimilarity at TAD (Liu et al, 1995). STAT5A and 

STATB genes are located on chromosome 17 and chromosome 11 of the human 

and mouse genome, respectively. The promoters of STAT5A and STAT5B are 

separated by 10kb. These proteins show a differential expression pattern. For 

instance, STAT5A (Liu et al, 1995; Barash, 2006) is predominantly expressed in the 

mammary gland, whereas STAT5B is highly expressed in natural killer cells 

(Gotthardt et al, 2016), liver (Udy et al, 1997) and muscle (Paul et al, 2019). 

 

STAT5 undergoes several post-translational modifications that regulate its activity 

and stability. STAT5 is activated and mediates cell signaling in response to several 

Figure 11. Structure and consensus binding sites of STATs. 
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kinds of ligands including different growth hormones, different kinds of cytokines 

such as IL-2, IL-3, IL-4, and IL-7, GM-CSF, CSF1, thrombopoietin and erythropoietin. 

The canonical activation of these latent cytoplasmic transcription factors depends on 

tyrosine phosphorylation within the SH2 domain. STAT5A is tyrosine phosphorylated 

at Tyr694 and STAT5B is phosphorylated at Tyr699 by Janus kinase (JAK) in 

response to several cytokine and growth factors as mentioned above (Gouilleux et 

al, 1994). The tyrosine phosphorylation results in homo/heterodimer formation 

(STAT5A-5A, STAT5B-5B, STAT5A-5B) followed by their nuclear translocation and 

subsequent activation of target genes. Ser725  of Stat5A and Ser730 of Stat5B are 

phosphorylated in response to IL-2 and prolactin stimulation (Kirken et al, 1997b, 

1997a; Decker & Kovarik, 2000). Point mutation studies showed that these serine 

residues are not important for the transcriptional regulation and transactivation 

potential of STAT5 (Yamashita et al, 2001). Other kinds of modification such as 

lysine acetylation (Ma et al, 2010; Kosan et al, 2013), lysine SUMOylation (Geiss-

Friedlander & Melchior, 2007; Van Nguyen et al, 2012) and O-GlcNAcylation (Freund 

et al, 2017) have been shown to affect STAT5 transactivation capabilities.  

 

STAT5 plays an important role in growth and differentiation. Double knockout mice 

(Stat5a-/Stat5b-) exhibit perinatal lethality 92-96% (Kerenyi et al, 2008; Socolovsky 

et al, 1999) due to severe anemia and severe combined immunodeficiency (Yao et 

al, 2006). Furthermore, surviving Stat5a-/Stat5b-mice fail to develop CD8+T 

lymphocytes and B cell maturation suggesting an important role of STAT5 in immune 

cell development (Hoelbl et al, 2010). Liver-specific invalidation of Stat5a-/Stat5b in 

mice leads to signs of severe hepatic steatosis, and the mice develop liver cancer at 

the age of 17 months without any chemical treatment (Yu et al, 2012). Collectively 

these finds suggest that STAT5A and 5B are important for growth and development. 

 

The precise role of STAT5A and STAT5B was investigated using single mutants. 

Deletion of Sta5A but not Stat5B gene results in developmental issues in the 

mammary gland and decrease in milk secretion in mice (Liu et al, 1997) suggesting 

an important role of STAT5A in the development and function of the mammary gland. 
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Stat5B specific deletion in mice results in loss of sexual dimorphism in mice. Male 

mice with Stat5B deletion show growth rate and liver-specific gene expression 

similar to wild-type female mice (Udy et al, 1997). Collectively these studies show 

that STAT5A and STAT5B have redundant and non-redundant functions. These 

non-redundant functions may be attributed to their differential gene expression and 

different protein interaction patterns. 

 

6.2. Unphosphorylated STAT5 (uSTAT5) 

 

Most of the studies showed that growth hormone and cytokine mediated activation 

of STAT5 resulted in its phosphorylation. Phosphorylated STAT5 is the active 

molecule that is translocated into the nucleus and binds to the target sequence in 

the DNA thereby regulating gene expression. However, several studies suggest that 

unphosphorylated STAT5 (uSTAT5) can enter the nucleus and regulate gene 

expression. Shin and Reich, 2013 demonstrated that STAT5 nuclear import can be 

mediated by an unconventional nuclear localization signal (NLS) that resides within 

the CC domain (Shin & Reich, 2013). Interestingly, they demonstrated that STAT5 

nuclear import is mediated by importin-alpha3/1 and was independent of STAT5 

activation by tyrosine phosphorylation. Functional assays demonstrated that the CC 

domain is important for the STAT5 mediated activation of the -casein gene in 

response to prolactin treatment (Shin & Reich, 2013). Structural analysis of the 

unphosphorylated STAT5A homodimer lacking the N-terminal and C-terminal 

domains showed a high degree of resemblance with phosphorylated STAT5 

(Neculai et al, 2005). The structural key difference between uSTAT5 and pSTAT5 

was the mode of dimerization. uSTAT5 dimerizes in a completely different manner 

mediated via interaction between their “-barrel and four-helix bundle domain” 

(Neculai et al, 2005). 

 

Park et al.,2016 demonstrated that in the absence of signal, uSTAT5 can still bind 

to the DNA and may act as a repressor. In the absence of thrombopoietin (TPO), 

uSTAT5 co-localizes with CCAAT box-binding transcription factor and subsequently 
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represses the megakaryocytic transcriptional program. In the presence of TPO, 

uSTAT5 is phosphorylated and the canonical STAT5 pathway is activated (Park et 

al, 2016). These findings suggest that uSTAT5 is not an inert player, but its precise 

function needs to be further elucidated. 

 

7. The Nuclear Receptor (NR) Superfamily 

 

The nuclear receptor superfamily comprises ligand-activated transcription factors 

that play important roles in growth, development, inflammation, immunity, and 

metabolism (Mazaira et al, 2018; Dias et al, 2020; Christofides et al, 2021). Since 

the discovery of the first member of the NR family in 1985 until now 48 members 

have been added to this family (Hollenberg et al, 1985; Mazaira et al, 2018). NRs 

are divided into three classes. Class I consists of ligand-activated transcription 

factors. Glucocorticoid receptors and estrogen receptors (Novac & Heinzel, 2004) 

are examples of this class. In the absence of ligand, these TFs reside in the 

cytoplasm. Upon ligand activation, these TFs translocate to the nucleus where they 

initiate the transcription of several target genes (Nagy & Schwabe, 2004). The 

second class comprises orphan receptors since their endogenous ligand has not 

been identified (Giguère, 1999). Class III comprises ligand-activated TFs that require 

retinoic X receptors for their activity. Members of this class form complexes with RXR 

to bind to the promoter of their target genes. Peroxisome proliferator-activated 

receptors (PPARs) and retinoic acid receptors are members of this class (Tyagi et 

al, 2011). 

 

PPARs are ligand-activated transcription factors that regulate a variety of genes 

involved in metabolic homeostasis, development, and immunity (Tyagi et al, 2011). 

PPARs were originally identified by their ability to induce proliferation of peroxisome 

(Lazarow & De Duve, 1976), but this function of PPARs is not found in humans. 

PPARs comprise three closely related members namely PPARα (NR1C1), PPAR 

ß/δ (NR1C2), and PPAR (NR1C3) (Tyagi et al, 2011). These members are encoded 
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by three independent genes in rodents and humans (Zoete et al, 2007). Although 

co-expressed in several cell types, the different PPARs exhibit ligand specificity and 

specific functional characteristics (Braissant et al, 1996).  PPARs are recognized as 

nuclear lipid sensing receptors, whose natural  ligands include various kinds of 

endogenous lipids such as omega 3 fatty acids, eicosanoids and Vitamin B3 (Tyagi 

et al, 2011). PPARα is abundant in the liver, brown adipose tissue, skeletal muscle, 

endocrine tissue, and to a lesser extent in kidney and immune cells (Varga et al, 

2011). PPARα has been detected in a specific area of the brain, where it exerts an 

anti-inflammatory effect (Esmaeili et al., 2016; Warden et al., 2016). In addition, 

PPARα regulates liver specific genes involved in fatty acid catabolism which 

provides energy to peripheral organs (Varga et al, 2011).  PPAR ß/δ is ubiquitously 

expressed and plays an important role in the modulation of inflammatory responses 

(Liu et al, 2018). Studies suggest that PPAR ß/δ imparts protective function in the 

brain by exerting anti-inflammatory and anti-oxidant properties (Iwashita et al, 2007; 

Warden et al, 2016; Gamdzyk et al, 2018). However, there are contrasting studies 

that suggest a role for PPAR ß/δ  in promoting inflammation (Liu et al, 2018). In 

addition, PPAR ß/δ plays important roles in controlling cell proliferation and cell cycle 

(Lim et al, 2009) and helps in inhibiting cell death by promoting the expression of 

proteins like PDK1 in several cell types (Pedchenko et al, 2008). The third member 

of PPAR family, PPARγ significantly contributes to the regulation of adipogenesis, 

lipid metabolism, energy balance and inflammation. PPARγ will be mentioned in 

more detail in following section.  

 

The structure of nuclear receptors is highly conserved (Chandra et al, 2008). The 

PPARs are composed of five domains (designated as AF1, DBD, domain D, LBD, 

and AF2). The N-terminal AF-1 domain also called ligand-independent activation 

domain precedes the DNA-binding domain (DBD, domain C). The DBD contains two 

zinc-finger motifs that are responsible for the recognition of the consensus sequence 

on DNA. DBD is followed by the hinge domain D, which provides structural flexibility 

between DBD and ligand-binding domain (LBD) domain. The hinge domain is 

followed by the C-terminal LBD. As the name suggests LBD has a site for the 
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activation by ligand, sites for dimerization, and bears the AF-2 domain (Tyagi et al, 

2011) (Figure 12). The LBD domain is large enough to accommodate a variety of 

endogenous lipid molecules such as eicosanoids and fatty acids. In the presence of 

an agonist, the AF2 domain plays a crucial role in mediating the recruitment of 

coactivators leading to enhanced expression of target genes. This recruitment 

occurs by displacing corepressors. Conversely, in the absence of an agonist, the 

AF2 domain exhibits a stronger association with corepressors. Additionally, the AF2 

domain is responsible for both agonist binding and heterodimerization with RXR. 

Ligand binding to LBD domain is thought to induce conformational changes in the 

AF-2 domain resulting in the recruitment of co-activator proteins that further assist in 

regulation of gene expression (Tyagi et al, 2011).  

 

PPARs bind to DNA on a region known as PPAR response elements (PPRE) 

containing two hexameric direct repeats (AGGTCA) with a single nucleotide space 

called DR1 or dinucleotide spacer called DR2 (Heinäniemi et al, 2007). PPRE is 

present in the promoter and enhancer region of PPAR target genes (Heinäniemi et 

al, 2007). PPARs interact with retinoic acid receptor (RXR) α and bind to PPRE to 

regulate target gene transcription (Chandra et al, 2008). In the absence of ligand,  

Upon ligand binding, the PPARG2-RXR heterodimer undergoes a conformational 

change, leading to the recruitment of co-activators essential for transcriptional 

activation. These co-activators include members of the p160 protein family, CREB-

binding protein/p300. The cooperative interaction between the ligand-bound 

heterodimer and these co-activators facilitates the activation of target genes, 

resulting in transactivation. Conversely, in the absence of their cognate ligands, 

RXR exhibit a different transcriptional response. Under such conditions, RXR 

interact with co-repressors such as nuclear receptor corepressor (NCoR) and 

silencing mediator of retinoic acid (SMRT). This interaction plays a crucial role in 

transcriptional silencing, thereby regulating the expression of target genes (Powell 

et al, 2007). The binding of hydrophobic ligand to LBD results in conformational 

changes promoting the recruitment of co-activator complexes containing CREB 

binding protein (CBP), steroid receptor coactivator 1 and p300 to the PPAR:RXR 
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heterodimer, which subsequently results in transcription of the target genes (Zoete 

et al, 2007; Chandra et al, 2008; Chan & Wells, 2009; Tyagi et al, 2011; Ahmadian 

et al, 2013).  

 

7.1. PPAR gamma  

PPAR gamma was discovered by Tontonoz et al., 1994 while characterizing the 

adipocyte P2 gene (Tontonoz et al., 1994). In humans, four splice variants of PPARG 

transcripts exist, of which PPARG1, PPARG3 and PPARG4 translate into PPAR1 

protein (Meirhaeghe & Amouyel, 2004). In addition to white adipose tissue, PPAR 

is also expressed in liver, skeletal muscle, heart, colon, immune cells such as 

monocytes/macrophages, dendritic cells, and T cells, and various cells of epithelial 

origin  (Figure 12) (Arck et al., 2010).  
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PPAR is regulated at transcriptional and post-translational levels (Zhu et al, 1995; 

van Beekum et al, 2009; Wadosky & Willis, 2012; Brunmeir & Xu, 2018; Hajri et al, 

2021). PPAR has two isoforms PPAR1 and PPAR2 resulting from different 

promoter usage and alternative splicing (Zhu et al, 1995). PPAR2 is the longer form 

with an additional 30 amino acids (aa) at its N-terminus. PPAR1 is expressed in 

several tissue types including liver, macrophages, small intestine, and WAT. On the 

other hand, PPAR2 is mainly expressed in WAT, but also to a low extent in the liver 

(Zhu et al, 1995). In addition to PPAR1 and PPAR2, recently two other forms of 

PPAR have been discovered, designated as PPARγ1Δ5, and PPARγ2Δ5 (Aprile et 

al, 2018). PPARγ1Δ5 and PPARγ2Δ5 are produced by skipping of exon 5 resulting 

in the deletion of the entire LBD (Aprile et al, 2018). These protein variants are 

Figure 12. Mechanism of PPAR gamma activation and its impact on various 
organs. 

AF1-Activation function 1, DBD-DNA-binding domain, LBD-ligand-binding domain, 
AF2- Activation function 2, RXR a-Retinoic acid receptor alpha, SMRT- Silencing 
mediator of retinoic acid, NCoR- Nuclear receptor corepressor, SRC- Steroid 
receptor coactivator, CBP-CREB-binding protein, PPRE- Peroxisome proliferator-
activated receptor-gamma response element.  
 This figure is generated with the help of graphics from Servier Medical Art 
(https://smart.servier.com/) 
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expressed in human adipose tissue where they exert a dominant-negative effect that 

may result in adipocyte dysfunction (Aprile et al, 2018). 

 

7.1.1 Post-translational regulation of PPAR  

 

The activity of PPAR is also governed by various post-translational modifications 

that include phosphorylation (Camp et al., 1999; Keshet et al., 2014; Hall et al., 

2020), acetylation (Jiang et al, 2014), O-GlcNAcylation (Ji et al., 2012), ubiquitination 

(Keshet et al, 2014), and SUMOylation (Diezko & Suske, 2013; Katafuchi et al, 2018; 

Hall et al, 2020) (Figure 13). These PTMs affect protein stability, PPAR 

transactivation potential and its interaction with coactivators and suppressors (Burns 

& Vanden Heuvel, 2007) (Figure 13). The position of the key amino acid residues 

that undergo PTMs and associated enzymes is shown in Figure 13. Indeed, some 

of the PTMs have been associated with metabolic syndrome (Burns & Vanden 

Heuvel, 2007; Brunmeir & Xu, 2018).  

 

Phosphorylation is the most studied PTM in PPAR biology. Several studies reported 

a variety of signals that could trigger PPAR phosphorylation including epidermal 

growth factor, transforming growth factor  and prostaglandin F2 through the 

activation of ERK1/2 or JNK (Hu et al, 1996; Reginato et al, 1998; Brunmeir & Xu, 

2018). One of the well-studied PPAR phosphorylations is the one of ser112 that is 

located in the AF-1 region within a MAPK consensus sequence site. Phosphorylation 

of S112 results in decreased transcriptional activity of PPAR at least in part by 

enhancing SUMOylation of K107. Mutagenesis experiments revealed that 

expression of a non-phosphorylatable form (S122A) led to an increase in 

transcriptional activity and adipogenesis (Camp et al, 1999; Ristow et al, 1998). 

Ser273 is another residue that undergoes phosphorylation in PPAR by cyclin 

dependent kinase 5 and shares some similarity with S112. The loss of Ser273 

phosphorylation increases PPAR activation, however it does not affect 

adipogenesis but rather influences insulin sensitivity by affecting a subset of target 
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genes (Choi et al, 2015).  In addition, Keshet et al., 2014 discovered that tyrosine 

residues 78 (Y78) and 112 (Y112) could be phosphorylated in PPAR by c-Abl and 

phosphorylation was associated with increased PPAR stability and promoted 

adipogenesis (Keshet et al, 2014). Interestingly, another group found that Y78 

phosphorylation was regulated by SRC kinase and the phospho Y78 was involved 

in the regulation of a set of cytokine genes (Choi et al, 2015). 

 

   

Figure 13. Schematic diagram of PPAR showing key amino acids  can 
undergo post-translational modifications.  

The abbreviations are: CDK9-Cyclin Dependent Kinase 9, UB-Ligase- 
Ubituitin ligase, CDK5-Cyclin Dependent Kinase 5, cABL-Abelson Tyrosine-
Protein ,Kinase 1, AF1-Activation function 1, DBD-DNA-binding domain, 
LBD-ligand-binding domain, AF2-Activation function 2, SUMO-Small 
Ubiquitin-related modifier. 

This figure is generated with the help of graphics from Servier Medical Art 
(https://smart.servier.com/). 

 

https://smart.servier.com/
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7.1.2 Biological role of PPAR 

 

PPAR plays a special and indispensable role in the development, functionality and 

differentiation of adipose tissue. PPAR is the master regulator of lipid storage and 

adipogenesis (Cataldi et al, 2021). The highest level of PPAR is expressed in 

adipose tissue. Ectopic expression and activation of PPAR is sufficient to induce 

adipogenesis in fibroblasts (Tontonoz et al, 1994b). In addition, forced expression of 

PPAR in myoblasts causes cells to express adipocyte-specific genes leading to lipid 

accumulation, a phenomenon known as transdifferentiation (Hu et al, 1995). Using 

chimeric wild-type and PPARG null cells, Rosen et al. demonstrated that PPAR is 

of utmost importance for the development of adipose tissue (Rosen et al, 1999).  

Under the action of different ligands, PPAR forms different transcriptional 

complexes comprised of different sets of cofactors that regulate different gene sets 

at various stages of adipocyte lifespan. Mice with an adipose tissue-specific KO of 

PPAR exhibit marked abnormalities in the development and function of white as 

well as brown adipose tissue (BAT) (Jones et al, 2005). These mice have low levels 

of adiponectin and leptin hormones that play important roles in metabolism.  

 

In addition to adipose tissue, PPAR also plays important roles in several other 

tissues (Gavrilova et al., 2003). Although liver expresses lower amounts of PPAR, 

liver specific deletion of PPARG shows the functional relevance of PPAR in the 

liver. For instance, Matsusue et al., 2003 observed that PPAR-deficient liver of 

obese/obese (ob/ob) mice exhibits lower levels of TG as compared to control 

littermates. Importantly, liver specific deletion of PPAR increases the severity of 

diabetes in ob/ob mice due to decreased insulin sensitivity in adipose tissue and 

muscle (Matsusue et al, 2003). Furthermore, obesity results in the dysfunction of 

adipose tissue promoting lipolysis and hyperlipidemia. In such a situation, the liver 

can act as a site of lipid storage (Gavrilova et al, 2003). Excess lipid storage can 

activate the expression of PPAR in the liver. Activated PPAR can induce the 
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expression of genes involved in lipid metabolism such as FABP4 and CD36 that help 

in free fatty acid uptake in the liver and can contribute to steatosis (Ipsen et al, 2018).  

In Kupffer cells, PPAR promotes the activation of the M2 macrophage phenotype 

and inhibits the M1 macrophage phenotype (Luo et al, 2017). The shift to the more 

anti-inflammatory M2 phenotype results in reduced inflammation levels. On one 

hand, PPAR induces hepatic steatosis, on the other hand, PPAR reduces 

inflammation. These observations suggest a dual role of PPAR in the liver (Liss & 

Finck, 2017).  

 

Gavrilova et al., 2003 demonstrated that ablation of PPAR in the liver of 

lipodystrophic A-ZIP/F-1 (AZIP) mice reduces hepatic steatosis (Gavrilova et al, 

2003). However, this deletion is accompanied by hyperlipidemia and muscle insulin 

resistance. Interestingly, rosiglitazone’s hypoglycemic and hypolipidemic effects 

were lost upon the inactivation of PPAR in AZIP mice, but not in wild-type mice 

(Gavrilova et al, 2003). Rosiglitazone, a member of the thiazolidinediones family, 

exerts its pharmacological effects by specifically binding to and activating PPAR). 

These observations indirectly suggest that in the absence of adipose tissue, the liver 

may be the main site of rosiglitazone activity. Collectively liver PPAR may play an 

important role in triglyceride homeostasis and inflammation under obese conditions. 

 

The role of PPAR in tumorigenesis is controversial (Mueller et al, 1998; Sarraf et al, 

1998; Hernandez-Quiles et al, 2021). In several kinds of cancers, loss of function-, 

gain of function- and the presence of somatic PPAR fusion-proteins have been 

documented (Sarraf et al, 1999; Hernandez-Quiles et al, 2021). PPAR is highly 

expressed in the small intestine. Activation of PPAR in colon cancer cells resulted 

in reduction in clonogenic growth (Sarraf et al, 1998). Furthermore, transplantation 

of tumors derived from human colon cancer cells showed a reduction in growth in 

mice treated with PPAR agonists. A similar reduction in cancer growth upon PPAR  

activation has been reported in prostate (Kubota et al, 1998), breast (Bonofiglio et 

al, 2009), and lung cancer (Bren-Mattison et al, 2005). The somatic mutation that 
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results in loss of function of PPAR  has been reported in nearly 8% of sporadic 

colorectal cancers (Hernandez-Quiles et al, 2021). PPAR focal amplification has 

been reported for bladder carcinomas. The loss of function of PPAR  expression in 

bladder cancer cells resulted in reduced cell viability. In the luminal bladder cancer, 

mutations have been found in PPAR that activate the PPAR pathway and confer 

PPAR dependency to the cancer cells (Rochel et al, 2019). 

 

PPAR expression in thyroid tissue is extremely low and its physiological relevance 

is not clear. In 30% of follicular thyroid carcinomas, t(2;3)(q13;p25) chromosomal 

translocation has been detected that results in plugging of PPAR gene in frame to 

the paired box 8 (PAX8) gene (Kroll et al, 2000). PAX8 is an important transcription 

factor involved in the development of the thyroid gland (Kroll et al, 2000). In vitro and 

in vivo studies suggest that PAX8-PPAR  can act as an oncogenic transcription 

factor as it has DBDs from both proteins. The presence of this novel transformed 

transcription factor has been detected in poorly differentiated thyroid carcinomas, 

follicular thyroid adenomas, and follicular tumors. However, the presence of PAX-

PPAR does not correlate with the invasiveness of thyroid carcinomas (Boos et al, 

2013). 

 

8. Protein tyrosine phosphatases 

 

8. 1. A brief history of Tyrosine (Tyr) phosphorylation 

 

Protein phosphorylation and dephosphorylation indispensably contributes to several 

biological processes including cell signaling and gene expression. These processes 

ultimately govern metabolism, immune response and reproduction. The 

dysregulation of phosphorylation and dephosphorylation is one of the factors that 

instigate several human pathologies including diabetes, NAFLD, immunological 

diseases, and even cancer. In the eukaryotic proteome, approximately 30% of all 

proteins have phosphate groups added to them by kinases (Hunter, 2014). Among 
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all amino acids, phosphorylation at serine residues makes up 95% of total 

phosphoproteins (Hunter & Sefton, 1980; Tautz et al, 2006), threonine  is 

accountable for  5% of total phosphoproteins. Tyrosine phosphorylation contributes 

to only 0.01-0.1% of all protein-bound phosphate groups (Hunter & Sefton, 1980; 

Tautz et al, 2006). 

 

From a historical prospective, Ser/Thr kinases were discovered several years before 

protein tyrosine phosphorylation and tyrosine kinases (Eckhart et al, 1979; Hunter & 

Sefton, 1980). Tyr phosphorylation in general is relatively short-lived as compared 

to Ser/Thr phosphorylation and therefore often harder to detect. This is due to the 

presence of extremely active protein tyrosine phosphatases, which dephosphorylate 

any unprotected phospho-tyrosine residue within a few seconds (Kleiman et al, 

2011). Another reason for the late discovery of phospho-tyrosine residues was the 

previous method of identifying phospho-amino acid residues. Electrophoretic 

migration of partial acid hydrolysates of 32P labeled protein at pH 1.9 was the main 

method to detect phospho-amino acids (Ushiro & Cohen, 1980).  At pH 1.9, 

phospho-Tyr  (pTyr) and phospho-Thr (pThr) migrate together and pThr being 

abundant and relatively long-lived as compared to pTyr masks the pTyr signal 

(Hunter, 2014). For instance, EGF receptor kinase was mistakenly discovered as 

threonine kinase (Carpenter et al, 1978). With the discovery of two-dimensional 

electrophoresis that can distinguish between pTyr and pSer/pThr residues, it was 

demonstrated that pTyr-proteins exist and the level of their phosphorylation 

increases when activated Tyr-kinases were expressed in the cells (Hunter & Sefton, 

1980). The development of pan-phospho-tyrosine antibodies (Frackelton et al, 

1983), site-specific pTyr antibodies coupled with immunoblotting and finally affinity-

purification mass spectrometry (AP-MS) resulted in the discovery of many phospho-

tyrosine sites in a wide range of proteins. 
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8.2 Discovery of tyrosine phosphatases (PTP) and their classification 

 

Tanks et al., 1988 identified and purified the first protein tyrosine phosphatase (PTP)  

called PTP1B from the human placenta (Tonks et al, 1988). Invention of PCR, low 

stringency screening, and further whole genome sequencing resulted in the 

discovery of several diverse members of the PTP family. Upon the completion of the 

sequencing of the human genome, the PTP family can be categorized into two 

groups (Tonks, 2006) (Figure 14). Group I comprises classical PTPs and dual-

specificity phosphatases (DSPs) (Tonks, 2006). Some members of the PTP family 

are also classified as pseudo-phosphatase.  

 

8.2.1 Classical phospho-tyrosine specific phosphatases  

 

The classical PTPs can be further divided into transmembrane receptor-like  protein- 

tyrosine phosphatases (RPTPs) and non-transmembrane protein tyrosine 

phosphatases (NTPTPs) (Alonso et al, 2004; Tonks, 2006) (Figure 14). Of note, the 

use of alternative promoters or alternative splicing can result in the production of 

receptor and non-receptor tyrosine phosphatases from a single gene suggesting the 

classification is not definitive. PTPRE and PTPRO genes are examples of such PTP 

genes (Tonks, 2006). There are at least 37 classical PTP genes in humans, mice, 

and rats. The catalytic domain of classical PTPs comprises several short sequence 

motifs especially the phospho-Tyr binding signature motif at the active site called 

active-site signature motif C(X)5R. The average length of the catalytic domain of 

classical PTPs is 280 amino acids (Andersen et al, 2001).  
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8.2.2 RPTPs 

 

Generally, RPTPs contain two cytoplasmic PTP domains, the membrane-proximal 

domain (D1) and the membrane distal domain (D2). In addition, RPTPs contain a 

single transmembrane segment and an extracellular domain (Andersen et al, 2001) 

(Figure 14). Functional studies suggest that most of the activity is attributed to the 

D1 PTP domain. The D2 domain does not have detectable enzymatic activity except 

for PTPalpha 11, but structural integrity is important for substrate specificity (Streuli 

et al, 1990). 

 

8.2.3 NTPTPs  

 

Unlike RPTPs that are predominantly found in the plasma membrane, NTPTPs are 

localized in the cytosol, endoplasmic reticulum and even in the nucleus (Andersen 

Figure 14. The classical PTPs. The figure is reproduced from Tonks et al., 
2006, Springer Nature with permission. 
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et al, 2001; Alonso et al, 2004; Tonks, 2006).  Structurally NTPTPs are comprised 

of catalytic domains flanked by regulatory sequences. These regulatory sequences 

play an important role by interacting with the substrate and catalytic domain such as 

the SH2 domain of SHP-1 and also regulate the subcellular distribution of the protein.  

 

8.2.4 Dual specificity phosphatases (DSPs)  

 

As compared to classical PTPs, DSPs possess a small catalytic domain and exhibit 

little sequence similarity with classical PTPs. The presence of cysteine-containing 

signature motifs qualifies them to classify within the PTP family. The mechanism of 

action of DSPs is similar to classical PTPs. The structural flexibility of the catalytic 

domain of DSPs allows them to accommodate phospho-serine and phospho-

threonine residues in addition to phospho-tyrosine residues.  Until now more than 60 

genes have been identified that encode diverse members of DSPs (Pulido and Lang, 

2019).  

 

8.2.5 Pseudophosphatases 

 

Pseudophosphatases are atypical members of the PTP superfamily that although 

having a conserved catalytic domain contain a mutation within this domain rendering 

them inactive. Nevertheless, this inactive catalytic domain, maintains a three-

dimensional structure similar to other members of PTPs. For this reason  

pseudophosphatases were thought of as dead or natural substrate trapping mutants 

of the PTP family. With the discovery of several other pseudophosphatases (Hinton, 

2019) several novel functions of these dead phosphatases have begun to emerge. 

For example the misregulation of pseudophosphatases has been observed in 

several kinds of human pathologies such as obesity, breast cancer and Charcot-

Marie-Tooth disorder (Bolino et al, 2000; Mattei et al, 2021).  

 



49 

 

8.3. Src homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-

1)   

 
To decipher the relationship between neoplastic transformation and impact of 

tyrosine phosphatases, Shen et al., 1991, screened a human breast carcinoma 

cDNA library with a Leukocyte Antigen-Related Tyrosine Phosphatase probe. Under 

high stringency conditions, they found two clones with large cDNA inserts (PTP1C4 

and PTP1C2) (Shen et al, 1991). The sequencing of PTP1C4 indicated the presence 

of an open reading frame encoding a protein with 609 amino acids. Using PTP1C as 

a probe on total RNA extracted from ZR-75-1 cells gave a single band of 2.4 kb. The 

expression of PTP1C resulted in a very high amount of PTPase activity (Shen et al, 

1991). In 1992, Yi and coworkers discovered the presence of PTP1C in 

hematopoietic cells and designated the gene that codes for PTP1C as hematopoietic 

cell phosphatase (HCP). At the same time Plutzky et al.,1992 discovered SH-PTP1 

in the libraries of rat megakaryocytes and human erythroleukemia (Plutzky et al, 

1992). The in vivo significance of SHP-1 (also known as haematopoietic cell 

phosphatase, HCP) was shown in the study of Tsui et al., 1993 where they found 

that a spontaneous recessive mutation observed in motheaten mice was due to a 

defect in the HCP gene (Wo Tsui et al, 1993).  

 

8.3.1 SHP-1 structure and mechanism of action 

 

SHP-1, also known as PTPN6, PTP-1C, HCP, HCPH, EC3.1.3.48, SH-PTP1 or 

SHP-1L, is the protein product encoded by the PTPN6 gene located on 

chr12:6,946,468-6,961,316(GRCh38/hg38). The size of the PTPN6 gene is 14,849 

bp and the gene is located on the plus strand. Alternative splicing results in two 

isoforms: 68kDa (called SHP1a in mice and SHP1-1 in humans) and a slightly longer 

called SHP-1b in mouse and SHP1-2 in human. This second isoform is slightly 

longer as it carries two extra amino acids at the N-terminus (Banville et al, 1995). 

SHP-1 is predominantly expressed in cells of hematopoietic lineage (astrocytes, 

macrophages, neuronal cells), but also to a lesser extent in skeletal muscle, adipose 
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tissue and liver. The shorter isoform of SHP-1 is predominantly expressed in cells of 

hematopoietic origin whereas the longer isoform is expressed in epithelial cells 

(Matthews et al, 1992; Plutzky et al, 1992; Abram & Lowell, 2017). In humans a third 

C-terminal alternatively spliced form of SHP-1 called SHP-1L exists. SHP-1L, a 70 

kDa protein, is 29 aa longer than other forms of SHP-1. SHP-1L is thought to exhibit 

specificity for specific substrates in certain cell types (Jin et al, 1999). The human 

and mouse SHP-1 shows 94% nucleotide similarity and 95% amino acid similarity.  

 

The two isoforms of SHP-1 a and b are initiated from different initiation codons in 

exon 1 and exon 2. SHP-1 is expressed in different tissues using tissue-specific 

promoters. Promoter 1 (called P1) is active in non-hematopoietic cells, whereas 

Promoter 2 (called P2) is exclusively active in hematopoietic cells. In mice, Promoter 

1 is more active in liver, brain, and kidney whereas promoter 2 is nearly 100 fold 

more active than Promoter 1 in  the spinal cord, thymus and spleen (Evren et al, 

2013). P1 is located 7 kb upstream of promoter 2 (Nakase et al, 2009). The P2 

promoter, which is studied in more detail, is located within intron 1 (Wlodarski et al, 

2007). PU.1 transcription factor that plays an important role in the differentiation of 

myeloid and lymphoid cells, binds to the core P2 promoter. Abolishing PU.1 results 

in decreased levels of SHP-1 transcripts (Wlodarski et al, 2007). In addition, 

transcription factor binding sites for Oct-1, Sp1, CREB-1 and NF-B, have been 

detected in Jurkat and CD4+ T cells.  Site-directed mutagenesis experiments 

revealed that Oct-1  and Sp1 binding is necessary for the basal activity of P2 

promoters (Nakase et al, 2009). AP-1, AP-2, NF-kB, and RFX-1 binding sites have 

been identified in the P1 promoter. 

 

Structurally, SHP-1 comprises two N-terminal SH2 domains (designated as N-SH2 

& C-SH2 domains), a highly conserved enzymatic phosphatase domain and a 

flexible C-terminal tail that play a regulatory role (Figure 15-16). The SH2 domain 

plays important roles in regulating the activity of SHP-1. The crystal structure of SHP-

1 revealed that in ligand/substrate-free conditions the N-terminal SH2 domain forms 

extensive contacts with the PTP domain and keeps the enzyme in an inactive state 
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(Hof et al, 1998; Yang et al, 2003; Wang et al, 2011) (Figure 15-16) by inserting the 

NXGDY/F motif into the catalytic cleft of the PTP domain. This inhibition is released 

by interaction of the N-SH2 domain with appropriate substrates containing 

phosphotyrosine bearing peptides (Pei et al, 1994). Wang et al., 2011 identified 

interactions between N-SH2 and C-SH2 domain and N-SH2 and catalytic domain. 

These interactions may be important for the stabilization of SHP-1 in the open 

confirmation (Wang et al, 2011). These structural details prove that SH2 domains 

are important for substrate recognition and controlling phosphatase activity (Yang et 

al, 2003; Wang et al, 2011). Furthermore, the binding of substrates/ 

phosphopeptides to the N-SH2 domain results in increased phosphatase activity. 

Wang et al., 2011 identified a sulfate ion, an analogue of phosphate in the binding 

site of N-SH2 and PTP domain suggesting N-SH2 domain also plays a role in 

substrate recognition. The binding of phosphopeptides to the N-SH2 domain results 

in a conformational change in the structure of the SH2 domain (Figure 15-16). This 

allosteric structural change disturbs the interaction between the N-SH2 domain and 

phosphatase domain allowing the PTP domain to access its substrate (Wang et al, 

2011) and subsequently dephosphorylate it (Poole & Jones, 2005).  
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Figure 15. Structure of SHP-1. The figure is reproduced from Wang et al., 
2011 with due permission. 

A. Schematic representation of the domain organization of SHP-1. The C-
terminal tail, shown as a dashed line, is disordered in the structure. 

B. Overall structure of SHP-1, highlighting the arrangement of two SH2 
domains resembling horns of the PTP domain. The active site is indicated by a 
yellow dashed circle. 

C. Electron density map illustrating the region surrounding the linker 
connecting the two SH2 domains in SHP-1. 
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In addition to these domains, the extreme C-terminus of SHP-1, 88 amino acids in 

length, contains several regulatory sites and signal motifs  such as nuclear 

localization signal (Poole & Jones, 2005; Xu et al, 2014b). SHP-1 shows different 

localization in hematopoietic and epithelial cells. In the latter, SHP-1 is largely 

localized in the nucleus whereas in hematopoietic cells it exhibits cytoplasmic 

localization suggesting a differential role of SHP-1 in cells of different origins. This 

observation could be attributed to upstream signals that may lead to the nuclear 

localization of SHP-1 in epithelial cells, necessitating additional investigations. 

Fusion protein and mutagenesis studies revealed the presence of nuclear 

localization signals (NLS) in the C-terminal domain of SHP-1. This NLS comprises 

short stretches of basic amino acids (KRK). The SHP-1 C-terminal domain contains 

three basic regions (designated as BD1, BD2, and BD3) (Craggs & Kellie, 2001) out 

of which BD3 is responsible for nuclear import. In addition, the C-terminus has two 

putative tyrosine phosphorylation sites (Y536 and Y564) and several sites that could 

be phosphorylated by serine/threonine kinases (Zhang et al, 2003). These two 

tyrosine residues become phosphorylated upon various stimuli and are supposed to 

influence the activity of SHP-1. For instance, Lorenz et al., 1994 found that upon Lck 

mediated activation SHP-1 is phosphorylated on the Y-564 residue contributing to 

early T-cell signaling (Lorenz et al, 1994). 

Figure 16. Schematic diagram showing mechanism of action of SHP-1. 
This figure is generated with the help of graphics from Servier Medical Art 
(https://smart.servier.com/). 
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8.3.2 Biological functions of SHP-1 

 
SHP-1 is present in different cell types performing diverse biological functions. SHP-

1 plays important roles in lipid and glucose metabolism and immune cell functions.  

In addition, SHP-1 is involved in several human pathologies such as hereditary 

human diseases (Hendriks & Pulido, 2013; Bossé et al, 2019), bacterial and viral 

pathogenesis (Christophi et al, 2008; Böhmer et al, 2013) and cancer. 

 

8.3.2.1 SHP-1 in metabolism  

 

SHP-1 plays important roles in regulating glucose homeostasis and insulin action 

(Dubois et al, 2006; Bergeron et al, 2011; Xu et al, 2012; Drapeau et al, 2013; Xu et 

al, 2014a; Marín-Juez et al, 2014; Lizotte et al, 2016; Krüger et al, 2016). Dubois et 

al., 2006 found that viable motheaten mice (Ptpn6(me-v/me-v)) that express catalytically 

dead SHP-1 exhibit marked glucose tolerance and insulin sensitivity as compared to 

their WT control littermates (Dubois et al, 2006). These observations were attributed 

to the enhanced activity of the IRS-PI3K-AKT axis in metabolic active tissues such 

as liver and muscle. In addition to regulating insulin signaling, SHP-1 also regulates 

insulin clearance. Tyrosine phosphorylation of carcinoembryonic antigen-related cell 

adhesion molecule 1 (CEACAM1), a substrate of SHP-1, is a hallmark of insulin 

clearance. In the absence of functional SHP-1 in viable motheaten mice, enhanced 

insulin clearance is also observed (Dubois et al, 2006). Expression of a dominant-

negative mutant of SHP-1 (C453S) in myocytes resulted in enhanced glucose uptake 

and glycogen synthesis. At the molecular level, the expression of SHP-1-C453S is 

accompanied by an increase in insulin-induced AKT phosphorylation (Bergeron et 

al, 2011). In a diet-induced obesity model, liver-specific knockdown of SHP-1 

exhibits improved fasting glycaemia and protection from liver insulin resistance (Xu 

et al, 2012, 2014a). Of note, expression of SHP-1 is upregulated in metabolic tissues 

of high-fat diet-fed mice. In Zebrafish, the expression of SHP-1 is upregulated in 



55 

 

insulin-resistant larvae (Marín-Juez et al, 2014). Knockdown of SHP-1 improves 

insulin sensitivity in zebrafish (Marín-Juez et al, 2014). Besides improving insulin 

sensitivity, SHP-1 also modulates lipid metabolism and obesity linked NAFLD. For 

instance, Xu et al., 2014 unexpectedly found that hepatocyte specific SHP-1 KO 

although improving hepatic insulin action, resulted in increased hepatic steatosis in 

response to HFD (Xu et al, 2014a). In another report, hepatocyte specific SHP-1 KO 

mice showed exacerbated hepatic inflammation, hepatic steatosis and fibrosis in 

response to a methionine-choline deficient diet. Furthermore adenovirus mediated 

administration of SHP-1 in SHP-1 KO mice improved hepatic steatosis and 

inflammatory signs compared to control littermates (Lin et al, 2020). 

In addition to liver and muscle, SHP-1 plays an important role in podocyte survival 

(Drapeau et al, 2013). Insulin pathways are important for podocyte survival. Elevated 

expression of SHP-1 is found in type1 diabetic mice. Exposure of podocytes to high 

glucose results in higher expression of SHP-1, reduced insulin signaling and 

elevated caspase3/7 activity. The high expression of SHP-1 in glomeruli may cause 

insulin resistance that can trigger podocyte loss and may contribute to diabetic 

nephropathy (Drapeau et al, 2013). 

A high level of glucose induces active histone modifications (H3K4me1 and 

H3K9/14ac) on the SHP-1 promoter that results in its persistent expression ultimately 

causing renal insulin resistance and diabetic nephropathy (Lizotte et al, 2016). 

Collectively these studies showed that SHP-1 acts as a negative regulator of insulin 

signaling and insulin clearance ultimately influencing glucose homeostasis in several 

kinds of tissues and organisms. Furthermore, SHP-1 controls lipid metabolism and 

failure to do so may be one of the factors for the development of NAFLD. 

 

8.3.2.2 SHP-2: a brief introduction 

 

SHP-2 is another SH2 domain containing non protein tyrosine phosphatase  

encoded by the PTPN11 gene  showing 60% homology on the protein level with 
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SHP-1 (Lorenz, 2009). Structurally, SHP-2 exhibits similar structural organization 

compared to SHP-1 and contains two SH2 domains followed by a PTP domain and 

a C-terminal regulatory tail. Despite of that, SHP-1 and SHP-2 execute opposite 

biological functions. SHP-2 is ubiquitously present whereas as mentioned earlier 

SHP-1 is mainly expressed in hematopoietic cells and epithelial cells (Feng et al, 

1993). SHP-1 is largely considered as a negative regulator of a range of metabolic 

processes whereas SHP-2 mainly serves as a positive regulator. The role of SHP-2 

has been identified in the regulation of several cellular processes like growth, 

division, differentiation, oncogenesis and metabolism. A study by Zhang et. al., 2004, 

has shown that mice with postmitotic forebrain neuron deletion of SHP2 showed 

early-onset of obesity in combination with a high level of leptin, insulin, glucose, and 

triglycerides in serum (Zhang et al, 2004). Furthermore, inhibition of SHP-2 has been 

shown to reduce both mRNA and protein levels of Acyl-CoA synthetase 4 (ACSL4) 

which is an important member of the fatty acid metabolism pathway with arachidonic 

acid thus modulating fatty acid metabolism (Cooke et al, 2011). The underlying 

mechanism behind this observation remains elusive and warrants further in-depth 

investigation. Another study highlighting the role of SHP-2 in lipid metabolism shows 

that SHP-2 works as an adaptor for the binding of p38 phosphorylated E3 ligase 

COP1 to fatty acid synthetase thereby facilitating its degradation by the ubiquitination 

pathway (Yu et al, 2013). The role of SHP-2 has also been established as an 

enhancer for leptin signaling, which might provide an important therapeutic 

candidate for obese patients (Feng, 2006). Another aspect of metabolism where the 

role of SHP-2 has been widely studied is glucose homeostasis and insulin 

resistance. It has been shown that in diabetic rats SHP-2 knockdown leads to an 

increase in glucose consumption and improves insulin resistance through 

phosphorylation of IRS-2 employing AKT and ERK1/2 regulation in the liver (Yue et 

al, 2020). A similar finding suggests that downregulation of SHP-2 in macrophages 

gives protection to hepatic steatosis and insulin resistance to mice fed a high-fat diet 

(Liu et al, 2020). Furthermore, deletion of SHP-2 in muscle cells has been associated 

with cardiomyopathy, insulin resistance, and premature death (Princen et al, 2009). 

These findings suggest that SHP-2 like SHP-1 participates in signaling that regulates 
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lipid biosynthesis and metabolism as well as insulin biosynthesis and glucose 

homeostasis. 

8.3.2.3 SHP-1 and Inflammation 

 

In response to infectious and non-infectious harmful stimuli, several cell types 

including both immune and non-immune cells activate intracellular signaling 

pathways resulting in the production of inflammatory mediators. This process is 

called inflammation and is characterized by redness, swelling, pain, and/or 

temporary loss of function of the affected area (Chen et al, 2017b). The inflammatory 

response involves several cell types including neutrophils, 

monocytes/macrophages, natural killer cells, B and T cells. Inflammation is mediated 

via the binding of cytokines such as IL-1, IL-6, TNF-alpha to their respective 

receptors resulting in the activation of intracellular signaling pathways including 

NFB, MAPK and JAK/STAT pathway (Germolec et al, 2018). SHP-1 is abundantly 

expressed in myeloid cells (Abram & Lowell, 2017). The role of SHP-1 in 

inflammation and immunity was evident from the study of motheaten mutants that 

rapidly develop inflammation and accumulation of immunoglobulins and 

autoantibodies after birth (Green & Shultz, 1975; Wo Tsui et al, 1993).  

In 1965, spontaneous recessive mutations occurred in the C57BL/6J strain of the 

mice in the production colony of Jackson Laboratory. The affected mice have a short 

life span of 8 weeks and were characterized by the “patchy absence and thinness of 

hair” that gave the appearance of motheaten (Dickie et al, 1969). Genetic analysis 

revealed that the motheaten phenotype is attributed to the mutation in the Ptpn6 

gene (Green & Shultz, 1975). The systemic inflammation in motheaten mice is 

attributed to neutrophils and macrophages, not to the adaptive immune response 

(Yu et al, 1996). Double mutant Ptpn6me-v/me-v Rag1−/− mice that lack functional B- 

and T-cells still develop motheaten phenotypes (Yu et al, 1996; Croker et al, 2008). 

B cell-specific deletion of SHP-1 results in an increase in B-1a cell population, altered 

calcium sensing by B-cell antigen receptors, elevated levels of serum 

immunoglobulins. These mice eventually develop autoimmunity (Pao et al, 2007). 
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Lower levels of SHP-1 have been found in T-cells from psoriatic inflammatory skin 

disease patients as compared to T-cells derived from non-psoriatic patients (Eriksen 

et al, 2010). Ablation of SHP-1 in the retina enhances LPS-induced retinal 

dysfunction concomitant with elevated levels of pro-inflammatory cytokines (Zhuang 

et al, 2021). These phenotypes were due to the over-activation of transforming 

growth factor-β-activated kinase-1 (TAK1)/JNK pathway that otherwise is negatively 

regulated by SHP-1 (Zhuang et al, 2021). In immune cells, several substrates of 

SHP-1 have been identified including Syk, Slp65, p65Dok, Sirpa, Pirb, Lyn and 

JAK/STAT (Abram & Lowell, 2017). These proteins play important roles in immune 

cell survival and function. Taken together, these findings suggest SHP-1 is a critical 

player in the regulation of inflammation and immune functions. 

 

8.3.2.4 SHP-1 in cancer development 

 

Whether SHP-1 acts as a tumor suppressor or oncogenic promoting agent is still a 

matter of debate and largely depends on the cellular context. For example, in 

lymphocytes, SHP-1 terminates activating signals by dephosphorylating substrates 

such as CD72, FcyRIIB, CD22 and KIR (Unkeless & Jin, 1997; Christensen & 

Geisler, 2000). Therefore, there is the possibility that dysfunction of SHP-1 in 

lymphocytes may trigger lymphoma and leukemia formation (Varone et al, 2020). 

There are several studies, in which lower protein and transcript levels of SHP-1 have 

been documented in different cancer cell lines and cancerous tissues. These 

findings support the notion that SHP-1 functions as a tumor suppressor, as 

evidenced by previous studies  (Oka et al, 2001; Tsui et al, 2002; Wu et al, 2003; 

Varone et al, 2020). In agreement, overexpression of SHP-1 results in inhibition of 

particular cancers cell lines (Bruecher-Encke et al, 2001; Zapata et al, 2002). 

However, in vivo evidence is largely lacking. 

Strikingly, several reports suggest that SHP-1 can also exert a positive effect on cell 

growth (Su et al, 1996; You & Zhao, 1997; Rodríguez-Ubreva et al, 2010). The 

overexpression of dominant-negative SHP-1 mutant in HEK293T cells resulted in 
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suppression of mitogen-activated pathways and reduced cell growth and DNA 

synthesis (Su et al, 1996). In bone marrow mast cells derived from motheaten mice, 

SHP-1 deficiency results in persistent activation of ERK that results in inhibition of 

IL3-dependent cell proliferation (Nakata et al, 2011). SHP-1 has been shown to 

interact with proteins responsible for cell cycle regulation such as p27 and CDK2 

(López-Ruiz et al, 2011). In light of these presumably contradictory reports, it is not 

clear whether SHP-1 exerts a positive or negative effect on the cell cycle.  

 

8.3 DNA polymorphism in PTPN6 and human pathologies 

 

Single nucleotide polymorphism (SNP) is the most common type of genetic variation 

in the population that affects only a single building block of the DNA. These minor 

differences account for approximately 0.1% variation in the DNA sequence between 

two individuals. Not all of these tiny differences are translated into phenotypes. This 

tiny difference can be associated with the susceptibility to several human pathologies 

only if they occur important DNA site that ultimately translate as amino acid in the 

protein that affects the expression, activity or stability of the protein. According to 

NCBI, human SNP database, PTPN6 has more than 7000 SNPs documented, out 

of which only 4 SNPs are classified as pathogenic or likely pathogenic SNPs (NCBI-

dsSNP database). 

The role of PTPN6 in the development of idiopathic neutrophilic dermatoses has 

been speculated (Nesterovitch et al, 2011; Hendriks & Pulido, 2013). In one patient, 

sequencing revealed a combined heterozygous mutation (E441G) in the PTP 

domain of SHP-1 and a heterozygous deletion of 1.7 kb of DNA in the promoter 

region of the PTPN6 gene. These changes resulted in low levels of SHP-1 that may 

contribute to pathogenesis in a certain subset of neutrophilic dermatoses 

(Nesterovitch et al, 2011). 

Bouzid et al., 2013 investigated the association of a genetic variation of PTPN6, 

ZAP70, BANK1 and CLEC2D genes with inflammatory bowel disease in the Tunisian 

population. Inflammatory bowel disease comprises ulcerative colitis (UC) and 
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Crohn’s disease (Bouzid et al, 2013). They found an allelic and genotypic association 

of SNP-rs7310161 of PTPN6 in a patient with ulcerative colitis. SNP-rs7310161 is 

located in the 5’-UTR of the PTPN6 gene and results from transversion (A/T) (Bouzid 

et al, 2013).  How this SNP affects UC, needs to be further investigated.  

Recently  Bossé et al., 2019 while investigating the genetic cause of early-onset 

emphysema in a French Canadian family discovered a rare non-synonymous 

heterozygous (Ala455Thr) SNP in the PTPN6 gene using whole-genome 

sequencing (Bossé et al, 2019). This mutation was found in 95% (20 out of 21) of 

the patients in which emphysema was confirmed using computed tomography.  The 

Ala455Thr mutation lies near the catalytic site of the SHP-1 resulting in partial loss 

of function of the protein (Bossé et al, 2019).  

All these three reports have two things in common. First, all the pathologies 

investigated in these different studies are associated with inflammation to some 

extent and all SNPs are heterozygous in nature. Collectively, these studies show 

that SHP-1 is an important player in regulating inflammation and any alteration in 

SHP-1 activity due to pathogenic SNPs can help in understanding the etiology of 

human pathologies. Currently, there is no documented association between human 

SHP-1 SNPs/mutations and metabolic effects. However, further investigation is 

warranted to explore the potential metabolic effects of the aforementioned SHP-1 

SNPs.  
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9. Objectives 

 

The principal aim of this thesis was to discover the new mechanisms by which SHP-

1 participates in lipid and glucose metabolism. Previously, we have shown that liver 

specific deletion of SHP-1 resulted in upregulation of PPAR gamma activity. 

However, the exact mechanism behind this observation was not elucidated. The 

objective of Chapter II was to study the mechanisms by which SHP-1 regulates 

PPAR activity and further to study the physiological context in the metabolic 

regulation.  

 

Furthermore, to decipher the novel functions of SHP-1, we decide to discover the 

novel interacting partners of this protein. Interestingly, our AP-MS experiments 

revealed that SHP-1 interacts with a component of RNA polymerase machinery 

called POLR2J. Furthermore, we hypothesize that SHP-1 may play an important role 

in transcriptional regulation via interacting with RNAP II. In the absence of SHP-1, 

we found the modulation of several genes involved in metabolism. The transcript 

levels of PCK1, one of the key genes involved in gluconeogenesis was affected in 

the absence of SHP-1. Therefore, in chapter III we decide to study the mechanisms 

by which SHP-1 regulates PCK1 transcription. 
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Chapter II: Regulation of PPAR stability and activity by SHP-1 
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Chapitre II 

Régulation de la stabilité et de l'activité de PPAR par SHP-1 

Résumé 

 

La région d'homologie de la protéine tyrosine phosphatase Src 2 contenant le 

domaine phosphatase-1 (SHP-1) joue un rôle important dans la modulation de 

l'homéostasie du glucose et des lipides. Précédemment, nous avons établi un lien 

entre SHP-1 et l'expression et l'activité du récepteur activé par les proliférateurs de 

peroxysomes - (PPAR) PPAR est le régulateur principal de l'adipogenèse, mais 

la façon dont son activité est régulée par la phosphorylation de la tyrosine est 

largement inconnue. 

 

Ici, nous avons constaté que SHP-1 se lie à PPAR2 principalement via ses 

domaines SH2 N-terminaux. Nous avons confirmé la phosphorylation de PPAR2 

sur le résidu tyrosine 78 (Y78), qui a été réduit par SHP-1 in vitro, entrainant donc 

une diminution de la stabilité de PPAR2. La perte de SHP-1 entraîne une 

expression élevée, induite par un agoniste, des cibles PPAR2 classiques FABP4 et 

CD36, concomitante à une augmentation de la teneur en lipides dans les cellules 

exprimant le PPAR2 de type sauvage. Ces effets ont été atténués dans les cellules 

exprimant PPAR2-Y78F, où la tyrosine 78 a été mutée en phénylalanine non 

phosphorylable. Dans l’ensemble, nous avons découvert que PPAR2 est substrat 

de SHP-1 et que SHP-1 influence l'adipogenèse en affectant la stabilité de PPAR2. 
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Abstract 

 

The protein tyrosine phosphatase Src homology region 2 domain-containing 

phosphatase-1 (SHP-1) plays an important role in modulating glucose and lipid 

homeostasis. Previously, we have established a link between SHP-1 and 

peroxisome proliferator-activated receptor  (PPAR) expression and activity. 

PPAR is the master regulator of adipogenesis, but how its activity is regulated by 

tyrosine-phosphorylation is largely unknown. Here, we found that SHP-1 binds to 

PPAR2 mainly via its N-terminal SH2-domains. We confirmed the phosphorylation 

of PPAR2 on tyrosine-residue 78 (Y78), which was reduced by SHP-1 in vitro 

resulting in decreased PPAR2 stability. Loss of SHP-1 led to elevated, agonist-

induced expression of the classical PPAR targets FABP4 and CD36 concomitant 

with increased lipid content in cells expressing wild-type PPAR2. These effects 

were blunted in cells expressing PPAR2-Y78F, where tyrosine 78 was mutated to 

the non-phosphorylatable phenylalanine. Collectively, we discovered that PPAR2 

is a novel substrate of SHP-1 and that SHP-1 influences adipogenesis by affecting 

the stability of PPAR2. 
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Introduction 

The Src homology region 2 domain-containing phosphatase-1, (SHP-1) (also known 

as Protein Tyrosine Phosphatase Non-Receptor Type 6 (PTPN6) regulates signal 

transduction by dephosphorylating phospho-tyrosine residues on its targets proteins. 

It is mostly known for its role in hematopoietic cells (Plutzky et al, 1992; Mizuno et 

al, 1996; Paling & Welham, 2005) where SHP-1 negatively regulates signaling 

mediated by cytokine receptors such as interleukin-3 receptor, erythropoietin 

receptor, colony-stimulating factor 1 receptor, and T cell/B cell antigen receptor 

(Garg et al, 2020). SHP-1 is  also expressed to a lesser extent in non-hematopoietic 

cells such as intestinal epithelial cells (Duchesne et al, 2003; Bergeron et al, 2011), 

myocytes (Bergeron et al, 2011), adipocytes (Lodeiro et al, 2011), and hepatocytes 

(Xu et al, 2012, 2014a).  

 

SHP-1 possesses two N-terminally located SH2 domains, a single phosphatase 

domain and a C-terminal tail (Wang et al, 2011). The C-terminal tail of SHP-1 

possesses multiple tyrosine and serine residues harboring regulatory functions 

(Zhang et al, 2003). The structural and molecular analysis of SHP-1 has revealed 

that its enzymatic function is regulated by structural rearrangement of the SH2 

domains, which by binding to the catalytic domain keep the phosphatase inactive 

(Yang et al., 2003). The catalytic block is lifted when the SH2-domains interact with 

phospho-tyrosine residues in target proteins, which are then transferred to the C-

terminal catalytic domain for dephosphorylation (Wang et al, 2011).  

 

Peroxisome proliferator-activated receptor  (PPAR), a member of the nuclear 

hormone receptor superfamily, is a ligand-activated transcription factor that forms a 

heterodimer with retinoid X receptor  (RXR) and then binds to its consensus 

sequence called PPAR responsive element on the DNA to activate transcription 

(Bardot et al, 1993; Schachtrup et al, 2004; Nielsen et al, 2008). Several natural and 

synthetic ligands including thiazolidinediones like rosiglitazone (Lehmann et al., 

1995) are known to activate PPAR (Houseknecht et al, 2002; Wu et al, 2021). 

Additionally, the activity of PPAR is modulated by several post-translational 
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modifications such as phosphorylation (Choi et al., 2010; Hu et al., 1996), 

SUMOylation (Floyd & Stephens, 2004; Ohshima et al, 2004; Pascual et al, 2005) 

and ubiquitination (Hauser et al, 2000; Floyd & Stephens, 2002).   

 

PPAR is expressed predominantly in adipose tissue (Lefterova et al, 2014), in 

immune cells (Toobian et al, 2021), and to a lower extent in other metabolic tissues 

such as the liver (Lehrke & Lazar, 2005). In adipose tissue, PPAR plays a key role 

in lipid metabolism and adipocyte differentiation. For instance, fibroblasts that lack 

PPAR are not able to mature into mature adipocytes (Farmer, 2006). In addition to 

lipid metabolism, PPAR is also known to modulate glucose metabolism, 

inflammation and cell proliferation, and its functions are organ and context 

dependent (Lehrke & Lazar, 2005). For instance, adipocyte-specific PPAR 

controlled target genes such as FABP4 and CD36, which are not expressed or at 

very low levels in the liver, are markedly enhanced in the liver of ob/ob mice upon 

troglitazone treatment (Memon et al, 2000). These findings suggest that an 

adipocyte-like function of PPAR in the liver may contribute to NAFLD, and the 

information derived from one sources of PPAR can be applied to study its impact 

on other tissues (He et al, 2003). 

 

Previously, we have shown that SHP-1 modulates PPAR activity, but the underlying 

molecular mechanisms remain elusive (Xu et al, 2014a). Herein, we demonstrate 

that SHP-1, by directly interacting with PPAR leads to its dephosphorylation, which 

results in its degradation and subsequently in altered expression of adipogenic 

genes. Taken together, our data reveal a new relationship between SHP-1 and 

PPAR adding an additional possibility to exploit this novel regulation for new 

therapeutic opportunities related to obesity and its complications. 

 

 

Materials and methods 

DNA constructs: 
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SH2-SH2 and PTPase(-DN) fragments were PCR-amplified from pcDNA5-FLAG3-

SHP-1 constructs and pcDNA5-FLAG3-SHP-1-DN described elsewhere (Xu et al., 

2014a) and cloned using HindIII and EcoRI to generate pcDNA5-FLAG3-SH2-SH2, 

pcDNA5-PTPase-WT, and pcDNA5-PTPase-DN constructs. pcDNA3.1-Myc3-

Pparg2 and pcDNA3-FLAG3-Pparg2 are mammalian expression constructs 

containing full length mouse Pparg2 cDNA. WZLneo-PPAR2 plasmid (#34566) was 

purchased from Addgene. WZLneo-PPAR2 plasmid was used as a template to 

generate WZLneo-PPAR2-Y78F construct using Q5 Site-directed mutagenesis kit 

as per manufacturer's instructions (New England Biolabs, cat# E0554S). Lentiviral 

construct pLKO-shRNA-luciferase (called shControl), pLX304, pLX304-PTPN6-V5, 

and pLX304-PTP1B-V5 were kind gifts from Mathieu Laplante. shRNA against Shp-

1 (shShp-1) was purchased from Sigma (shSHP-1.68, TRCN0000028968).  

 

Cell culture, transfection, and treatment 

All cell lines were cultured at 37°C in a humidified atmosphere containing 5% CO2. 

The cell lines used were human embryonic kidney cells HEK293T, human hepatoma 

HepG2 cells and NIH3T3 mouse fibroblasts. HEK293T cells and NIH3T3 cells were 

cultured in DMEM high-glucose (Wisent Bioproducts cat # 319-005-CL) 

supplemented with 10% fetal bovine serum (FBS). HepG2 cells were cultivated in 

DMEM low-glucose (Wisent Bioproducts cat # 319-010-CL) supplemented with 10% 

FBS. All cell lines were transfected using jetPRIME (Polyplus-transfection, New 

York, USA) transfection reagent according to the manufacturer’s instructions with 

cell confluence between 60 and 80%. Depending on the experiments, the day after 

the transfection, some cells were treated with 100 nM of rosiglitazone (SynFine cat# 

010301) before further analysis. Cells were treated with 20 μM (HEK293T and 

HepG2 cells) or 10 µM (HepG2 cells) bpV(HOpic) (Calbiochem, cat# 203701, 

reconstituted in water) for 30 minutes before harvesting. In the indicated experiments 

100µM of cycloheximide (Sigma, cat # 01810-1G) and 20 µM of MG-132 

(Calbiochem, cat# 474787-10MG) were added to the cell culture medium. 

 

Virus preparation and generation of stable cell lines 
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Retro- and Lentiviruses were prepared using HEK293T cells. Retroviruses were 

prepared by transfecting WZLneo-PPAR2 or WZLneo-PPAR2-Y78F plasmid along 

with Gag-Pol and VSVg constructs. For lentiviral infection, shControl or shShp-1 

constructs were transfected with psPAX2 and pMD2.G plasmids. Transfections were 

performed using JetPRIME transfection reagent as per the manufacturer’s 

instructions. Virus containing supernatants were collected 48 h after transfection and 

filtered using a 0.45 µm filter (Cribbs et al, 2013).  

 

NIH3T3 cells or HepG2 cells were infected with retroviral supernatants (empty vector 

or PPAR2 expressing vector) in the presence of polybrene (8 µg/ml). After 24 h of 

infection, transduction media was replaced by fresh media. After another 24 h, cells 

were split and selected using G418 (800 µg/ml). Expression of PPAR2 protein was 

determined by western blot using a PPAR-specific antibody (Cell signaling # 2443S, 

(81B8), 1:1000 dilution). Similarly, NIH3T3 cells overexpressing mutant PPAR2-

Y78F were generated. 

 

 SHP-1 was knocked down in NIH3T3 cells using lentiviral infection.  Briefly, NIH3T3 

cells were infected with lentiviral supernatant (shControl or shShp-1) in the presence 

of polybrene. Cells were selected using 2 µg/ml of puromycin (Invivogen, Cat# ant-

pr-1). The expression level of SHP-1 protein was determined by western blot using 

a SHP-1-specific antibody (Thermo Fischer Scientific Cat# MA5-11669 (1SH01), 

1:500 dilution). 

 

Immunoprecipitation and western blot 

Cells were washed with PBS followed by lysis in buffer containing 20 mM Tris-HCl 

pH 7.5, 140 mM NaCl, 1 mM of CaCl2 and MgCl2, 10 mM NaF, 1% NP-40, 10% 

glycerol, 2 mM Na-Vanadate, 1 mM PMSF and protease inhibitor cocktail (Roche). 

For immunoprecipitation, 1000 µg (for phosphoproteins) or 500 µg of total proteins 

were incubated with either anti-FLAG M2 affinity gel (Sigma) or protein A/G-agarose 

beads pre-incubated with PPAR antibody for 2 h followed by five washes with buffer 
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containing 1X PBS, 1% NP40, 2 mM Na-Vanadate and protease inhibitors. Beads 

were boiled in 1X Laemmli buffer and western blot was performed as described 

earlier (Dubois et al, 2006; Xu et al, 2012, 2014a). The dilutions of the antibodies 

used in the study were as follows: FLAG antibody (Sigma cat# 088K6018, 1:1000 

dilution), Myc antibody (Sigma cat# M4439-100UL, 1:2000 dilution), Actin antibody 

(Millipore, cat# MAB1501, 1:30000 dilution), SHP-1 antibody (Thermo Fischer 

Scientific cat# MA5-11669 (1SH01), 1:500 dilution), PPARγ antibody (Cell signaling 

cat# 2443S, (81B8) 1:1000 dilution), PY20 antibody (Abcam, cat# ab10321, 1:2000) 

and 4G10 antibody (Millipore, cat # 05-321, 1:2000 dilution).  

 

In vitro dephosphorylation assay 

 HEK293T cells were transfected individually with either pcDNA3.1-Myc3-Pparg2 , 

pcDNA5-FLAG3, pcDNA5-FLAG3-SHP-1, or pcDNA5-FLAG3-SHP-1-C453S 

(dominant-negative) constructs. Cells transfected with Myc3-Pparg2 construct were 

treated with 20 µM of bpV(HOpic) for 30 minutes. Next, cells were washed three 

times with PBS containing 1X  protease inhibitor cocktail (Sigma)and lysed in NP40 

buffer containing 1% NP-40, 150 mM NaCl, 50 mM Tris-HCl, pH 8, and PIs. 

Phosphorylated Myc3-PPAR2 was pulled down using anti-Myc agarose beads. 

Similarly, FLAG3, FLAG3-SHP-1, and FLAG3-SHP-1-DN were prepared by 

immuno-precipitating using anti-flag-agarose beads. FLAG-precipitated proteins 

were released from FLAG-agarose beads by incubating with 15 µg of FLAG peptides 

for 30 min at 4°C with rotation (Sigma, cat# F4799-4MG). Phosphorylated Myc3-

PPAR2 bound to Myc-agarose was incubated with either FLAG3, FLAG3-SHP-1-

DN or FLAG3-SHP-1-WT in phosphatase buffer (20 mM HEPES pH7.5, 150 mM of 

NaCl, 0.5mM DTT, 0.01 -mercaptoethanol and 1mM PMSF) at 37°C for 30 min 

(Frank et al, 2004). The reaction was stopped by adding Laemmli buffer and levels 

of phosphorylated Myc3-PPAR2 were determined by western blotting using 

phospho-tyrosine specific antibodies (mixture of 4G10 and PY20). 

 

A similar dephosphorylation assay was performed with proteins immunoprecipitated 

from NIH3T3 cells. Briefly, NIH3T3 cells were transfected individually with either 



71 

 

pcDNA3-FLAG3-Pparg2, pLX304, pLX304-PTPN6-V5 and pLX304-PTP1B-V5 

constructs. Cells transfected with FLAG3-Pparg construct were treated with 20 µM 

of bpV(HOpic) for 30 minutes. Phosphorylated FLAG3-PPAR2 was pulled down 

using anti-FLAG agarose beads and eluted using FLAG peptides. Similarly, pLX304, 

SHP-1-V5 and PTP1B-V5 were prepared by immuno-precipitation using an anti-V5 

antibody coupled to agarose beads. Dephosphorylation assay was performed as 

described above. 

In addition, the non-specific phosphatase activity of SHP-1-V5 and PTP1B-V5 were 

determined using the Molecular Probes™ DiFMUP (6,8-Difluoro-4-

Methylumbelliferyl Phosphate) substrate as described previously (Bosse, 2019). 

Reaction was performed at 37°C for 30 min. 

 

Cycloheximide protein stability experiments 

NIH3T3 cells stably expressing PPAR2 in SHP-1-WT or SHP-1-KD conditions were 

incubated with 100 µM of cycloheximide (Sigma, cat # 01810-1G, dissolved in 

DMSO). PPAR2 protein was measured by western blot at 0, 1, 3, and 6 h of the 

cycloheximide treatment.  

 

Oil red O staining 

To assess the lipid content, NIH3T3 cells stably expressing PPAR2 or PPAR2-

Y78F in SHP-1-WT or SHP-1-KD cells were cultured to confluence and treated with 

100  nM of rosiglitazone for 10 days. On day 10, cells were fixed and stained with oil 

red O (Sigma O-0625) as described previously (Keshet et al, 2014). Oil red O was 

dissolved in isopropanol and relative intracellular content was measured by 

measuring OD at 500nm (Keshet et al, 2014). 

 

RNA isolation and quantitative PCR 

Total RNA was isolated using the Direct-zol™ RNA MiniPrep kit (R2072, 

Zymoresearch, Irvine, USA) as per the manufacturer's instructions. 2 g of total RNA 

was reverse transcribed using high capacity cDNA reverse transcription kit (Thermo 

Fischer Scientific, cat# 4368813). cDNA was diluted and the expression of 
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transcripts was determined using Multicell Advanced qPCR master mix (Wisent 

bioproducts, cat# 800-435-UL). Hprt1 or B2M were included as a reference genes 

(Supplementary table S1). Relative fold change was calculated using 2^(-delta delta 

Ct) method (Livak & Schmittgen, 2001). 

 

Statistical Analysis 

All values presented in graphs are the average value of at least two independent 

experiments. The error bar shown in the graph is the standard error of the mean. 

Student t-test and one-way ANOVA or two-way ANOVA with Tukey’s post hoc test 

were used to determine the statistical significance using GraphPad Prism software 

version 8.  Western blots were quantified using ImageJ software. 

 

Results 

SHP-1 interacts with PPAR2 

To elucidate the molecular mechanism of how SHP-1 can regulate PPAR activity 

we generated SHP-1 constructs expressing either a FLAG-tagged N-terminal 

fragment containing only the two SH2-domains (SH2-SH2) or two FLAG-tagged C-

terminal fragments without the SH2-domains, but carrying the phosphatase domain 

in its wild type (WT) or substrate-trapping, dominant negative (DN) form (PTPase 

WT and PTPase DN) (Figure 1A). Lysates from HepG2 cells co-transfected with 

these or full length WT or DN SHP-1 and Myc-PPAR2 were FLAG-

immunoprecipitated. As shown in Figure 1B, PPAR interacted better with full-length 

DN than WT SHP-1. Deletion of the N-terminus of SHP-1 strongly reduced the 

association between PPAR2 and SHP-1, but the DN form of the PTPase domain 

still bound better to PPAR2 than the WT version (Figure 1B and 1C). The N-terminal 

fragments retained the interaction with PPAR2 at a similar level as full-length SHP-

1 (Figure 1B and 1C) indicating that SHP-1 mainly interacts with PPAR2 via its N-

terminal SH2-domains. Thus, recognition of PPAR2 by the N-terminal SH2 domain 
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and stronger binding of PPAR2 to DN SHP-1 imply that PPAR2 is a direct substrate 

of SHP-1.  

To determine whether the SHP-1-PPAR2 interaction depends on the activation of 

PPAR2, NIH3T3 cells were co-transfected with Myc-PPAR2 and FLAG-SHP-1 

constructs and treated with either DMSO or rosiglitazone for 1 h. No difference in the 

levels of co-immunoprecipitated PPAR2 was observed with or without rosiglitazone 

treatment (Figure 1D and E). 

Collectively these findings show that PPAR2 is a novel binding partner and potential 

substrate of SHP-1 and that the interaction is independent of exogenous PPAR2 

activation. 

 

SHP-1 dephosphorylates PPAR2 

Next, we investigated whether PPAR2, which has been shown to be tyrosine-

phosphorylated (Keshet et. al, 2014), could be a substrate of SHP-1 in vitro. To 

confirm the tyrosine-phosphorylation of PPAR2 HEK293T cells were transfected 

with a FLAG-PPAR2 construct and were either left untreated or treated with the 

general tyrosine phosphatase inhibitor bpV(HOpic) for 30 min. Immunoprecipitated 

PPAR was strongly tyrosine-phosphorylated as detected with phosphotyrosine-

specific antibodies after bpV(HOpic)-treatment (Figure 2A).  

To determine whether SHP-1 could directly dephosphorylate PPAR2 we performed 

in vitro dephosphorylation assays. Phosphorylated Myc-PPAR2 was 

immunoprecipitated as substrate from transiently transfected HEK293T cells treated 

with bpV(HOpic) as before. This substrate was incubated with FLAG-SHP-1-WT or 

FLAG-SHP-1-DN proteins eluted from FLAG-immunoprecipitates of transfected 

HEK293T cells. As a negative control, eluates from HEK293T cells transfected with 

an empty FLAG-vector and as a positive control recombinant lambda-phosphatase 

were included in the experiment. Similar to lambda phosphatase, SHP-1 WT, but not 
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SHP-1 DN was able to dephosphorylate PPAR2 suggesting that PPAR2 is a 

substrate of SHP-1 (Figure 2B and C).   

Previously, protein tyrosine phosphatase 1B (PTP1B) has been implicated in PPAR 

dephosphorylation (Choi et al, 2015). Our dephosphorylation assay performed with 

phosphorylated PPAR2 as substrate and SHP-1 and PTP1B as enzymes 

immunoprecipated and purified from transfected NIH3T3 cells revealed that SHP-1, 

but not PTP1B efficiently dephosphorylated PPAR2 in vitro (Figure 2D and E). 

However, SHP-1 and PTP1B used in the dephosphorylation assay were equally 

efficient in dephosphorylating a non-specific tyrosine-phosphatase substrate 

(DifMUP) ruling out that the difference in the dephosphorylation of PPAR2 was only 

due to reduced PTP1B-activity (Figure 2F). Together, these results indicate that 

tyrosine-phosphorylated PPAR2 is a specific target of SHP-1. 

 

SHP-1 modulates PPAR2 stability 

Next, we wanted to examine the functional relationship between SHP-1 and PPAR2 

in more detail. We exogenously expressed PPAR2 in HepG2 and NIH3T3 cells 

(Figure 3A-B). While HepG2 cells failed to respond to PPAR overexpression with 

and without rosiglitazone treatment (Figure 3C), NIH3T3 cells displayed a robust 

induction of classical PPAR target genes (CD36 and FABP4) in the presence of 

PPAR2, an effect that was further increased after treatment with rosiglitazone 

(Figure 3D). Therefore, we chose NIH3T3 cells for our future experiments. We 

generated NIH3T3 cells overexpressing PPAR2 using retroviral transduction and 

knocked down (KD) Shp-1 in these and control cells using lentivirus encoded Ptpn6 

shRNA (Figure 4A). Surprisingly, depletion of Shp-1 resulted in increased PPAR2 

protein amounts (Figure 4A-B), which was not due to higher transcription, since there 

was no significant difference in the Pparg transcript levels between Shp-1 WT and 

KD cells (Figure 4C). To corroborate these data, we measured PPAR2 stability in a 

time-course experiment after treatment of PPAR2 overexpressing NIH3T3 cells with 
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cycloheximide to inhibit translation. Whereas PPAR2 was almost fully degraded 

after 6 h in Shp-1 WT cells, loss of Shp-1 significantly reduced PPAR2 degradation 

(Figure 4D and E). Together, these results show that Shp-1 controls PPAR2 

stability. 

SHP-1 regulates PPAR2-mediated adipogenesis 

Finally, we wanted to analyze the molecular details and functional effects of the SHP-

1-regulated PPAR2 stability on PPAR2 activity. Previously, the tyrosine residue 78 

(Y78) has been identified as the major site for tyrosine-phosphorylation in PPAR2 

and Y78 phosphorylation increased the stability of PPAR2 in HEK293-cells by 

reducing ubiquitin-dependent degradation (Keshet et al, 2014; Choi et al., 2015). To 

determine whether Y78 residue undergoes phosphorylation in NIH3T3 cells, we 

treated NIH3T3 cells expressing wild type PPAR2 or mutant PPAR2 (Y78F) with 

the proteasome inhibitor MG132 and bpV(HOpic) and immunoprecipitated 

phosphorylated PPAR. We observed that levels of tyrosine phosphorylated PPAR 

were significantly lower in the Y78F mutant compared to wild type PPAR indicating 

that Y78 is the main residue undergoing tyrosine phosphorylation in NIH3T3 cells 

(Figure 5A). 

 

Furthermore, we found that the protein amount of a PPAR2-Y78F mutant, in which 

the tyrosine 78 is replaced by the non-phosphorylatable phenylalanine, was much 

lower than PPAR2-WT in NIH3T3-cells, despite no differences in the transcript 

levels of these two constructs (Figure S1A and B). However, treatment of these cells 

with the proteasome inhibitor MG132 restored the stability of the PPAR2-Y78F 

mutant to PPAR2-WT levels (Figure S1C and D) supporting the previously 

published results that Y78 is the main site regulating PPAR2 stability. 

To understand the role of Y78 in SHP-1-controlled PPAR2 stability, we compared 

NIH3T3 cells overexpressing PPAR2-WT or the PPAR2-Y78F mutant in the SHP-

1-WT and SHP-1-KD background (Figure 5B). As before, we found higher levels of 

PPAR2-WT in SHP-1 depleted cells and low amounts of PPAR2-Y78F in SHP-1-
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WT cells. Interestingly, the PPAR2-Y78F levels were unaffected by the loss of SHP-

1 suggesting that the SHP-1 mediated regulation of PPAR2 stability depends on 

the presence and probably the phosphorylation of Y78. We ruled out the possibility 

that the observed effects are due to differences in Pparg2 transcription, because we 

did not find a significant difference in the transcript levels of any of the Pparg2 

constructs in SHP-1-WT and SHP-1-KD conditions with or without rosiglitazone 

treatment (Figure 5C). 

To determine the impact of SHP-1 on PPAR2 activity, we examined the expression 

of classical PPAR target genes (Fabp4 and Cd36). Reflecting the PPAR2 protein 

levels seen in Figure 5B, Fabp4 and Cd36 transcripts significantly increased in cells 

overexpressing wild-type PPAR2 in SHP-1-KD cells as compared to SHP-1-WT 

cells after rosiglitazone treatment (Figure 5D and E). However, there was no 

significant difference in the low levels of Fabp4 and Cd36 transcripts in cells of SHP-

1-WT or SHP-1-KD background expressing PPAR2--Y78F after rosiglitazone 

treatment.  

To analyze whether the impact of SHP-1-mediated regulation of PPAR2 activity 

also results in phenotypic changes, we treated PPAR2-WT and -Y78F 

overexpressing NIH3T3-cells with rosiglitazone in the SHP-WT or -KD background. 

Similar to the Fabp4 and Cd36 transcript levels and mirroring the PPAR2 protein 

levels, loss of SHP-1 caused an increase in lipid content in PPAR2-WT, but not 

PPAR2-Y78F expressing cells, which generally showed reduced lipid content 

(Figure 5F and G). These findings indicate that SHP-1-mediated regulation of 

PPAR2 stability through tyrosine residue Y78 results in altered PPAR2 activity 

consequently affecting adipogenesis.  

 

Discussion 

In the present study, we show that PPAR2 is not only a novel interacting partner, 

but also a substrate of the tyrosine-phosphatase SHP-1. As depicted in the model in 
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Fig 5H, we found that knockdown of SHP-1 stabilizes PPAR2-WT protein leading 

to increased PPAR2 protein expression as well as enhanced transcription of Cd36 

and Fabp4 resulting in elevated adipogenesis. Mutation of the tyrosine residue 78 to 

the non-phosphorylatable phenylalanine, which resulted in a general destabilization 

of PPAR2, blunted these SHP-1-dependent effects. Thus, SHP-1-mediated 

dephosphorylation at the Y78 residue results in the degradation of PPAR2 and 

consequently modification of its activity. Since SHP-1 interacted to the same extent 

with PPAR2 from untreated or rosiglitazone-treated cells, this SHP-1-mediated 

regulation seems to be independent of the activation status of PPAR2. Together, 

these findings provide the mechanistic insight to explain our previous observations 

that overexpression of SHP-1 strongly reduced the activity of rosiglitazone-

stimulated PPAR2 (Xu et al., 2014a). 

While SHP-1 function has been vastly characterized in the immune system, a much 

more limited number of SHP-1 substrates is known in metabolic tissues including 

carcinoembryonic antigen-related cell adhesion molecule 1 (Dubois et al, 2006) and 

phosphatidylinositol 3-kinase regulatory subunit p85 (Lodeiro et al, 2011). Our work 

provides several lines of evidence that establish PPAR, one of the master regulators 

of adipogenesis, as a SHP-1 substrate. SHP-1 interacted with PPAR2 mainly via its 

N-terminal SH2 domains, which are responsible for the detection of phosphotyrosine 

residues in SHP-1 target proteins. PPAR2 bound stronger to a SHP-1 substrate-

trapping mutant as compared to wild-type SHP-1. Finally, SHP-1 dephosphorylated 

PPAR2 in vitro, even better than PTP1B, which has been suggested to be the 

phosphatase responsible for PPAR2 dephosphorylation (Choi et al, 2015). The 

identification of PPAR2 as SHP-1 substrate adds another transcription factor to the 

short list of transcriptional regulators including -catenin and TonEBP/OREBP, 

which have been described as SHP-1 targets (Zhou et al, 2010; Simoneau et al, 

2011). It also underlines that SHP-1 plays an important role in the nucleus of cells, 

especially epithelial cells, besides its well-known functions as a regulator of several 

signaling pathways. 
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The stability of nuclear receptors is influenced by their interaction with 

coactivators/co-suppressors and phosphorylation-induced ubiquitin-mediated 

protein degradation (Burns & Vanden Heuvel, 2007; Blanquart et al, 2004). We 

showed that SHP-1 loss increased PPAR2 stability, an effect that is abrogated by 

mutation of the tyrosine 78 residue to phenylalanine. Previously, it has been 

demonstrated that the Y78 residue of PPAR2 is tyrosine phosphorylated by c-Abl 

kinase, which leads to PPAR2  stabilization by inhibiting ubiquitin-dependent 

degradation (Keshet et al, 2014). Therefore, our data imply that by 

dephosphorylating the Y78 residue SHP-1 negatively regulates the stability of 

PPAR2. Previously Xiao et al., 2015 demonstrated that SHP-1 regulates Casitas-

B-lineage lymphoma (Cbl)-b protein mediated T-cell response by controlling the 

tyrosine phosphorylation and ubiquitination of Cbl-b (Xiao et al, 2015). It will be 

interesting in the future to study whether dephosphorylation by SHP-1 controls the 

stability and activity of other proteins. 

PPAR is mainly expressed in adipose tissue and the immune system, but to a lower 

extent also in the liver. Knockdown of PPAR in adipose tissue affects the maturation 

and integrity of mature adipocytes (He et al, 2003; Koutnikova et al, 2003). 

Interestingly, irrespective of the levels of PPAR in these metabolic tissues, deletion 

of PPAR in adipose tissue, liver or muscle has a significant effect on whole-body 

lipid homeostasis. The adipose tissue-specific deletion of PPAR results in an 

increased lipid content and the development of fatty livers (He et al, 2003). Under 

high fat conditions the expression of PPAR increases in other metabolic tissues 

such as the liver. Fatty livers exhibit markedly higher levels of PPAR and high 

expression of its target genes. It appears that cross-talk between adipose tissue and 

the liver is important for the maintenance of lipid homeostasis. We have shown that 

SHP-1 can interact with PPAR in cell culture models representing liver and adipose 

tissue. In addition, we discovered that SHP-1 controls adipocyte differentiation in 

vitro by regulating PPAR stability and activity through dephosphorylation. Future 

studies will be necessary to determine how this mechanism affects in vivo 

adipogenesis. Another interesting question will be whether our findings can be 
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extrapolated to other tissues and cells. We previously reported an increase in Pparg2 

mRNA in livers of obese mice with a liver-specific SHP-1 knockout compared to their 

WT-counterparts (Xu et al., 2014a). During adipogenesis, positive feedback loops 

for PPAR activating its own transcription have been proposed (Rosen et al, 2002; 

Wakabayashi et al, 2009) and recruitment of PPAR to the Pparg2 promoter has 

been detected (Lee et al, 2013). Increased stability of PPAR2 inducing its own 

transcription might explain the higher Pparg2 transcript levels in the livers of mice 

with deletion of SHP-1, but has to be experimentally verified. Overall, we believe that 

SHP-1 is an important common switch that fine-tunes the activity of PPAR not only 

in adipocytes, but also in other cells including hepatocytes. 
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Figure legends 

Figure 1. SHP-1 interacts with PPAR mainly through the SH2 domains. 
A. Schematic representation of various SHP-1 constructs generated via recombinant 
DNA technology.  
B. HepG2 cells were transfected with the indicated plasmids and cell lysates were 
immunoprecipitated using anti-FLAG M2 beads. The expression of respective 
proteins was determined by western blot using the indicated antibodies 
(representative of three independent experiments).  

C. Quantification of immunoprecipitated Myc-PPAR2 and FLAG-SHP-1 constructs 
was performed by densitometry using ImageJ (n=3).  
D. NIH3T3 cells were transfected with the indicated plasmids and were either treated 
with DMSO or 100 nM rosiglitazone for 1h. Cell lysates were immunoprecipitated 
using anti-FLAG M2 beads. The expression of respective proteins was determined 
by western blot using the indicated antibodies (representative of two independent 
experiments). 

E. Quantification of immunoprecipitated Myc-PPAR2 and FLAG-SHP-1 was 
performed by densitometry using ImageJ (n=2).  
IP: immunoprecipitation, WCE: whole cell extracts 
 

Figure 2: SHP-1 dephosphorylates PPAR in vitro. 
A. HEK293T cells were transfected with an empty FLAG-vector or a FLAG-PPARg2 
plasmid. After 24 h cells were treated with bpV(HOpic) (10 μM) for 30 minutes. 
Lysates were immunoprecipitated with anti-FLAG beads and analyzed by western 
blot using respective antibodies. IP: immunoprecipitation, WCE: whole cell extracts, 
4G10/PY20: mix of phospho-tyrosine-specific antibodies (n=3). 
B. HEK293T cells were transfected with FLAG empty vector, FLAG-SHP-1-WT, 
FLAG-SHP-1-DN or Myc-PPARg2 plasmids. After 24 h cells were either left 
untreated or treated with 20 µM bpV(HOpic) for 30 minutes. Myc-precipitated, 

tyrosine-phosphorylated Myc-PPAR2 was used as substrate and incubated for 30 
min at 37°C with FLAG, FLAG-SHP-1-WT or FLAG-SHP-1-DN eluted from FLAG-

beads after FLAG-precipitation or with recombinant  phosphatase. Tyrosine-

phosphorylation of Myc-PPAR2 was determined by western blot using phospho-
tyrosine specific antibodies to measure SHP-1 activity. The expression of respective 
Myc- and FLAG-constructs was verified by immunoblotting of whole cell extracts with 
the indicated antibodies (WT: wild type, DN: dominant negative). (Representative of 
three independent experiments). 

C. Quantification of levels of phospho-tyrosine Myc-PPAR2 and total Myc-PPAR2 
was performed by densitometry using ImageJ (n=3). 
D. NIH3T3 cells were either transfected with V5 empty vector, PTP1B-V5, SHP-1-
V5 or FLAG-PPARg2 constructs. After 24 h cells were either left untreated or treated 

with 20 µM bpV(HOpic) for 30 minutes. FLAG-PPAR2 eluted from FLAG-agarose 
beads was used as substrate and incubated with V5-precipitated V5, PTP1B-V5 or 

SHP-1-V5 at 37°C for 30 minutes. Tyrosine-phosphorylation of FLAG-PPAR2 was 
determined by western blotting using phospho-tyrosine specific antibodies to 
measure PTP1B and SHP-1 activity. The expression of respective V5- and FLAG-
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constructs was verified by immunoblotting of whole cell extracts with the indicated 
antibodies. (Representative of three independent experiments). 

E. Quantification of levels of phospho-tyrosine FLAG-PPAR2 and total FLAG-

PPAR2 was performed by densitometry using ImageJ (n=3). 

F. V5, SHP-1-V5 or PTP1B-V5 immunoprecipitates were incubated with DiFMUP 
(6,8-Difluoro-4-Methylumbelliferyl Phosphate) substrate. Reaction was performed at 
37°C for 30min. Phosphatase activity was assessed by measuring fluorescence at 
455 nm (setting: Ex 358/Em 455) (n=2). IP: immunoprecipitation, WCE: whole cell 
extracts 
 
Figure 3: CD36 and FABP4 transcript levels are increased in NIH3T3, but not 
HepG2 cells in response to rosiglitazone treatment after overexpression of 

PPAR2. 
A. HepG2 cells and B. NIH3T3 cells were transfected with either FLAG empty vector 
or FLAG-PPARg2. After 24 h cells were treated either with DMSO or Rosiglitazone 
(100nM) for 16h. Expression of indicated proteins was determined by western blot 
(A and B) using respective antibodies. The amounts of CD36 and FABP4 transcripts 
were evaluated by qPCR (C and D) (n=3). 
 
 

Figure 4: SHP-1 modulates PPAR2 stability. 
A.  NIH3T3 cells were infected with retrovirus encoding empty vector (MSCV) or 
PPARg2. In addition, cells were transduced with lentivirus containing shRNA-control 
(Luc) or shRNA-Shp-1. The expression of the indicated proteins was determined by 
western blotting. 

B. Quantification of PPAR2 amounts was performed by densitometry using ImageJ 
(n=3). 
C. PPARg2 transcript levels were quantified by qPCR. (n=3). 
D. NIH3T3 cells overexpressing PPARg2 in SHP-1-WT (shRNA Luc) and SHP-1-KD 
(shRNA Shp-1) background were treated with cycloheximide (CHX) for the indicated 
times. The expression of respective proteins was determined by western blotting 
(n=2). 

E. Quantification of PPAR2 levels was performed by densitometry using ImageJ 
(n=2). 
 

Figure 5: SHP-1 regulates PPAR2-mediated adipogenesis through tyrosine 
residue 78. 
A. NIH3T3 cells overexpressing PPARg2 and PPARg2 (Y78F) in SHP-1-WT 
background were treated with 20 µM MG132 for 1h. In last 30 min of MG132 
incubation, cells were treated with 20µM of bpV(HOpic). Protein lysates were 

prepared and immune-precipitated using a PPAR-specific antibody. Expression of 
indicated proteins was determined by western blot using respective antibodies (n=2). 
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B. Knockdown (KD) of SHP-1 in NIH3T3 cells stably expressing PPAR2-WT or 

PPAR2-Y78F using lentiviral-mediated shRNA transduction. Expression of 
indicated proteins was confirmed by western blot (n=2). 
C, D and E: mRNA levels of PPARg2 (C), Fabp4 (D) and Cd36 (E) were determined 
by qPCR in NIH3T3 SHP-1-WT or -KD cells stably transduced with empty vector 

(Control), PPAR2-WT or -Y78F. Cells were treated with either DMSO or 100 nM 
rosiglitazone  for 16h (n=3). 
F. NIH3T3 cells with or without knockdown of SHP-1 stably expressing either control 
retroviral vector, PPARg2-WT or -Y78F were cultured to confluence and then treated 
with rosiglitazone (100nM). On day 10, cells were fixed and lipid content was 
determined by oil red O staining. 
G. Oil red O-stained NIH3T3 cells were dissolved in isopropanol and intracellular 
lipid content was quantified by measuring absorbance at 500 nm (n=3).  

H: Model depicting the control of PPAR2 activity by SHP-1. 
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Figures 

 

 

Figure 1. SHP-1 interacts with PPAR mainly through the SH2 domains. 
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Figure 2. SHP-1 dephosphorylates PPAR in vitro. 
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Figure 3. CD36 and FABP4 transcript levels are increased in NIH3T3, but not 
HepG2 cells in response to rosiglitazone treatment after overexpression of 

PPAR. 
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Figure 4. SHP-1 modulates PPAR2 stability. 
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Figure 5. SHP-1 regulates PPAR2-mediated lipogenesis through tyrosine 
residue 78. 
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Supplementary Figure  

Figure S1. Y78 residue is important for the stability of PPAR2. 

A. Generation of NIH3T3 cells stably expressing wild type PPAR2 or PPAR2-Y78F 
mutant using retroviral infection. Expression of indicated proteins was confirmed by 
western blotting. 

B. PPARg2 transcript levels in NIH3T3 cells either stably expressing PPARg2 or 
PPARg2-Y78F was  determined by qPCR (n=3). 

C. NIH3T3 cells stably expressing PPARg2 or PPARg2-Y78F were treated with 
proteasomal inhibitor MG132 (20µM) for indicated time points. Protein levels were 
determined by western blotting using indicated antibodies (n=2). 

D. Levels of PPAR were quantified by densitometry using ImageJ. 
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Figure 17. Y78 residue is important for the stability of PPAR2. 

Figure S1. Y78 residue is important for the stability of PPAR2. 
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Supplementary information 

Table S1. Primer sequences used for RT-qPCR  

 

 

 

 

 

 

 

 

 

 

 

 

Table S2. shRNA sequence used in the study 

  

Gene Species Forward Primer Reverse Primer Reference 

CD36 Human AGATGCAGCCT
CATTTCCAC  

GCCTTGGATGGAAGAACA
AA  

 

FABP4 Human TGGTGGTGGAA
TGCGTCAT 

GGTCAACGTCCCTTGGCT
TA 

 

PPAR
G2 

Human ATGGGTGAAAC
TCTGGGAGATT
C 

TTCTTGTGATATGTTTGCA
GACAG  

Self 
designed 

HPRT
1 

Human AGATGGTCAAG
GTCGCAAG 
 

GTATTCATTATAGTCAAGG
GCATATCC 
 

(Sulzbach 
De 
Oliveira et 
al, 2016) 

Cd36 Mouse GTCCTGGCTGT
GTTTGGAGG 

GCTGCTACAGCCAGATTC
AG 

 

Fabp4 Mouse ATCAGCGTAAA
TGGGGATTTGG 

GTCTGCGGTGATTTCATC
GAA 

(Keshet et 
al, 2014) 

Pparg
2 

 TCGCTGATGCA
CTGCCTATG 

GAGAGGTCCACAGAGCTG
ATT 

(Keshet et 
al, 2014) 

B2m Mouse GGGTGGAACTG
TGTTACGTAG 
 

TGGTCTTTCTGGTGCTTG
TC 
 
 

 

shRNA Name Sequence 

shShp1.68  
 

TRCN0000028968  
 

CCGGGCTAGACTGTGACATTGAT 
ATCTCGAGATATCAATGTCACAGTCTAGCTTTTT  
 



97 

 

Table S3. List of the antibodies and reagents used in the study. 

 

Antibodies Source Identifier 

 
Mouse anti-SHP1 
 

 
ThermoFischer Scientific 

 
MA5-11669 
(1SH01)  
 

Mouse anti-FLAG Sigma 088K6018 
 

Mouse anti-MYC Sigma M4439-100UL 
 

Mouse anti-ACTIN Millipore MAB1501 
 

Mouse anti-Phosphotyrosine 
(4G10) 
 

Millipore 
 

05-321 
 

Mouse anti-Phosphotyrosine 
(PY20) 
 

Abcam 
 

Ab10321 
 

Rabbit anti-V5 Cell Signaling 13202S 
 

Rabbit anti eEF2 Cell Signaling 2332 
 

Anti-FLAG® M2 Magnetic Beads Sigma M8823-5ML 
 

Anti-FLAG® M2 Affinity Gel 
 
Anti-c-Myc Agarose Conjugate 
 
Mouse IgG2b 
 

Sigma 
 
Sigma 
 
Biolegend 

A2220-5ML 
 
A7470 
 
MG2b-57 

Anti-FLAG® M2 Affinity Gel 
 

Sigma 
 

A2220-5ML 
 

Anti-c-Myc Agarose Conjugate 
 

Sigma 
 

A7470 
 

Mouse IgG2b 
 

Biolegend MG2b-57 

Rabbit-PPARgamma (81B8) Cell signaling 2443S 
Reagents   
Tetracycline Sigma T7660-5G 
Blasticidin S HCl Invitrogen R210-01 
Hygromycin B 
Zeocin 
Puromycin dihydrochloride 

Invitrogen 
Invitrogen 
Invivogen 

10687-010 
R250-01 
ant-pr-1 

Insulin (Humulin R) 
Poly-L-lysine hydrobromide 

Eli Lilly 
Sigma 

HI0213 
P1399-25MG 

DMEM low glucose Wisent Bioproducts 319-010-CL 
DMEM high glucose Wisent Bioproducts 319-005-CL  
RPMI Wisent Bioproducts 350-000-CL 
Jet Prime Polyplus-transfection 114-15 
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Sodium orthovanadate Sigma S6508-50G 
Sodium Fluoride Sigma S6776-100G 
Calcium chloride Sigma C3981-500G 
Sodium dodecyl sulfate Sigma L3771-500G 
EDTA Sigma 60-00-4 
EGTA Sigma 03777 
β-glycerophosphate Sigma G5422-100G 
Triton  Fisher X-100 
SDS Sigma L3771-500G 
BSA Sigma A9647-100G 
Glutamax Gibco 35050-061 
FBS Gibco 16170-078 
Advanced qpcr mastermix with 
supergreen lo-rox 

Wisent bioproducts 800-431-UL 

QIAquick PCR Purification Kit Qiagen 28104 
Amplex™ Red Glucose/Glucose 
Oxidase Assay Kit 

Invitrogen A22189 

Rosiglitazone SynFine 010301 
bpV(HOpic) Calbiochem 203701 
Cycloheximide Sigma 01810-1G 
MG132 Calbiochem 474787-10mg 
3X Flag peptides Sigma F4799-4mg 
Direct-zol™ RNA MiniPrep Zymoresearch R2072 
Oil Red O Sigma O-0625 
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Chapter III: SHP-1 acts as a co-activator of PCK1 transcription to control 

gluconeogenesis 
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Chapitre III 

 

SHP-1 agit comme un coactivateur de la transcription de PCK1 

pour contrôler la gluconéogenèse 

Résumé 

 

Nous avons précédemment déterminé que la protéine-tyrosine phosphatase SHP-1 

(PTPN6) régule négativement la signalisation de l'insuline, mais son impact sur le 

métabolisme hépatique du glucose et le contrôle systémique du glucose reste mal 

compris. Ici, nous montrons un nouveau mécanisme par lequel SHP-1 agit comme 

un co-activateur pour la transcription du gène de la phosphoénolpyruvate 

carboxykinase 1 (PCK1) pour augmenter la gluconéogenèse hépatique. SHP-1 est 

recruté dans les régions régulatrices du gène PCK1 et interagit avec l'ARN 

polymérase II. Le recrutement de SHP-1 à la chromatine dépend de son association 

avec le facteur de transcription transducteur de signal et activateur de transcription 

5  (STAT5). La perte de SHP-1 ainsi que de STAT5 diminue le recrutement de l'ARN 

polymérase II vers le promoteur de PCK1 et par conséquent les niveaux d'ARNm de 

PCK1 conduisant donc à une baisse de la gluconéogenèse. Ce travail met en 

évidence un nouveau rôle nucléaire de SHP-1 en tant que régulateur transcriptionnel 

clé de la gluconéogenèse hépatique ajoutant un nouveau mécanisme au répertoire 

des fonctions de SHP-1 dans le contrôle métabolique. 
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Abstract 

We previously reported that the protein-tyrosine phosphatase SHP-1 (PTPN6) 

negatively regulates insulin signaling, but its impact on hepatic glucose metabolism 

and systemic glucose control remains poorly understood. Here, we show a new 

mechanism whereby SHP-1 acts as a co-activator for transcription of the 

phosphoenolpyruvate carboxykinase 1 (PCK1) gene to increase liver 

gluconeogenesis. SHP-1 is recruited to the regulatory regions of the PCK1 gene and 

interacts with RNA polymerase II. The recruitment of SHP-1 to chromatin is 

dependent on its association with the transcription factor signal transducer and 

activator of transcription 5 (STAT5). Loss of SHP-1 as well as STAT5 decrease RNA 

polymerase II recruitment to the PCK1 promoter and consequently PCK1 mRNA 

levels leading to blunted gluconeogenesis. This work highlights a novel nuclear role 

of SHP-1 as a key transcriptional regulator of hepatic gluconeogenesis adding a new 

mechanism to the repertoire of SHP-1 functions in metabolic control. 
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Introduction 

SHP-1 (encoded by gene PTPN6) is a non-membrane protein tyrosine phosphatase 

that plays important roles in controlling immune signaling pathways and fundamental 

physiological processes (Abram & Lowell, 2017; Neel et al, 2003; Xu et al, 2012, 

2014a, 2014b). SHP-1 encompasses two SH2 domains at the N-terminus followed 

by a central phosphatase domain and a C-terminal regulatory tail (Wang et al, 2011; 

Yang et al, 2003). SHP-1 mainly exerts its functions by dephosphorylating target 

proteins in diverse signaling pathways in the cytoplasm, but is also found in the 

nucleus of epithelial cells (Craggs & Kellie, 2001; Duchesne et al, 2003; Rodríguez-

Ubreva et al, 2010). Although the function of the SHP-1 nuclear pool remains mostly 

elusive, it has been reported that SHP-1 negatively regulates the activity of some 

transcription factors by dephosphorylation (Simoneau et al, 2011; Zhou et al, 2010).  

While SHP-1 is predominantly expressed in hematopoietic cells of all lineages, we 

have shown that this phosphatase is also expressed at lower levels in cells of 

metabolically active tissues such as the liver, skeletal muscle, and adipose tissue, 

where its expression is increased in obese mice fed a high-fat diet (Xu et al, 2012). 

We first reported that SHP-1 negatively regulates glucose metabolism and insulin 

action through interfering with the Insulin receptor-Phosphoinositide 3-kinase-AKT 

(IR-PI3K-AKT) axis, and by inhibiting insulin clearance targeting carcinoembryonic 

antigen related cell adhesion molecule 1 (CEACAM1) thus ultimately contributing to 

obesity-linked insulin resistance (Xu et al, 2014a; Dubois et al, 2006; Xu et al, 2009). 

Pharmacological inhibition and siRNA-mediated SHP-1 down-regulation in diet-

induced obese mice improve insulin sensitivity and glucose tolerance (Krüger et al, 

2016). However, SHP-1 also controls liver metabolism and glucose homeostasis 

independently from its ability to impede insulin signaling as shown by the lower 

fasting glucose and markedly decreased hepatic glucose production in mice with 

hepatocyte-specific conditional deletion of SHP-1 (Ptpn6H-KO) as compared to their 

wild-type (Ptpn6f/f) littermates (Xu et al, 2012). The underlying mechanism(s) 

involved in this liver phenotype remain to be elucidated. 
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Gluconeogenesis is a process by which the liver can synthesize glucose from non-

carbohydrate sources during starvation (Shah & Wondisford, 2020), which can 

contribute to hyperglycemia in type 2 diabetic patients when not tightly controlled, 

resulting in increased endogenous glucose production (Boden et al, 2001). 

Phosphoenolpyruvate carboxykinase 1 (PCK1/PEPCK) is the key rate-limiting 

enzyme controlling gluconeogenesis (Yang et al, 2009a, 2009b). PCK1 catalyzes 

the conversion of oxaloacetate to phosphoenolpyruvate. Pck1 gene silencing in 

mouse liver resulted in improved glycemic control and insulin sensitivity (Gómez-

Valadés et al, 2008) whereas higher levels of PCK1 transcripts have been reported 

in diabetic patients (Giralt et al, 2018). PCK1 activity is largely correlated with its 

transcription, which is controlled by several transcription factors and co-regulators, 

in turn regulated by hormones and diet (Puigserver et al, 2003; Koo et al, 2005; Yoon 

et al, 2001). Therefore, it is important to fully understand the mechanistic details of 

PCK1 regulation at the transcriptional level, since altering hepatic gluconeogenesis 

by modulating PCK1 gene expression could be a therapeutic approach to treat 

diabetes. 

Both the nuclear and metabolic function of SHP-1 have been poorly characterized. 

Here, we describe the RNA polymerase II (RNA pol II) subunit POLR2J as a novel 

interaction partner of SHP-1. We are demonstrating a novel function of nuclear SHP-

1 by acting as a transcriptional coactivator regulating PCK1 gene expression. We 

showed that SHP-1 and the transcription factor signal transducer and activator of 

transcription 5 (STAT5) are interdependently associated with chromatin to control 

recruitment of RNA pol II to the PCK1 promoter. Loss of SHP-1 as well as STAT5 

inactivation or depletion decreased PCK1 transcription and consequently 

gluconeogenesis in hepatocytes. In this study, we have demonstrated a new nuclear 

mechanism for SHP-1 by which it regulates PCK1-transcription and hepatic glucose 

production.  

 

Materials and Methods 

Cell lines and treatment 
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All cell lines were cultured at 37°C in a humidified atmosphere containing 5% CO2. 

HepG2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM), low 

glucose supplemented with 10% fetal bovine serum (FBS). Flp-In™ 293 T-REx cell 

lines were cultured in DMEM (high glucose) containing 10% FBS.  The rat hepatoma 

FAO cells were cultured in RPMI supplemented with 10% FBS. Primary mouse 

hepatocytes (PMH) were isolated from wild type mice (Ptpn6f/f) and mice with liver-

specific SHP-1 knock-out (Ptpn6H-KO) previously used in our laboratory (Xu et al, 

2012, 2014a).  

 

Mammalian cell transfection 

HepG2 and Flp-In™ 293 T-REx cell lines were transfected using jetPRIME® 

(Polyplus-transfection) and PureFectionTM (System Biosciences) transfection 

reagents according to the manufacturer’s instructions with cell confluence between 

60 to 80%. 

 

DNA constructs 

To generate inducible FLAG3-SHP-1 constructs for expression in Flp-In™ 293 T-

REx cells, SHP-1- and SHP-1-C453S-cDNAs were PCR-amplified from existing 

vectors in our laboratory and cloned using HindIII and EcoRI restriction sites into 

pcDNA5/FRT/TO containing a sequence with three consecutive FLAG-epitopes for 

N-terminal tagging. To create Myc3-POLR2J- and Myc3-POLR2C-constructs, 

POLR2J- and POLR2C-cDNAs (vectors containing Human MGC Verified FL cDNA 

from OpenBiosystems/ThermoScientific) were PCR-amplified and cloned using 

BamHI and XbaI restriction sites into pcDNA3.1-Myc3 (a kind gift from Dr. Sabine 

Elowe). The pLX304-STAT5A-V5 plasmid was a kind gift of Dr. Mathieu Laplante. 

The pAD-CMV-STAT5B-CMV-GFP plasmid was purchased from Addgene 

(#83257). 

 

Generation of stable Flp-In T-Rex 293 cells inducibly expressing SHP-1 

constructs 
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Flp-In™ 293 T-REx cell lines expressing either 3xFLAG, FLAG3-SHP1 (WT), or 

FLAG3-SHP1-C453S (DN) were generated using Flp-In™ T-REx™ 293 cell line 

system as described by the manufacturer (InVitrogen). Briefly, Flp-In™ T-REx™-293 

cell cells were co-transfected with pcDNA5/FRT/TO expression vectors containing 

either 3xFLAG, FLAG3-SHP1 or FLAG3-SHP1-C453S together with Flp 

recombinase vector pOG44. Transfected cells were selected using Hygromycin B 

(200g/ml) and expression was confirmed by immunoblotting. 

 

Co-immunoprecipitation, immunoblotting and mass spectrometry 

Flp-In T-REx 293 cells stably expressing either 3xFLAG, FLAG3-SHP1, or FLAG3-

SHP1-C453S for affinity-purification mass spectrometry (AP-MS) were treated or not 

with 1 M insulin for 30 min after serum-deprivation for 39 h. To express inducible 

constructs, cells were treated with tetracycline (1µg/ml) for 27 h (AP-MS) or 24 h (co-

IP) before harvesting. HepG2 cells were co-transfected with either FLAG3-SHP1, 

FLAG3-SHP1-C453S or empty 3xFLAG vector and 3xMyc-tagged POLR2C, 3xMyc-

tagged POLR2J, V5-tagged STAT5A or FLAG-tagged STST5B and harvested after 

24h. For co-IP, cells were lysed in lysis buffer containing 20 mM Tris-HCl pH 7.5, 

140 mM NaCl, 1 mM of CaCl2 and MgCl2, 10 mM NaF, 1% NP-40, 10% glycerol, 2 

mM Na-Vanadate, 1 mM PMSF and protease inhibitors from Roche. Lysates were 

centrifuged and protein was quantified using the BCA method.  1 mg of total protein 

was incubated for 2hrs with anti-FLAG M2® affinity gel, anti-FLAG® M2 magnetic 

beads (Sigma-Aldrich) or Protein G Dynabeads pre-incubated with isotype control 

mouse IgG2b or anti SHP-1 antibody, followed by 5 washes with buffer containing 

1X PBS, 2 mM Na-Vanadate, and protease inhibitor. Proteins were eluted using 1X 

Laemmli sample buffer. The expression of proteins was determined by 

immunoblotting, which was done as described before (Xu et al, 2014a; Dubois et al, 

2006), using specific antibodies listed in  Sup. table S5.  

For AP-MS, samples were prepared as reported before (Chen & Gingras, 2007) and 

analyzed by liquid chromatography-tandem mass spectrometry on a Thermo LTQ 

instrument. The Homo sapiens RefSeq V29 appended with the reversed decoy 
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sequences was used for searching with the Mascot search engine allowing for 

methionine oxidation as a variable parameter. Evaluation of the recovered proteins 

in the SHP-1 purifications against the 9 selected negative controls was performed 

using SAINTexpress (Teo et al, 2014). Briefly, with each of the two baits (SHP-1 WT 

and SHP-1 substrate trapping mutant), for each prey (protein detected in a pull-

down), the two highest spectral counts across four analyses (from duplicate 

purifications of samples treated or not with insulin) were selected for SAINTexpress 

scoring with default options. The SAINTexpress file was downloaded and used as 

an input for the visualization tool ProHits-viz; high-confidence interactors were those 

deemed by SAINTexpress to fall within 1% of the Bayesian False Discovery Rate 

(Knight et al, 2017). 

 

Generation of single-cell cultures of SHP-1 KO HepG2 cells 

The single guide RNAs (sgRNAs) targeting Shp1 were designed using CRISPR 

DESIGN (http://crispr.mit.edu) (Ran et al, 2013) (Sup. table S6). SgRNA with a high 

score and low off-target score were selected. Guide RNAs targeting different exons 

of PTPase domains and non-targeting (NT) guides were synthesized, annealed, and 

cloned in px459 V2.0 vector as described by Ran et al., 2013 (Ran et al, 2013) (Sup. 

table S2).  SgRNA constructs were sequenced using U6 primer. HepG2 cells were 

seeded in a six-well plate (0.5 million per well) and were either left untransfected or 

transfected with Sg4, Sg1, and Sg6 (non-targeting guide, NT) constructs. Puromycin 

was added (2µg/ml) after 24h of transfection for a period of 3 days. After 3 days, 

cells were counted and 500 cells were seeded in a 150cm dish and incubated for 7-

10 days at 37°C with 5%CO2. Single-cell clones were transferred into 24 well plates 

using the filter disc method.  When single-cell cultures were sufficiently grown, 

protein lysates were prepared and the expression of SHP-1 was determined by 

immunoblotting. 

 

Cell fractionation 
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HepG2-cells expressing WT SHP-1 or CRISPR-KO-SHP-1 cell fractionations were 

performed using a subcellular protein fractionation kit for cultured cells 

(ThermoFisher Scientific) as per the manufacturer’s instructions.  Enrichment of 

marker proteins and SHP-1 was determined by immunoblotting. 

 

ChIP-seq 

HepG2 cells (WT or CRISPR-KO-SHP1) were cultured in 150 mm dishes. Cells were 

washed 3 times with PBS and 5x107 cells for each ChIP-seq fixed with 1% 

formaldehyde for 10 min. Cross-linked cells were quenched using glycine for 5 min 

at room temperature. Cells were washed twice with ice-cold PBS and harvested 

using a silicon scraper. Cells were transferred to 50 ml falcon and centrifuged at 

1350 g for 5 min. Pellets obtained were washed again with ice-cold PBS. Cell pellets 

were suspended in LB1 buffer (50 mM Hepes-KOH, pH7.5, 140 mM NaCl, 1 mM 

EDTA, 10 % glycerol, 0.5% IGEPAL, 0.25% Triton X-100, PMSF and protease 

inhibitor cocktail) and incubated at 4°C for 10 min with rotation. Pellets were obtained 

using centrifugation. The cell pellet was suspended in LB2 buffer (10 mM Tris-HCl, 

pH8.0, 200 mM NaCl, 1mM EDTA, and 0.5 mM EGTA supplemented with protease 

inhibitors) and incubated for 10 min at room temperature with rotation. Lysates were 

centrifuged at 1350 g for 5 min and pellets were suspended in sonication buffer (20 

mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.0, 0.1 % SDS, and 1% Triton 

X-100 supplemented with proteinase inhibitors). Lysates were sonicated using 

Bioruptor instrument (Diagenode) for a total of 6 min (high intensity, 12 cycles of 30 

sec ON and 30 sec OFF) at 4°C to obtain a chromatin fragmentation of 200-900 bp. 

Protein G dynabeads pre-blocked in blocking solution (0.5% BSA in PBS) were 

incubated with antibodies (RPB1 and pSer2-RPB1) at 4°C for 6 h. Protein G 

Dynabead-antibody complexes were washed 3 times with 1 ml blocking solution, 

then added to chromatin preparations and incubated overnight at 4°C. Some 

portions of the chromatin were left untreated and used as whole-cell extract (WCE) 

control. Beads were washed once with Wash buffer B (20 mM Tris-HCl pH 8.0, 150 

mM NaCl, 2 mM EDTA pH8.0, 0.1% SDS, 1% Triton X-100 and protease inhibitors), 
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followed by wash buffer C (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 2 mM EDTA pH 

8.0, 0.1% SDS, 1% Triton X-100 and protease inhibitors), and Wash Buffer D (10 

mM Tris-HCl pH8.0, 250 mM LiCl, 1 mM EDTA pH 8.0, 1% NP40 and protease 

inhibitor) and TE buffer (10 mM Tris pH 8.0, 1 mM EDTA, 50 mM NaCl and protease 

inhibitors). Complexes were eluted off the beads using elution buffer containing 50 

mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, and 50 mM NaCl. Beads were collected 

and incubated at 65°C overnight to reverse cross-linked. In parallel, WCE were also 

reverse cross-linked.  Samples were subsequently treated with RNase A (Ambion) 

at 37°C for 2 hours followed by Proteinase K (Invitrogen) treatment at 55°C for 30 

min. DNA was purified using the phenol-chloroform method. Libraries were 

constructed from ChIP- and WCE-samples using NEBNext Ultra II DNA library prep 

kit (New England Biolabs) according to the manufacturer’s instructions and single-

end sequenced (50 bp) on an Illumina HiSeq 2500 instrument at the Next-Generation 

Sequencing Platform of the CHU de Québec-Université Laval Research Center 

(CRCHUQ).  

 

ChIP-seq data analysis 

Analysis of raw sequencing reads was performed using the MUGQIC ChIP-Seq 

pipeline (Bourgey et al, 2019). Briefly, reads were trimmed for adaptor sequences 

using Trimmomatic (Bolger et al, 2014). High-quality reads were aligned to the 

human reference genome (GRCH38/hg38) with the BWA aligner (Li & Durbin, 2009). 

Narrow peaks were called using MACS2 (Zhang et al, 2008), using the 

corresponding input DNA as background. For visualization, reads were extended 

200 bp using the bamCoverage function from deepTools (Ramírez et al, 2016). Gene 

tracks were created using the University of California, Santa Cruz (USCS) Genome 

Browser (Kent et al, 2002) (Sup. table S6). Differential binding between SHP1-KO 

and WT was assessed using csaw (Lun & Smyth, 2016).  

 

Micrococcal nuclease ChIP 
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Frozen cross-linked cell pellets of HepG2 cells (WT or CRISPR-KO-SHP-1) were 

thawed and suspended in LB1 buffer. Cell pellets were homogenized with 15 strokes 

of a Dounce glass pestle A and 30 strokes of pestle B on ice. Cell pellets were 

obtained upon centrifugation, suspended in LB2 buffer, and incubated for 10 min at 

room temperature with rotation. Lysates were centrifuged and suspended in Mnase 

digestion buffer (New England Biolabs) containing 500 gel units of Micrococcal 

nuclease (Fig. S4A). Cell pellets were incubated at 37°C for 20 min with shaking 

(300rpm). The reaction was stopped by adding EDTA. Cell pellets were centrifuged 

and suspended in ChIP-SDS lysis buffer (1% SDS, 10mM EDTA, 50mM Tris, pH 

8.1). Pellets were homogenized with 100 strokes of Dounce pestle B on ice. 

Homogenized pellets were observed under the microscope (Fig. S4B). Pellets were 

subjected to three-freeze thaw cycles using liquid nitrogen. Lysates were diluted in 

ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-

HCl, pH 8.1, 167mM NaCl) and precleared with pre-blocked Protein G Dynabeads 

at 4°C for 1 h. At this point, an aliquot of samples was taken for input controls. The 

precleared lysates were incubated with antibody (SHP-1 or RPB1)-pre-blocked 

protein G Dynabead complexes overnight at 4°C. Beads were consecutively washed 

each time for 15 min at 4°C with low salt immune complex wash buffer (0.1% SDS, 

1% Triton X-100, 2mM EDTA, 20mM Tris-HCl, pH 8.1, 150mM NaCl), followed by 

high Salt Immune Complex Wash Buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 

20mM Tris-HCl, pH 8.1, 500mM NaCl), LiCl Immune Complex Wash Buffer (0.25M 

LiCl, 1% IGEPAL-CA630, 1% deoxycholic acid (sodium salt), 1mM EDTA, 10mM 

Tris, pH 8.1.) and finally with TE Buffer (10mM Tris-HCl, 1mM EDTA, pH 8.0.) A 

small portion of the beads was eluted using Laemmli buffer and the amount of 

immunoprecipitated SHP-1 was determined by immunoblotting (Fig. S4C). The rest 

of the complexes were eluted off the beads and reverse cross-linking, RNAse-, and 

Proteinase K-treatment was done as described earlier. Same treatments were given 

to the input controls. DNA was purified using Qiagen PCR purification kit as per the 

manufacturer’s instruction. ChIP was analyzed using qPCR. The sequences of the 

oligonucleotides used in the study are shown in Sup. table S3. The value of 

enrichment was calculated relative to the input controls.  
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Lentivirus preparation and generation of knockdown cell lines. 

Lentiviruses were prepared by transfecting the lentiviral constructs encoding 

shControl (a kind gift from M. Laplante), shPtpn6 or shStat5 (Sup. table S4) along 

with psPAX2 and pMD2G into 293T cells using JetPRIME transfection reagent as 

per the manufacturer’s instruction. Viruses containing supernatants were collected 

48 h after transfection and filtered using a 0.45µm filter (Cribbs et al, 2013).  

FAO or HepG2 cells were transduced with lentiviral supernatant (shControl, shPtpn6 

or shStat5) in the presence of polybrene (8 µg/ml). After 24h of infection cells were 

washed three times with media and maintained in fresh virus-free media for 24h. 

Then, cells were split and selected using puromycin (2 µg/ml) for 3 days.  Knockdown 

efficiency of shRNAs was assessed by western blotting. 

 

RNA isolation and RT-qPCR 

Total RNA was isolated using the Zymo research kit (Irvine, USA) kit) as per the 

manufacturer’s instructions. The purity and quantity of RNA were assessed using 

Biodrop. Two micrograms of total RNA were reverse transcribed using high capacity 

cDNA reverse transcription kit (Applied biosystems) supplied with random primers. 

cDNA was diluted and expression of transcripts was determined using multicell 

advance qPCR master mix (Wisent). Fold change in transcript levels was determined 

using 2-delta Ct method (Livak & Schmittgen, 2001) with normalization to the 

reference genes HPRT1 or ACTIN or B2M (for primary mouse hepatocytes). The 

sequences of primers used in the study are listed in Sup. table S3. 

 

Hepatocyte isolation and culture 

Primary hepatocytes were isolated from 14-17 week old female and male mice with 

the same genotypes used in our previous study (Xu et al, 2012, 2014a). All mice 

were on a C57BL/6J background. Animals were handled in accordance with the 

guidelines of the Canadian Council on Animal Care and protocols were approved by 

the Animal Ethics Committee of Université Laval (CPAUL). The hepatocytes were 

isolated using the two-step collagenase perfusion method (Seglen, 1976). Briefly, 
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the liver was infused with 50 ml of perfusion buffer via the vena cava inferior followed 

by 50 ml of perfusion buffer containing (20 mg collagenase type II, 0.51 mM CaCl2, 

137 mM NaCl, 7 mM KCl , 0.7 mM Na2HPO4 and 10 mM Hepes). After the perfusion, 

the liver was excised and disintegrated in cell attachment medium (M199 medium 

supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 500 nM 

dexamethasone, 10 nM insulin, 200 nM thyroid hormone, 0.1 % BSA and 1X 

Glutamax). The cellular suspension was centrifuged at 400 rpm for 2 min. The cell 

viability was measured by trypan blue exclusion assay. The cells were resuspended 

in cell attachment media and seeded on collagen I pre-coated plates. After the 

culture medium was changed two hours later for serum-free hepatocyte culture basal 

medium (M199 supplemented with 50X B27 Supplement, 1X Glutamax, 1 % 

penicillin/streptomycin, 100 nM dexamethasone and 2 nM nicotinamide) to remove 

unattached cells, the hepatocytes  were used for the experiments.  

 

Hepatic glucose production assay 

Hepatic glucose production in FAO cells and PMH was essentially measured as 

described before (Chevrier et al, 2015). FAO cells expressing control shRNA or 

Ptpn6 shRNA and PMH isolated from Ptpn6f/f or Ptpn6H-KO mice were serum-

deprived overnight and either left untreated or treated with 50µM Stat5 inhibitor (CAS 

285986-31-4). Cells were washed three times with PBS and incubated with hepatic 

glucose production media (D-MEM without glucose (Sigma #D5030-1L), containing 

sodium bicarbonate (3.7 g/L), sodium pyruvate (2 mM) and sodium L-lactate (20 

mM), pH7.3) (with and without Stat5 inhibitor). After 5 hours, supernatants were 

collected and glucose levels were determined using Amplex red Glucose/Glucose 

Oxidase assay kit (Invitrogen). Cells were washed with PBS and lysed in 50 mM 

NaOH. Protein levels were measured using the BCA method.  Levels of glucose 

produced by the cells were normalized to the protein concentrations. Similarly, 

glucose production assay was performed in SHP-1 WT and SHP-1-KD FAO cells 

with or without STAT5-specific shRNA. 
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Quantification and statistical analysis 

All data are reported as means ± SE. Statistical analysis was performed using the 

GraphPad Prism 8 software. We used an unpaired two-tailed t-test or two-way 

ANOVA with Tukey’s post hoc test. The number of biological repeats included in the 

experiments is mentioned in the figure legends. Western blots were quantified using 

ImageJ. 

 

Results 

SHP-1 interacts with proteins of the transcriptional machinery. 

To characterize new, regulatory metabolic SHP-1-functions, we sought to identify 

SHP-1-interacting partners using an affinity-purification mass spectrometry 

approach (Chen & Gingras, 2007). We generated stably transfected Flp-In™ 293 T-

REx cells, which inducibly express proteins of interest from a common locus. Total 

extracts from cells producing FLAG-tagged wild-type (WT) SHP-1 or the SHP-1-

C453S substrate-trapping mutant, which was shown to stabilize the association 

between phosphatase and substrate (Timms et al, 1998), were FLAG-

immunoprecipitated. The resulting samples were analyzed by liquid 

chromatography-tandem mass spectrometry. To define specific interactors of SHP-

1, cells expressing an empty FLAG-vector and a fusion of FLAG to the green 

fluorescent protein, described elsewhere (Mellacheruvu et al, 2013) were used as 

controls. SAINTexpress (Teo et al, 2014) was used to identify the high-confidence 

interaction partners for SHP-1 or SHP-1-C453S (Sup. table1). The WT and C453S 

constructs recovered largely different sets of interaction partners, with the C453S 

mutant recovering more interaction partners. Interestingly, POLR2J (RPB11), a 

small subunit of RNA polymerase II, was identified as one of the novel significant 

SHP-1-C453-associated proteins after FLAG-purification mass spectrometry (Fig. 

1A and Sup. table1). Co-immunoprecipitation experiments in the Flp-In™ 293 T-REx 

cells confirmed the binding of POLR2J to SHP-1 and, consistent with the mass 

spectrometry analysis, showed that endogenous POLR2J interacted mainly with the 
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substrate-trapping SHP-1-C453S mutant (Fig. 1B). Although this implies that 

POLR2J might be a target for SHP-1 phosphatase activity, we were not able to 

detect tyrosine-phosphorylated POLR2J even after immunoprecipitation from cells 

treated with the general tyrosine phosphatase inhibitors bpV(pic) and bpV(HOpic) 

respectively  ( Fig. S1). This suggests that POLR2J is not a direct substrate of SHP-

1, but that its interaction is stabilized by inactivation of the phosphatase by an 

unknown mechanism. 

To validate the association between SHP-1 and POLR2J we performed co-

immunoprecipitation experiments in HepG2 hepatic cells. We confirmed that 

exogenously co-expressed FLAG-tagged SHP-1 interacted with Myc-tagged 

POLR2J in these cells (Fig. 1C) and that SHP-1 was also bound to POLR2C (RPB3), 

another subunit of RNA pol II closely associated with POLR2J (Fig. 1D). Together, 

these data demonstrate a physical interaction between SHP-1 and RNA pol II in 

hepatic cells suggesting a role for SHP-1 in transcriptional regulation. 

 

SHP-1 localizes to the chromatin-bound nuclear fraction. 

SHP-1 exhibits a different intracellular distribution depending on the cell type with a 

mainly cytoplasmic localization in hematopoietic cells, but predominantly nuclear 

staining in non-hematopoietic cells (Craggs & Kellie, 2001; Duchesne et al, 2003; 

Rodríguez-Ubreva et al, 2010). To study the localization and function of SHP-1 in 

hepatocytes in more detail, we generated clonal HepG2 cell lines with and without 

deletion of PTPN6 by using CRISPR/Cas9 technology. The knockout was confirmed 

by western blot (Fig. 2A and Fig. S2). Since SHP-1 would require to be localized on 

the chromatin in order to regulate RNA pol II, we performed subcellular fractionation 

experiments in HepG2-cells and primary mouse hepatocytes (PMH) isolated from 

wild type mice (Ptpn6f/f) and mice with liver-specific SHP-1 knock-out (Ptpn6H-KO) 

previously generated in our laboratory (Xu et al, 2012, 2014a). The analyses in both 

cell types showed that SHP-1 is localized in the cytoplasmic, membrane and nuclear 

fractions (Fig. 2B and C). Similar to the transcription factor cAMP response element 

binding protein (CREB), SHP-1 was not only found in the soluble nuclear fraction, 
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but also in the chromatin-bound nuclear fraction, where RNA pol II represented by 

its subunit POLR2C was localized (Fig. 2B and C). These experiments demonstrate 

that SHP-1 is recruited to chromatin, where transcriptional regulation occurs.  

 

SHP-1 regulates PCK1 transcript levels by controlling recruitment of RNA pol 

II to the PCK1 promoter. 

The presence of SHP-1 at the chromatin and its physical interaction with a RNA pol 

II subunit infer its direct role in transcriptional regulation. To investigate the functional 

relationship between SHP-1 and the transcription machinery, we profiled the 

genome-wide occupancy of POLR2A/RPB1, the largest subunit of the RNA pol II, in 

SHP-1 WT and SHP-1 KO HepG2 cells using chromatin immunoprecipitation 

coupled with massively parallel DNA sequencing (ChIP-seq) (Gade & Kalvakolanu, 

2012). As expected, we found a similar number of regions occupied by RPB1 in WT 

(46,045) and SHP-1 KO (41,605) cells. The distribution of RNA pol II-occupied 

regions was also similar between the WT and SHP-1 KO cells, with an average of 

46% peaks at the promoter (44.6% and 47.4%, respectively), 40% in the gene body 

(40.4% and 39.4%) and 14.1% at distal regions (15% and 13.2%). To determine the 

functional consequences on RNA pol II recruitment, differential signal densities 

between WT and SHP1-KO cells were quantified. A total of 417 genomic regions 

harbored significant changes in RPB1 signal densities (p<0.001) in SHP-1 KO 

versus SHP-1 WT cells (Fig. 3A) with a striking bias for RPB1 losses (398 regions) 

compared to RPB1 gains (19 regions). The majority (60.5%) of RPB1 losses were 

located at gene promoters, while 25.1% were in the gene body (exon, intron, 5’ UTR 

and 3’ UTR) and 14.3% at distal intergenic regions (Fig. 3A). By comparison, the 

small number of regions gaining RPB1 occupancy were found mostly in the gene 

body (63.1%). These results suggest that SHP-1 plays a role in the recruitment of 

RNA pol II at the promoter region at a subset of genes.  

Among the genes that were decreased in RNA pol II density at their promoter in 

SHP-1 KO cells, we found PCK1, one of the master regulators of glucose 

homeostasis, which controls the first step of gluconeogenesis (Yang et al, 2009a, 
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2009b). Since our previous in vivo findings showed reduced levels of fasting glucose 

and a decrease in hepatic gluconeogenesis in mice carrying a liver-specific SHP1-

KO as compared to their wild type counterparts (Xu et al, 2012, 2014a), we focused 

our analysis on PCK1 to expand on the role of SHP-1 in transcription and to further 

mechanistically understand the impact of SHP-1 on glucose metabolism. RPB1 

ChIP-qPCR analysis confirmed the decrease of RNA pol II occupancy at the PCK1 

promoter of SHP-1 KO compared to WT cells observed in the RPB1 ChIP-seq (Fig. 

3B and 3C). Observing a decrease in RNA pol II occupancy at the promoter region 

is not always associated with a loss in transcriptional activity. To ascertain that SHP-

1 was modulating the transcriptional activity at the PCK1 gene, we measured the 

levels of phosphorylation of RPB1 on serine 2, which is associated with 

transcriptional elongation (West & Corden, 1995). Density profiles of phospho-Ser2 

RPB1 ChIP-seq showed decreased levels at the PCK1 gene in SHP-1 KO cells (Fig. 

3B). Together, these data imply that SHP-1 is involved in the transcriptional 

regulation of PCK1.  

To corroborate our ChIP-data and determine whether SHP-1 generally controls the 

transcription of PCK1 in hepatic cells, we measured mRNA levels in various liver cell 

lines and hepatic tissue by qPCR. We found a significant decrease of PCK1 

transcript levels in two independent HepG2 SHP-1 CRISPR KO cell lines (Fig. 3D). 

To validate the effects of SHP-1 on PCK1 transcription in another liver cell line, we 

used Ptpn6 shRNA to knock down Ptpn6 by about 50% in FAO rat hepatoma cells 

as compared to the control shRNA (Fig. S3A). As observed in HepG2 cells, we found 

a significant decrease in the Pck1 transcript levels in FAO cells expressing Ptpn6 

shRNA (Fig. 3E). To further establish the in vivo relevance of our data, we 

determined the levels of PCK1 transcripts in both liver tissues as well as PMH 

isolated from Ptpn6f/f and Ptpn6H-KO mice(Xu et al, 2014a). We observed a significant 

decrease in PCK1 transcript levels in both liver tissue (Fig. 3F) and isolated 

hepatocytes (Fig. 3G) from mice with a liver-specific ablation of SHP-1. Taken 

together our data indicate that hepatic SHP-1 positively modulates PCK1 transcript 

levels in vitro and in vivo further substantiating an important role for SHP-1 in 

transcription in this metabolic organ.  
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SHP-1 binds STAT5-dependently to the PCK1 promoter to regulate RNA pol II 

recruitment and PCK1 transcription. 

Since SHP-1 does not harbor any known DNA- or chromatin-binding domain we 

postulated that its recruitment to chromatin was transcription factor-dependent. We 

searched for transcription factor binding motifs in the PCK1 promoter using the 

PROMO tool with a dissimilarity rate cutoff set to <15% (Farré et al, 2003) and 

compared the resulting list of transcription factors to the SHP-1-interacting partners 

listed in BioGRID (Stark et al, 2006). As seen in the Venn diagram in Fig. 4A, the 

only common protein between the two datasets was the transcription factor STAT5, 

which refers to two nearly identical proteins, STAT5A and STAT5B. Interestingly, 

STAT5 was already implicated in the control of PCK1 transcription in mammary 

gland epithelial cells and adipocytes (Hsieh et al, 2011; Kaltenecker et al, 2017), but 

a potential role for SHP-1 in this mechanism has never been reported. Using co-

immunoprecipitation experiments, we confirmed the association between STAT5A 

and STAT5B with SHP-1 (Fig. 4B and 4D). An enzyme-substrate-interaction 

between SHP-1 and STAT5 was ruled out because STAT5A and STAT5B bound 

with the same affinity to WT SHP1 and the substrate-trapping SHP-1-C453S mutant 

(Fig. 4C and E). 

We next asked whether STAT5 recruits SHP-1 to the PCK1 promoter, and how the 

SHP-1-STAT5 interaction affects the recruitment of RNA Pol II to the PCK1 

promoter. To answer these questions, we knocked down STAT5 in HepG2-WT and 

HepG2-SHP-1-KO cells using shRNAs and achieved a 50% reduction in STAT5 

protein levels (Fig. 5A). Loss of STAT5 in HepG2-WT cells did not affect the total 

amount of SHP-1 (Fig. 5A and 5B) ruling out that STAT5-mediated effects on SHP-

1 are dependent on modulating its expression. We performed SHP-1 and RPB1 

ChIP-qPCR analyses targeting the PCK1 promoter in HepG2-WT and SHP-1-KO 

cells either expressing control or STAT5 shRNA. Confirming the previously detected 

chromatin recruitment (Fig. 2), SHP-1 bound to the PCK1 promoter in SHP-1-WT 

cells (Fig. 5C). STAT5 knockdown significantly reduced the recruitment of SHP-1 

indicating that STAT5 is required for the binding of SHP-1 to the PCK1 promoter. 
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Moreover, we found that the enrichment of RPB1 on the PCK1 promoter was 

significantly decreased after knockdown of STAT5 as well as in SHP-1-KO cells, but 

knockdown of STAT5 in SHP-1 KO cells did not further impact this reduction (Fig. 

5D). As analyzed by qPCR, the reduced levels of RNA pol II at the PCK1 promoter 

correlated with significantly decreased PCK1 transcript levels in STAT5 KD, SHP-1 

KO and STAT5 KD/SHP-1 KO cells (Fig. 5E). Taken together, these results suggest 

that STAT5-mediated binding of SHP-1 to the PCK1 promoter regulates recruitment 

of RNA pol II to activate transcription.  

 

Gluconeogenesis is controlled by SHP-1 together with STAT5. 

PCK1 is a major regulator of gluconeogenesis. To investigate the importance of 

SHP-1 and STAT5 in a physiological context, we measured PCK1 transcript levels 

and glucose production in FAO cells, a well-established model for glucose 

metabolism studies (Houde et al, 2010; Smadja-Lamère et al, 2013; Shum et al, 

2016, 2019). To better understand the relationship between SHP-1 and STAT5 in 

this process, we used depletion and activation of STAT5 in the SHP-1 WT or SHP-

1 knockdown (KD) background and measured Pck1 transcript levels and glucose 

production. Knockdown of STAT5 using shRNA in FAO SHP-1-WT and FAO SHP-

1-KD cells reduced the levels of STAT5 protein in these cells by 50% (Fig. S3B). We 

found that depletion of SHP-1 as well as STAT5 significantly decreased Pck1 

transcript levels as well as glucose production (Fig. 6A and B). Importantly, STAT5 

knockdown did not further decrease Pck1 transcript levels and the glucose 

production capacity in cells depleted of SHP-1, suggesting that SHP-1 and STAT5 

act on the same pathway in the regulation of gluconeogenesis mediated by control 

of PCK1 transcription. Furthermore, these data confirm the results obtained in 

HepG2 cells (Fig. 5) and show that the SHP-1-STAT5-mediated modulation of RNA 

pol II recruitment to the PCK1 promoter followed by differential PCK1 transcription 

is mirrored by metabolic changes as reflected by hepatic glucose production. 

To further validate our data obtained in the STAT5 depleted FAO cells, we used a 

pharmacological approach to inhibit STAT5 in FAO cells but also in freshly isolated 
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mouse hepatocytes (PMH), the gold standard for ex vivo glucose production assays 

(Nagarajan et al, 2019). We treated FAO SHP-1-WT and FAO SHP-1-KD cells, as 

well as PMH isolated from Ptpn6f/f and Ptpn66H-KO mice with a STAT5 inhibitor (CAS 

285986-31-4) (Müller et al, 2008) and assessed PCK1 transcription by qPCR and 

gluconeogenesis as a functional readout. We found in both hepatic cellular models 

that STAT5 inhibitor treatment (Stat5i) of SHP-1-WT cells significantly reduced Pck1 

transcript levels, but not to the same extent as observed in SHP-1 knockdown cells 

exhibiting no further decrease in Pck1 transcript levels indicating that SHP-1 and 

STAT5 act on the same pathway (Fig. 6C and D). Matching the Pck1 transcript level 

data, we observed a significant decrease of glucose production in FAO-cells and 

PMH after treatment of SHP-1 WT cells with STAT5 inhibitor. A larger decrease in 

SHP-1 KD cells, which was not significantly changed after STAT5 inhibitor treatment 

of these cells, was noticed (Fig. 6E and F). 

 

Discussion 

We discovered a new metabolic function for SHP-1 in the liver, whereby the PTPase 

activates hepatic gluconeogenesis through co-activation of PCK1-transcription in 

liver cells. Moreover, we elucidated the molecular mechanism of this transcriptional 

regulation by demonstrating that SHP-1 through interaction with the transcription 

factor STAT5 mediates the recruitment of RNA pol II to the PCK1 promoter. 

SHP-1 is a major regulator of cytokine and immune receptor signaling in 

hematopoietic cells, and we have shown that it negatively modulates insulin 

signaling in metabolic tissues (Abram & Lowell, 2017; Xu et al, 2014a; Dubois et al, 

2006). In the present study, we have identified a novel, non-canonical SHP-1 

function as a key promoter of hepatic gluconeogenesis. Despite being mainly 

characterized as a cytoplasmic protein-tyrosine phosphatase, SHP-1 is also found 

in nuclei of epithelial cells (Craggs & Kellie, 2001; Duchesne et al, 2003; Ram & 

Waxman, 1997). Here, we report for the first time that SHP-1 is associated with the 

promoter region of the PCK1 gene. Furthermore, we provide strong evidence that 

SHP-1 interacts with RNA pol II and the transcription factor STAT5. The recruitment 
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of SHP-1 to chromatin at the PCK1 promoter was dependent on STAT5. Depletion 

of SHP-1 not only reduced recruitment of RNA pol II to the PCK1 promoter, but also 

decreased PCK1 transcript levels and subsequently gluconeogenesis. STAT5 

downregulation or inhibition had similar effects on RNA pol II recruitment, Pck1 

transcription and glucose production. Thus, we propose a conceptual model 

whereby STAT5-bound SHP-1 regulates Pck1 transcription through RNA 

polymerase II recruitment to its promoter, thereby modulating glucose production by 

liver cells (Fig. 6G).  

These findings provide a key mechanism to explain our previous observations that 

mice with hepatocyte-specific deletion of SHP-1 (Ptpn66H-KO) exhibited lower fasting 

glycemia as compared to their littermate WT controls (Xu et al, 2012, 2014a). These 

mice also exhibited a markedly reduced hepatic glucose production rate (Xu et al, 

2012). The pathophysiological relevance of these findings is further demonstrated 

by the observation that SHP-1 expression is increased in the liver of high-fat fed 

obese mice and that SHP-1 genetic deletion reduced fasting hyperglycemia but also 

fully blunted the elevated glucose production in these obese mice (Xu et al, 2012).   

Coactivators are a diverse group of proteins which modulate transcription in a variety 

of different ways (Näär et al, 2001; Spiegelman & Heinrich, 2004). These include 

modification of chromatin or unraveling DNA through enzymatic action of the 

coactivators and functioning as an adaptor between the transcription factor and RNA 

pol II to direct recruitment of the transcriptional apparatus. We found that the 

tyrosine-phosphatase SHP-1 shows the characteristics of a typical transcriptional 

coactivator. SHP-1 binds to the transcription factor STAT5, which is required for the 

association of SHP-1 to chromatin. SHP-1 interacts with RNA pol II and its 

invalidation reduces recruitment of RNA pol II to the regulatory regions of the PCK1 

gene and PCK1 transcription. Despite using four different domain prediction tools 

namely Motif Scan (MyHits, SIB, Switzerland), InterPro 5, MOTIF (GenomeNet, 

Japan) and CD-Search (Conserved Domain Databases), we were not able to identify 

a DNA- or chromatin-binding domain in SHP-1 corroborating that the recruitment of 

SHP-1 to the PCK1 promoter is mediated by the interaction with promoter-bound 

STAT5. However, the exact spatial and temporal formation of the SHP-1-STAT5 
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complex and its association with chromatin has yet to be determined. Since a 

plethora of transcription factors including cAMP responsive element binding protein 

(CREB) (Horike et al, 2008) and Forkhead box protein O1 (FOXO1) (Puigserver et 

al, 2003) have been described for control of PCK1 transcription, it will be interesting 

to elucidate how the SHP-1-STAT5 complex is integrated into this circuitry of 

transcriptional regulation.  

Recently, Phosphatase and tensin homologue deleted on chromosome ten (PTEN), 

a dual specificity phosphatase (Steinbach et al, 2019), as well as the insulin receptor 

(Hancock et al, 2019) were shown to regulate gene transcription in a very similar 

fashion to SHP-1 by interacting directly with the transcription machinery. These 

studies did not provide conclusive, mechanistic evidence for the requirement of 

PTEN phosphatase activity, nor the insulin receptor kinase activity for direct 

transcriptional regulation. The increased interaction between POLR2J and the 

substrate-trapping SHP-1-C453S-mutant as compared with the WT form of SHP-1 

suggests that POLR2J might be a substrate for SHP-1, but would also be in 

agreement with a phosphatase activity-independent binding of SHP-1 through its 

phosphatase-domain to POLR2J. SHP-1 has been implicated in the modulation of 

transcriptional processes by dephosphorylating different transcription factors 

(Simoneau et al, 2011; Zhou et al, 2010), but phosphatase activity-independent 

functions for SHP-1 have been demonstrated for other cellular processes such as 

leukocyte-associated immunoglobulin-like receptor 1 and cytokine signaling (Kang 

et al, 2015; Minoo et al, 2004). 

Phosphorylation of STAT proteins at a C-terminal tyrosine-residue generally leads 

to transcriptional activation by enhancing dimerization, nuclear localization and 

binding of STATs to DNA (Levy & Darnell, 2002; Reich & Liu, 2006). While some 

studies reported that SHP-1 can dephosphorylate STAT5 in vitro (Paling & Welham, 

2002; Xiao et al, 2009), another study suggests that STAT5 is not a substrate of 

SHP-1, but rather of SHP-2 (Yu et al, 2000). In our experiments, tyrosine-

phosphorylation does not seem to be required for STAT5-SHP-1 interaction or 

STAT5-SHP-1-mediated Pck1 transcriptional regulation. STAT5 bound equally well 

to WT-SHP-1 and a substrate-trapping SHP-1 mutant inferring, suggesting that their 
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interaction is tyrosine phosphorylation-independent and STAT5 is not a direct 

substrate for SHP-1. Our data support tyrosine-phosphorylation-independent 

mechanisms in this process adding to the growing list of evidence that 

unphosphorylated STATs (uSTAT) can play important roles in transcriptional 

regulation (Yang & Stark, 2008). Indeed, uSTAT3 has been reported to form a 

complex with unphosphorylated NF-b to translocate into the nucleus and activate 

a subset of NF-b dependent genes (Yang et al, 2007). Additionally, uSTAT6 

cooperates with the transcriptional coactivator p300 to enhance COX-2 expression 

(Cui et al, 2007). Furthermore, uSTAT5 by regulating heterochromatin stability 

through interaction with HP1 (Hu et al, 2013) or in cooperation with the transcription 

factor CTCF, regulates different transcriptional programs (Park et al, 2016).  

Our ChIP-analysis revealed that SHP-1 might be involved in the transcriptional 

modulation of many other genes than PCK1 that may also carry key functional roles 

in the modulation of glucose metabolism in liver and other metabolic tissues. Future 

work beyond the scope of this study will consist of expanding our analysis to 

determine whether the mechanism by which SHP-1 exerts transcriptional regulation 

is relevant to other genes. Furthermore, other factors may be involved in the specific 

interactions between SHP-1, STAT5 and RNA pol II. The interplay of these factors 

fine-tuning SHP-1 recruitment to chromatin will need to be further investigated.  

In summary, we report the novel observation that SHP-1 directly associates with the 

PCK1 promoter through STAT5 and RNA pol II and that its presence is required for 

PCK1 expression, thereby promoting hepatic gluconeogenesis. Our data suggest 

that SHP-1 nuclear localization is necessary to control hepatic gluconeogenesis 

through directly regulating STAT5-mediated PCK1 transcription, thus adding a novel 

nuclear mechanism to the repertoire of SHP-1 metabolic functions.  

 

Materials availability 

Further information and requests for resources and reagents should be directed to 

and will be fulfilled by the corresponding author, André Marette 
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Data and code availability 

The ChIP-seq data discussed in Fig. 3 of this manuscript have been deposited in 

NCBI's Gene Expression Omnibus (Edgar et al, 2002) and are accessible through 

GEO Series accession number GSE174142 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174142). 
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Figure Legends 

Figure 1. SHP-1 interacts with proteins of the transcriptional machinery.  
A. Dot plot of the confident interactions identified by mass spectrometry after co-
immunoprecipitation with SHP-1 in Flp-In T-REx 293 cells. The color-coding maps 
to average spectral counts (capped at 25), and the size of the circle to the relative 
spectral abundance across the baits. The edge color represents the Bayesian False 
Discovery Rate (BFDR); see legend inset for details. 
B. Western blot analysis of co-immunoprecipitation showing binding of inducibly 
expressed FLAG3-SHP-1 constructs to endogenous POLR2J in Flp-In T-REx 293 
cells (representative of three experiments). 
C and D. Co-immunoprecipitation experiments showing the association of transiently 
expressed FLAG3-SHP-1 with Myc3-POLR2J and Myc3-POLR2C in HepG2 cells 
(representative of three experiments), WCE: whole cell lysate. 
 
 
Figure 2. SHP-1 localizes to the chromatin bound nuclear fraction. 
A. Representative western blot confirming CRISPR-mediated SHP-1 KO in HepG2 
cells (WT(UT): untransfected, WT(NT): non-targeting construct, KO: SHP-1 targeting 
constructs), ns: non-specific band.  
B. Western blot of HepG2 cell-fractionation assay showing the presence of SHP-1 
in cytosolic, membrane, soluble nuclear and chromatin bound nuclear fraction. 
Marker proteins confirming enrichment of different fractions (representative three 
experiments). 
C. Western blot of PMH isolated from Ptpn6f/f and Ptpn6H-KO mice cell-fractionation 
assay showing the presence of SHP-1 in cytosolic, membrane, soluble nuclear and 
chromatin bound nuclear fraction. Marker proteins confirming enrichment of different 
fractions (representative figure of three mice in each group). 
 
Figure 3. Genome wide mapping of RPB1 binding regions in liver cells reveals 
the master regulator of gluconeogenesis PCK1 as a target for SHP-1-mediated 
transcription regulation. 
A. Distribution of significantly different RPB1 signal densities classified by human 
genomic annotations (hg38) in SHP-1 KO compared to SHP-1 WT cells. 
B. Visualization of ChIP-seq data in the UCSC genome browser. Chip-seq 
distribution for RPB1 and phospho-RPB1-Ser2 at PCK1 gene. 
C. ChIP-qPCR validation of RPB1 binding on PCK1 promoter. (n=3) (*p<0.05). 
D. Expression levels of PCK1 transcripts in SHP1 WT and KO HepG2 cells analyzed 
by qPCR. ****p < 0.0001 (n=3). 
E. PCK1-mRNA levels in FAO cells with (Ptpn6 shRNA) or without (control shRNA) 
knockdown of SHP-1 determined by qPCR (n=3). **p<0.01 (n=3). 
F. Levels of PCK1 transcripts in liver lysates of Ptpn6f/f and Ptpn6H-KO mice analyzed 
by qPCR. ***p<0.001 (n=4). 
G. Levels of PCK1 transcripts in primary hepatocytes isolated from Ptpn6f/f and 
Ptpn6H-KO mice analyzed by qPCR. **p<0.05 (n=4). 
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Figure 4. SHP-1 interacts with STAT5 in vitro and shares a common binding 
region at the PCK1-promoter. 
A. Venn diagram predicting common factors by comparing transcription factors that 
bind to PCK1-promoter (PROMO) and proteins that interact with SHP-1 (BioGRID). 
B.  Western blot analysis of co-immunoprecipitation showing interaction of SHP-1 
and STAT5A in HepG2 cells using co-expression of V5-tagged STAT5A and FLAG-
tagged SHP-1. 
C. Quantification of SHP-1/STAT5A binding determined by densitometry using 
Image J (n=2). 
D. Western blot analysis of co-immunoprecipitation showing interaction of SHP-1 
and STAT5B in HepG2 cells using co-expression of FLAG-tagged STAT5B and 
FLAG-tagged SHP-1. Immunoprecipitation was performed using a SHP-1-specific 
antibody. 
E. Quantification of SHP-1/STAT5B binding determined by densitometry using 
Image J (n=2). 
 
Figure 5. STAT5-dependent recruitment of SHP-1 is required for the 
enrichment of RPB1 to the PCK1 promoter thereby regulating PCK1 
transcription. 
A. Confirmation by western blot of STAT5 knockdown in HepG2 cells (SHP-1-WT or 
SHP-1-KO) using lentiviral infection with constructs carrying luciferase-specific 
(control) or STAT5-specific shRNA. Quantification of STAT5 knockdown levels 
determined by densitometry using Image J (n=2). 
B. Quantification of SHP-1 levels in HepG2 WT-cells with (shSTAT5) or without 
(shControl) knock down of STAT5 carrying either control shRNA or STAT5-specific 
shRNA determined by densitometry using Image J (n=2). 
C-D: SHP-1 (C) and RPB1 (D) ChIP-qPCR at the PCK1 promoter (n=3). *p<0.05, 
**p<0.01. 
E. PCK1-mRNA levels in HepG2 cells with (STAT5 shRNA) or without (Luc shRNA) 
knockdown of STAT5 determined by qPCR (n=3). ***p<0.001, **p<0.01, ns: non-
significant. 
 
Figure 6. Gluconeogenesis is controlled by SHP-1 via STAT5. 
A. Pck1-mRNA levels in in SHP-1 WT and SHP-1-KD FAO cells with or without 
STAT5-specific shRNA determined by qPCR (n=3). **** p<0.0001, **p<0.01. 
B. Determination of hepatic glucose production in SHP-1 WT and SHP-1-KD FAO 
cells with or without STAT5-specific shRNA (n=3). *** p<0.001, *p<0.05. 
C Pck1-mRNA levels in FAO cells with (Ptpn6 shRNA) or without (control shRNA) 
knockdown of SHP-1 in response to DMSO or STAT5 inhibitor determined by qPCR 
(n=4). ***p<0.001, *p<0.05. 
D. Pck1-mRNA levels in PMH isolated from Ptpn6f/f and Ptpn6H-KO mice in response 
to DMSO or STAT5 inhibitor determined by qPCR (n=4). **** p<0.0001, ***p<0.001, 
*p<0.05. 
E.  Determination of hepatic glucose production in FAO cells with (Ptpn6 shRNA) or 
without (control shRNA) SHP-1 knockdown in response to DMSO or STAT5 inhibitor. 
(n=4) **** p<0.0001, **p<0.01, *p<0.05. 
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F. Determination of hepatic glucose production in PMH isolated from Ptpn6f/f and 
Ptpn6H-KO in response to DMSO or STAT5 inhibitor (n=4). *** p<0.001, *p<0.05. 
G. Model depicting transcriptional regulation of PCK1 transcription mediated by 
SHP-1, STAT5 and RNA pol II resulting in control of gluconeogenesis. 
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Figure 1. SHP-1 interacts with proteins of the transcriptional machinery. 
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 Figure 2. SHP-1 localizes to the chromatin bound nuclear fraction. 
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Figure 3. Genome wide mapping of RPB1 binding regions in liver cells 
reveals the master regulator of gluconeogenesis PCK1 as a target for 
SHP-1-mediated transcription regulation. 
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Figure 4. SHP-1 interacts with STAT5 in vitro and shares a common 
binding region at the PCK1-promoter. 
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 Figure 5. STAT5-dependent recruitment of SHP-1 is required for the 
enrichment of RPB1 to the PCK1 promoter thereby regulating PCK1 
transcription. 
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Figure 6. Gluconeogenesis is controlled by SHP-1 via STAT5. 
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Supplementary Figure Legends  

Figure S1. POLR2J is not tyrosine-phosphorylated. 
Western blot analysis of immunoprecipitations of Myc-tagged POLR2J showing no 
tyrosine-phosphorylation of POLR2J in Flp-In T-Rex 293- (A) or HepG2-cells (B).  
Flp-In T-Rex- or HepG2-cells were transfected with an empty Myc3-vector or Myc3-

POLR2J-expressing plasmid and treated with 20 M bpV(pic)/bpV(HOpic) for 30 min 
or left untreated. Tyrosine-phosphorylation of Myc3-POLR2J precipitated with anti-
Myc agarose beads was analyzed in immunoblots with phospho-tyrosine-specific 
antibodies. 
 
Figure S2. Generation and validation of CRISPR mediated SHP-1 knockout 
HepG2 cells. 
HepG2 cells were transfected with pX459/SHP1 sgRNA #1 (A) or pX459/SHP 
sgRNA#4 (A) or pX459/non targeting sgRNA. Single cell clones were selected with 
puromycin. Expression of SHP-1 was determined by western blot using anti-Shp1 
antibody (B & C). Sequencing chromatograms of genomic PCR products spanning 
single guide sites amplified from SHP-1 KO cells. Sequencing results of clones 
derived from sgRNA1 (D) and sgRNA4 (E) is shown. 
 
Figure S3. Knock down efficiency of shRNA in FAO cells. 
A. Confirmation by western blot of SHP1 knockdown in FAO cells using lentiviral 
infection with constructs carrying luciferase-specific (control) or SHP-1 (Ptpn6)-
specific shRNA. Quantification of SHP1 knockdown levels determined by 
densitometry using Image J (n=3). 
B. Confirmation by western blot of STAT5 knockdown in FAO cells (SHP-1-WT or 
SHP-1-KD) using lentiviral infection with constructs carrying either scramble control 
or STAT5-specific shRNA. Quantification of STAT5 knockdown levels determined by 
densitometry using Image J (n=2). 
 
Figure S4. Optimization of Chromatin immunoprecipitation PCR using 
Micrococcal Nucleases. 
A. Representative agarose gel analysis of Mnase digested chromatin. 
B. Representative photographs of cross-linked cell pellets before and after Mnase 
digestion.  
C. Efficiency of SHP-1 antibody in immunoprecipitation of chromatin fixed HepG2 
cells analysed by western blotting. 
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Figure S1. POLR2J is not tyrosine-phosphorylated. 
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FigureS3. Knock down efficiency of shRNA in FAO cells. 
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FigureS3. Knock down efficiency of shRNA in FAO cells. 

Figure S2. Generation and validation of CRISPR mediated SHP-1 
knockout HepG2 cells. 
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Figure S4. Optimization of Chromatin immunoprecipitation PCR using Micrococcal 
Nucleases. 
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Figure S3. Knock down efficiency of shRNA in FAO cells. 
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Figure S4. Optimization of Chromatin immunoprecipitation PCR using 
Micrococcal Nucleases. 
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Supplementary information 

Table S1. SAINTexpress analysis related to Fig. 1A. 

 

 

Bait 
Prey 
Gene AvgSpec FoldChange BFDR 

PreySequence 
Length 

Ptpn6_C453S_(Shp1) ANP32B 5.75 57.5 0 251 

Ptpn6_C453S_(Shp1) ANXA2 1.75 17.5 0.01 339 

Ptpn6_C453S_(Shp1) ARL6IP4 3 13.5 0.01 338 

Ptpn6_C453S_(Shp1) GARS1 1.25 12.5 0.01 739 

Ptpn6_C453S_(Shp1) GDI2 1.75 17.5 0 445 

Ptpn6_C453S_(Shp1) GNPDA1 1.5 15 0 289 

Ptpn6_C453S_(Shp1) HMGB1P1 2.75 27.5 0 211 

Ptpn6_C453S_(Shp1) KIF17 3 30 0 1029 

Ptpn6_(Shp1) MCM5 1.25 12.5 0.01 734 

Ptpn6_C453S_(Shp1) NOLC1 1.75 17.5 0.01 699 

Ptpn6_C453S_(Shp1) POLR2J 8.5 76.5 0 117 

Ptpn6_(Shp1) PPIB 13.25 17.04 0 216 

Ptpn6_C453S_(Shp1) PSMB1 1.5 15 0 241 

Ptpn6_C453S_(Shp1) PTPN6 392.5 3925 0 624 

Ptpn6_(Shp1) PTPN6 155.25 1552.5 0 624 

Ptpn6_(Shp1) RPL23 4.5 10.12 0 140 

Ptpn6_C453S_(Shp1) SET 6.75 67.5 0 277 

Ptpn6_C453S_(Shp1) STIP1 4 12 0.01 543 
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Table S2. Oligos used in the cloning of guide RNAs in pX459. 

 

 

 

 

 

 

 

 

Table S3. Primer sequences used for RT-qPCR and ChIP-qPCR. 

 

 

 

 

SgRNA Species Forward Primer Reverse Primer 

Sg1 Human CACC G 
CATTGATGTAGTCGG
ACCCG 
 

AAAC   
CGGGTCCGACTACATCAATGC 
 

Sg4 Human CACC  
GTCCCATACTGGCCC
GAGGT 
 

AAAC  
ACCTCGGGCCAGTATGGGAC  
 

Sg6 Human CACC 
GGGCCCGCATAGGAT
ATCGC 
 

AAAC 
GCGATATCCTATGCGGGCCC 
 

Gene Species Forward Primer Reverse Primer Reference 

Pck1 Rat TGCCCAAGATCTTC
CACGTC 
 

TCAAGTTCAGGGCGTCTT
CC 
 

(Li et al, 2015) 

Actin Rat CGTCTTCCCCTCCA
TCGT 

GGAGTCCTTCTGACCCAT
ACC 

(Li et al, 2015) 

PCK1 Human ATCTTTGGTGGCC
GTAGACCT 
 

CCGAAGTTGTAGCCGAAG
AA 
 

(Wang et al, 
2014) 

HPRT
1 

Human AGATGGTCAAGGT
CGCAAG 
 

GTATTCATTATAGTCAAG
GGCATATCC 
 

(Sulzbach De 
Oliveira et al, 
2016) 

PCK1 Mouse GGCGATGACATTG
CCTGGATGA 
 

TGTCTTCACTGAGGTGCC
AGGA 

(Stanford et al, 
2017) 

B2M Mouse GGGTGGAACTGTG
TTACGTAG 
 

TGGTCTTTCTGGTGCTTG
TC 
 
 

 

Chip-
PCK1 

Human TGACCCACCTGCC
TGTTAAG 
 

ACTTCGAGCCCTCAACCA
AC 
 

Self designed 
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Table S4. shRNA sequence used in the study 

shRNA Name Sequence 

shShp1.68  
 

TRCN0000028968  
 

CCGGGCTAGACTGTGACATTGATAT 
CTCGAGATATCAATGTCACAGTCTAGCTTTTT  
 

shSTAT5A TRCN0000232134 GGACCTTCTTGTTGCGCTTTA 
shSTAT5B TRCN0000232140 

 
TATGTCCCTGAAACGAATTAA 

shSTAT5B TRCN0000012557 GACTCTCAGGAGAGAATGTTT 
 

STAT5B 
 

TRCN0000421057 
 

GAATTTGCCAGGACGGAATTA 
 

STAT5A 
 

TRCN0000231567 
 

CGAGGTCTTTGCCAAGTATTA 
 

STAT5A 
 

TRCN0000231566 
 

GCCATTCACGACGCGAGATTT 
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Table S5. List of the antibodies and reagents used in the study. 

 

Antibodies Source Identifier 

 
Mouse anti-SHP1 
 

 
ThermoFischer Scientific 

 
MA5-11669 
(1SH01)  
 

Rabbit anti-POLR2J 
 
Rabbit anti-POLR2C 
 

Proteintech 
 
Proteintech 
 

16403-1-AP 
 
13428-1-AP 

Mouse anti-FLAG Sigma 088K6018 
 

Mouse anti-MYC Sigma M4439-100UL 
 

Mouse anti-ACTIN Millipore MAB1501 
 

Mouse anti-Phosphotyrosine (4G10) 
 
Mouse anti-Phosphotyrosine (PY20) 
 
Rabbit anti-CREB 

Millipore 
 
Abcam 
 
Cell Signaling 

05-321 
 
Ab10321 
 
9197S 
 

Rabbit anti-GNPDA1 Abcam ab106563 
 

Rabbit anti-pSer2-RPB1  
(anti-RNAPII-CTD-pSer2) 

Abcam 
 

ab5095 
 

Mouse anti-RPB1  
(anti-RNAPII-CTD) 

Abcam ab817 
 

Rabbit anti-V5 Cell Signaling 13202S 
 

Rabbit anti-STAT5 
 
Rabbit anti eEF2 

New England Biolabs 
 
Cell Signaling 

94205S  
 
2332 
 

Anti-FLAG® M2 Magnetic Beads Sigma M8823-5ML 
 

Anti-FLAG® M2 Affinity Gel 
 
Anti-c-Myc Agarose Conjugate 
 
Mouse IgG2b 
 

Sigma 
 
Sigma 
 
Biolegend 

A2220-5ML 
 
A7470 
 
MG2b-57 

   
Tetracycline Sigma T7660-5G 
Blasticidin S HCl Invitrogen R210-01 
Hygromycin B 
Zeocin 
Puromycin dihydrochloride 

Invitrogen 
Invitrogen 
Invivogen 

10687-010 
R250-01 
ant-pr-1 

Insulin (Humulin R) Eli Lilly HI0213 
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Table S6. Softwares and alogarithms used in the study. 

Software Source Identifier 

Generunner Hastings 
Software. Inc. 
Hastings, NY, 
USA 

www.generunner.net 

BioGRID (Stark et al, 
2006) 

thebiogrid.org 

PROMO 3.02 (Farré et al, 
2003) 

http://alggen.lsi.upc.es/cgi-
bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3 

Venn 
Diagram 

Bioinformatics & 
Evolutionary 
Genomics, 
BELGIUM 

http://bioinformatics.psb.ugent.be/webtools/Venn/ 

UCSC 
browser 

(Kent et al, 2002) https://genome.ucsc.edu/ 

CRISPR 
design tool 

(Ran et al, 2013) http://crispr.mit.edu/ 

   

Poly-L-lysine hydrobromide Sigma P1399-25MG 
STAT5 inhibitor Sigma 573108-10MG-M  
DMEM low glucose Wisent Bioproducts 319-010-CL 
DMEM high glucose Wisent Bioproducts 319-005-CL  
RPMI Wisent Bioproducts 350-000-CL 
Jet Prime Polyplus-transfection 114-15 
PureFection 
Dynabeads protein G 

System Biosciences 
Thermo Fisher Scientific 

LV750A-1 
10003D 

Sodium orthovanadate Sigma S6508-50G 
Sodium Fluoride Sigma S6776-100G 
Calcium chloride Sigma C3981-500G 
Sodium dodecyl sulfate Sigma L3771-500G 
EDTA Sigma 60-00-4 
EGTA Sigma 03777 
β-glycerophosphate Sigma G5422-100G 
Triton  Fisher X-100 
SDS Sigma L3771-500G 
dexamethasone Sigma D-1756 
BSA Sigma A9647-100G 
Glutamax Gibco 35050-061 
FBS Gibco 16170-078 
RNase A Invitrogen 12091021 
Proteinase K Invitrogen 25530049 
Micrococcal Nuclease New England Biolabs M0247S 
Advanced qpcr mastermix with 
supergreen lo-rox 

Wisent bioproducts 800-431-UL 

Subcellular Protein Fractionation Kit 
for Cultured Cells 

Thermo Fischer Scientific 78840 

QIAquick PCR Purification Kit Qiagen 28104 
Amplex™ Red Glucose/Glucose 
Oxidase Assay Kit 

Invitrogen A22189 

   

   
   
   

https://genome.ucsc.edu/
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 CONCLUSION  

The role of SHP-1 in regulating glucose and lipid metabolism is well known (Xu et 

al, 2012, 2014a, 2014b, 2014c). However, there is a scarcity of data describing 

mechanistic details showing the impact of SHP-1 on these processes. Previous 

findings from our laboratory showed the negative regulation of PPAR activity by 

SHP-1. In chapter II of this thesis, we have studied in depth the relationship between 

SHP-1 and PPAR. Our studies showed that SHP-1 directly interacts with PPAR 

mainly via its N-terminus followed by its phosphatase domain. The dual affinity of 

SHP-1 domains towards PPAR suggests that PPAR could be a substrate of SHP-

1, which we further demonstrated by phosphatase assay. A previous report showed 

that depletion of PTP1B resulted in increased phosphorylation of PPAR (Choi et al, 

2015). We have also included PTP1B in our dephosphorylation assay and our data 

showed that SHP-1 efficiently dephosphorylates PPAR but not PTP1B. Previously 

tyrosine residue 78 (Y78) has been shown to be phosphorylated in PPAR. We did 

not find Y78 residue in our mass spectrometry analysis, suggesting the limitation of 

this technique (Dephoure et al, 2013). We also attempted to discover novel tyrosine 

residues that could be phosphorylated using mass spectrometry. We indeed found 

a few novel sites that have not been reported elsewhere. However, using co-

immunoprecipitation studies we were not able to validate those sites (Figure 1). 

Therefore, we focused on the Y78 residue of PPAR. 
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Figure 1. Profiling of tyrosine phosphorylation sites in PPAR. A. 293T cells 

were transfected with either empty FLAG vector or FLAG- PPAR WT or Flag- 

PPAR mutants (as shown in the figure). Cells were treated with 10µm bpV(HOpic) 
for 30 minutes. Lysates were immunoprecipitated using anti-FLAG-M2 beads and 
the expression of proteins was determined using western blotting using indicated 
antibodies. 

B. Quantification of levels of phospho-Tyr- PPAR was performed by densitometry 
using ImageJ (n=3). 

C. Determination of levels of PPAR tyrosine phosphorylation in double PPAR 
mutants using immuno-precipitation study. 

D.  Quantification of levels of phospho-Tyr- PPAR was performed by densitometry 
using ImageJ (n=3). 
 

 

Figure 2. Growth hormone does not influence PCK1 expression and 
gluconeogenesis. A.  Upper panel, Western blot showing phosphorylation and 
total amounts of various proteins in FAO cells with or without SHP-1 knockdown in 
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SHP-1 depletion resulted in increased tyrosine phosphorylation of wild-type PPAR 

protein but not of PPAR (Y78F) mutant protein suggesting that Y78 could be the 

main tyrosine residue that could be targeted by SHP-1. Furthermore, SHP-1 

depletion resulted in higher levels of PPAR gamma protein levels without affecting 

its transcript levels indicating SHP-1 mediated PPAR regulation may be at post-

translational level. Our results provide evidence that in the presence of SHP-1, 

PPAR is dephosphorylated resulting in its degradation and hence lower levels of 

PPAR transactivation were observed. SHP-1 depletion was concomitant with 

reduced expression of classical PPAR transcripts (FABP4 and CD36) and a low 

level of relative lipid contents. These findings are in agreement with in vivo 

phenotypes observed in a previous study published from our laboratory (Xu et al, 

2014a). Interestingly, Choi et al., 2015 demonstrated that PPAR-Y78F mutant was 

associated with enhanced expression of a set of genes involved in inflammation 

(Choi et al., 2015). This report is in contrast to our findings where we found that 

expression of classical PPAR gene was decreased when Y78 residue was mutated 

to F. 

 We have deciphered the relationship between SHP-1 and PPAR using different 

cellular models (293T cells, human hepatoma cells, HepG2, and mouse fibroblast 

NIH3T3 cells). Our data add PPAR to the short list of  SHP-1 substrate that are 

transcription regulators including b-catenin and TonEBP/OREBP (Zhou et al, 2010; 

Simoneau et al, 2011). Previously, Xiao et al.,2015 demonstrated that SHP-1 control 

the tyrosine phosphorylation and ubiquitination of Casitas-B-lineage lymphoma 

(Cbl)-b protein that ultimately affects T cell response (Xiao et al, 2009). Therefore, it 

would be interesting to discover other metabolically important proteins that stability 

is affected by SHP-1. Furthermore, several studies demonstrated that PPAR can 

itself activates its own transcription by positive feedback loop mechanisms (Rosen 

et al, 2002; Wakabayashi et al, 2009; Dephoure et al, 2013). Therefore, it can be 

speculated that in the absence of SHP-1, PPAR is more stable in the mice liver, 

which may drive its own transcription (Xu et al, 2014a) . However, these observations 

need experimental validation. 
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In chapter II, the data derived from in vitro studies and therefore have its limitations. 

These in vitro models suggest that SHP-1 mediated dephosphorylation might trigger 

the degradation of PPAR, however, these findings need to be validated by in vivo 

studies.  

In chapter III of the thesis, we took a challenge to discover novel interacting partners 

of SHP-1. The immunoprecipitation of SHP-1 from SHP-1 overexpressing cell lines 

followed by mass spectrometry revealed several novel interacting partners of SHP-

1. Unfortunately, we did not find PPARγ in our mass spectrometry analysis the 

reason being we have used 293T cells that do not express PPARγ protein. 

Unexpectedly, we found POLR2J, a subunit of RNA polymerase II as a novel 

interacting partner of SHP-1. Although we confirmed the direct interaction between 

SHP-1 and POLR2J, we were not able to prove a substrate (POLR2J) - enzyme 

(SHP-1) relationship between these two proteins. Despite of being mainly 

characterized as cytoplasmic protein tyrosphosphatase, SHP-1 is also found in the 

nucleus of epithelial cells (Ram & Waxman, 1997; Craggs & Kellie, 2001; Duchesne 

et al, 2003). Our subcellular fractionation of liver cells (primary mouse hepatocytes 

and HepG2 cells) revealed that the large fraction of SHP-1 localized in the nuclear 

fraction and some amount was in the chromatin fraction where actual transcription 

takes place. This is the fraction where RNA polymerase II resides and carries out its 

biological function. We speculate SHP-1 may be a “binding partner” of PolR2J that 

may regulate the transcription of a class of genes. CHIP-seq analysis of SHP-1 

expressing and SHP-1 KO cells revealed modulation of several classes of genes 

including genes involved in lipid and glucose metabolism. The top five enrichment 

category in a KEGG pathway analysis were insulin resistance, JAK-STAT signaling 

pathway, tight junction, PPAR signaling pathway and insulin signaling pathway 

(Table 1). 
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Table 1. The top five enrichment pathways obtained by comparing HepG2-WT 
vs HepG2-SHP-1 KO cells revealed by Kyoto encyclopedia of Genes and 
Genomes (KEGG) analysis.   

Term p value -log10(p) Fold 
enrichment 

Gene list 

Insulin 
resistance 

0.004 2.3 5.5 PPARA, PCK1, PRKCZ, 
PPP1R3C, RPS6KA1, SLC27A3 

JAK-STAT 
signaling 
pathway 

0.02 1.6 3.7 JAK1, JAK3, AOX1, IFNLR1, 
IL22RA1, PDGFP 

Tight junction 0.02 1.5 3.5 ARHGEF18, CLDN19, CLDN4, 
PRKCZ, TJAP1, TUBA4A 

PPAR 
signaling 
pathway 

0.03 1.4 5.3 APOA5, FABP3, PPARA, PCK1 

Insulin 
signaling 
pathway 

0.04 1.3 3.6 MKNK1, INPPL1, PCK1, PRKCZ, 
PPP1R3C 
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We chose PCK1 gene since it regulates the key step in gluconeogenesis as a 

prototype gene to test the non-conventional role of SHP-1 protein. SHP-1 absence 

reduced the transcript levels of PCK1 in vitro (liver cell lines), ex vivo (primary mouse 

hepatocytes), and in vivo (mouse liver). We found a decrease of RNA pol II 

occupancy at the PCK1 promoter of cells lacking SHP-1 as compared to SHP-1 

expressing cells. Our in silico analysis suggested that STAT5 could be the 

transcription factor that could assist in the binding of SHP-1 protein to the chromatin 

where it might interact with RNA polymerase II. STAT5 knockdown significantly 

decreased the recruitment of SHP-1 to the PCK1 promoter. This was corroborated 

by reduced recruitment of RPB1 (RNA polymerase II largest subunit) to the PCK1 

promoter upon depletion of STAT5 or SHP-1, but knockdown of STAT5 in SHP-1 

KO cells did not further impact this reduction. These findings suggest that STAT5 

governs the binding of SHP-1 to the PCK1 promoter as STAT5 knockdown had no 

further impact on PCK1 transcript levels and the glucose output in cells depleted of 

SHP-1. From these findings, we conclude that SHP-1 and STAT5 might act on the 

same pathway in the regulation of gluconeogenesis mediated by control of PCK1 

transcription. These findings were further validated using a pharmacological 

approach to inhibit STAT5 in FAO cells and primary mouse hepatocytes. Our data 

indicate that treatment of SHP-1 expressing cells with a STAT5 inhibitor (Stat5i) 

reduced PCK1 transcript levels, but not to the same extent as observed in SHP-1 

knockdown cells exhibiting no further decrease in PCK1 transcript levels. Similarly, 

we found a significant decrease in glucose production in FAO-cells and PMH after 

treatment of SHP-1 WT cells with STAT5i. A significant drop in glucose production 

capacity in SHP-1 KD cells, which was not significantly altered after STAT5i 

treatment was observed. Taken together these data provide a key mechanism to 

explain in vivo phenotypes observed in mice with hepatocyte specific deletion of 

SHP-1 that exhibits lower glycemia compared to control littermates (Xu et al, 2012, 

2014a).  Furthermore, these mice also display reduced hepatic glucose production 

capacity (Xu et al, 2012) that maybe partly due to  regulation of PCK1 expression by 

SHP-1-STAT5-RNAPII pathway. Furthermore, our data suggest that SHP-1 displays 

the characteristics of a typical transcriptional activator (Näär et al, 2001; Spiegelman 
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& Heinrich, 2004). There are several transcription factors including CREB (Horike et 

al, 2008) and FOXO1 (Puigserver et al, 2003; O-Sullivan et al, 2015) that controls 

the transcription of PCK1. Therefore, it will be interesting to discover novel 

collaborations of SHP-1 with other transcription factor on PCK1 promoter. 

Phosphorylation of STAT5 at a C terminal tyrosine residue 694 leads to 

transcriptional activation by promoting STAT5-STAT5 dimer formation, nuclear 

localization and binding of STAT5 to the target DNA (Levy & Darnell, 2002). To 

investigate whether tyrosine phosphorylation of STAT5 plays a role in SHP-1 

mediated gluconeogenesis we used growth hormone in our experiments. Growth 

hormone (GH)-mediated activation of STAT5 has been implicated in the control of 

glucose production (Kim et al, 2012). To examine whether growth hormone can 

influence SHP-1-STAT5-mediated gluconeogenesis in FAO cells, we performed 

time course experiments with FAO-SHP-1-WT or FAO SHP1-KD cells treated with 

rat growth hormone (rGH). We observed a similar increase in pSTAT5(Tyr694) levels 

in FAO-SHP-1-WT and FAO-SHP1-KD cells in a time-dependent manner (Figure 

2A). STAT5 can be dephosphorylated in vitro by both SHP-1 (Paling & Welham, 

2002; Xiao et al, 2009) as well as by SHP-2 (Yu et al, 2000). In our hand, we did not 

find an increase in the levels of pSTAT5(Tyr694) levels in SHP-1-KD condition. 

Furthermore, we did not find a significant difference in the binding of STAT5 to SHP-

1-WT or a substrate trapping mutant of SHP-1 suggesting STAT5 is not a direct 

substrate of SHP-1. 

 Furthermore, rGH did not lead to any significant changes in PCK1 transcript levels 

both in SHP-1 WT and KD cells across the time points, but overall PCK1 mRNA was 

significantly reduced in SHP-1 depleted cells as observed earlier (Figure 2B). In 

contrast, transcript levels of Socs3, a GH-induced STAT5 target (Adams et al, 1998; 

Cui et al, 2007; Davey et al, 1999), transiently increased under the same conditions 

in both SHP-1 WT and KD cells with no significant difference confirming that FAO 

cells are responsive to GH treatment (Figure 2C). Altogether with the PCK1 

transcript levels, we observed a significant reduction in gluconeogenesis in SHP-1 

KD cells, but we did not find a significant increase in glucose production capacity in 

FAO-SHP-1-WT or FAO-SHP-1-KD cells in response to GH treatment (Figure 2D). 
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Figure 2. Growth hormone does not influence PCK1 expression and 
gluconeogenesis. A.  Upper panel, Western blot showing phosphorylation and 
total amounts of various proteins in FAO cells with or without SHP-1 knockdown in 
response to recombinant rat growth hormone treatment at various time points (n=2). 
Lower panel: Quantification of pSTAT5/total STAT5 determined by densitometry 
using Image J (n=2). 
B-D. PCK1- (B) and Socs3- (C) transcript levels in FAO cells with or without SHP-1 
knockdown in response to recombinant rat growth hormone treatment at different 
time points determined by qPCR (n=2). 
D. Determination of hepatic glucose production in FAO cells with (Ptpn6 shRNA) or 
without (control shRNA) SHP-1 knockdown in response to recombinant rat growth 
hormone treatment (n=3), ns: non-significant. 
 
 

 

Figure 27. Growth hormone does not influence PCK1 expression in HepG2 
cells. PCK1-transcript levels in HepG2 cells with or without SHP-1 knockout in 
response to recombinant human growth hormone treatment at different time points 
determined by qPCR (n=3) ns: non-significant **** p<0.0001.Figure 2. Growth 
hormone does not influence PCK1 expression and gluconeogenesis. A.  Upper 
panel, Western blot showing phosphorylation and total amounts of various proteins 
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As in FAO cells, we did not find any induction of PCK1 transcription in HepG2 cells 

in response to human GH treatment (Figure 3). From these results, we conclude that 

SHP-1-STAT5-mediated regulation of PCK1 transcription is independent of the 

activation state of STAT5 and therefore is a novel mechanism regulating hepatic 

gluconeogenesis. Our data is in agreement to a growing list of studies where tyrosine 

phosphorylation-independent STATs activities have been demonstrated (Yang et al, 

2007; Cui et al, 2007; Yang & Stark, 2008; Hu et al, 2013; Park et al, 2016).  In 

addition to this, recently PTEN a phosphatase (Steinbach et al, 2019) and insulin 

receptor (Hancock et al, 2019) were shown to regulate the transcription of a set of 

genes in a very similar manner to SHP-1 by directly interacting with the chromatin. 

However, our in vitro and ex vivo findings need in vivo validation. Liver-specific 

STAT5 KO and SHP-1/STAT5 double KO mice could be useful in this regard. The 

glucose production data from liver-specific SHP-1 KO mice could be compared with 

liver-specific double knockout (SHP-1 and STAT5) and wild type mice using 

conventional oGTT or pyruvate tolerance tests. Since the generation of double KO 

mice (SHP-1/STAT5) can be a time-consuming process, alternatively the expression 

of STAT5 can be knocked down in mouse liver using shRNA expression via 

adenoviruses and using liver-specific promoters. Glucose levels could be compared 

Figure 3. Growth hormone does not influence PCK1 expression in HepG2 
cells. PCK1-transcript levels in HepG2 cells with or without SHP-1 knockout in 
response to recombinant human growth hormone treatment at different time 
points determined by qPCR (n=3) ns: non-significant **** p<0.0001. 
 

 

Figure 4. Real time-qPCR analysis of PCK1 transcript in the liver lysates of Ptpn6wt/wt and 
Ptpn6wt/Ala455Thr mice on CHOW or HFD performed at week 16. Mice were fasted for 6h before 
performing the tests. Ptpn6wt/wt mice (CHOW N=8, HFD=17); Ptpn6wt/Ala455Thrmice (CHOW N=7, 

HFD=14).Figure 34. Growth hormone does not influence PCK1 expression in 
HepG2 cells. PCK1-transcript levels in HepG2 cells with or without SHP-1 
knockout in response to recombinant human growth hormone treatment at 
different time points determined by qPCR (n=3) ns: non-significant **** p<0.0001. 
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with appropriate littermates. In addition, CHIP analysis could be performed in liver 

lysates of these mice, which could further confirm the “the binding partner” role of 

SHP-1 in regulating gluconeogenesis. 

 

Taken together, in this thesis we have discovered two novel mechanisms by which 

SHP-1 participates in lipid and glucose metabolism. The first is a phosphatase 

dependent role of SHP-1: we have shown how SHP-1-mediated dephosphorylation 

of PPAR makes it susceptible to degradation and finally affects adipogenesis. 

PPAR has been shown to enhance high fat diet induced hypertrophy, therefore a 

drug that promotes the activity of SHP-1 could be potentially helpful in treating 

obesity.  Secondly, we have shown a phosphatase-independent control of glucose 

metabolism by SHP-1. In future, discovery of more non-canonical targets of SHP-1 

could further give insight into the novel biological functions of SHP-1.   
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